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Abstract

In pervasive systems, as they are getting smaller and smaller, computers can be found just

about everywhere, but their presence is not noticed because the technologies are often em-

bedded within items. One of the smallest and well known embedded computers is a wireless

sensor node, which is a passive sensing device capable of communicating wirelessly with

other devices. Early attempts to monitor the physical environment are primarily composed

of these passive sensing devices which have been succeeded in many applications by the de-

velopment of Stationary Wireless Sensor Networks. A wireless sensor network is typically

composed of many tiny computers, often no bigger than a coin or a credit card, that feature

a low frequency processor, some flash memory for storage, a radio for short-range wireless

communication, on-chip sensors and an energy source such as AA batteries. Applications of

stationary wireless sensor networks have emerged in many domains ranging from environ-

mental monitoring to structural monitoring as well as industry manufacturing.

In all these applications, the primary task of a wireless sensor network is to collect use-

ful information by monitoring phenomena in the surrounding environment. Typically, in a

wireless sensor network, sensor nodes generate data about a phenomenon and relay streams

of data to a more resource rich device, namely a data sink, for analysis and processing. Early

sensor networks have been modeled as having a single, predefined, stationary sink. However,

as the size of the sensor network grows with the wide availability of economically viable em-

bedded sensor nodes, the communication between the sensors and the single stationary sink

can lead to high energy consumption, and consequently reduce the lifetime of the network.

In recent years there has been renewal of interest in using multiple sinks for wireless sensor

networks to achieve power saving. Although multi-sink partitioning of the sensed area en-

hances some performance metrics, such as network lifetime, of single sink sensor network,

the development of multiple stationary sinks in an area of interest still creates an uneven

energy depletion phenomenon around the sinks, since sensors near a data sink deplete their

battery power faster than those far apart, due to their heavy overhead of relaying messages.

The improvements of stationary wireless sensor networks in conjunction with the ad-

vances developed by the distributed robotics and low power embedded systems communities

have led to a new class of Mobile Wireless Sensor Networks that can be utilized for a wide

range of scenarios such as land, sea and air exploration and monitoring, habitat monitoring,

vehicular applications, and emergency response, which require reliable and timely collection

of data. Current studies have tried to utilize the advantages of mobile sensors to overcome

the problems of stationary sensor networks. Mobile Wireless Sensor Networks have a similar

architecture to their stationary counterparts, thus are governed by the same energy and pro-

cessing limitations, but require the development of a new generation of algorithms targeting

at constantly changing network topologies due to sink and/or sensor mobility.

This thesis focuses on the efficient data extraction and dissemination in wireless sen-

sor networks by making use of the multiple sinks and by handling mobility of sensors and

sinks. We start with analyzing the characteristics of multi-sink wireless sensor networks. We

propose a set of algorithms that enable multi-sink wireless sensor network to self-organize

efficiently in the presence of mobility and adapt to dynamics in order to increase the function-
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ality of the network. Our contributions include an algorithm for load balancing in multi-sink

sensor networks, a protocol for query dissemination towards an area of interest combined

with a set of algorithms that are used to handle mobility efficiently in a tree-based routing,

and a data dissemination protocol that tackles sink mobility in a wireless sensor network. In

short, the main contributions of the thesis are listed as follows:

X Benefits and challenges of using multiple sinks in static wireless sensor networks:

We review the state of the art multi-sink partitioning methods in wireless sensor net-

works. We present a multi-sink partitioning mechanism to achieve load balancing bet-

ween sinks.

X Design and evaluation of a query dissemination protocol for multi-sink wireless sen-

sor networks: To enable sinks to efficiently route queries which are only valid in par-

ticular regions of the deployment, we propose a set of algorithms which combine cov-

erage area reporting and geographical routing of queries that are injected by sinks.

X Handling mobility of sensors in a tree-based dissemination protocol: To provide

an up-to-date coverage area description to sinks, we focus on handling sensor node

mobility in the network. We discuss what is the best method to handle mobility in

tree-based routing of queries: (i) periodic global updates from every sink or (ii) local

updates only from mobile sensors. We propose a method to achieve local updates

which are needed to handle sensor mobility in a tree-based network.

X Design and analysis of a data dissemination protocol for mobile multi-sink sensor

networks: To achieve reliable data dissemination of events as well as the efficiency in

handling the mobility of both multiple sinks and event sources, we propose a virtual in-

frastructure and a data dissemination protocol, namely HexDD (Hexagonal cell-based

Data Dissemination) exploiting this infrastructure. We analytically compare the com-

munication cost and hot region traffic cost of the proposed data dissemination with

other approaches.

X Evaluation of the data dissemination protocol for different wireless sensor network

applications: We focus on the performance evaluation of the data dissemination pro-

tocol, HexDD, in two different classes of mobile wireless sensor networks: (i) mostly

static, which contains scenarios in which most of the sensors are static and some sen-

sors are attached to people or vehicles such as firefighters or unmanned aerial vehicles

moving at low or medium velocities in an EmergencyResponse Application, (ii) highly

mobile, which contains scenarios in which many sensors are attached to devices that

move at high velocities such as cars in a Vehicular Sensor Network Application.
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Samenvatting

Nu pervasive systemen steeds kleiner worden, kun je overal computers tegenkomen. Maar

omdat de technologie in de praktijk vaak ingebed is in andere producten, worden ze meestal

niet opgemerkt. Een van de kleinste en bekendste embedded computers is een draadloze sen-

sornode, een passief sensorapparaat dat draadloos kan communiceren met andere apparaten.

Waar vroegere systemen voor observatie van de fysieke omgeving hoofdzakelijk bestonden

uit zulke passieve sensorapparaten, zijn deze in veel huidige toepassingen achterhaald door

de ontwikkeling van stationaire draadloze sensornetwerken. Een typisch draadloos sensor-

netwerk bestaat uit vele miniatuurcomputers, vaak niet groter dan een bankpasje of een geld-

stuk. Zulke computertjes hebben een laagfrequente processor, een beetje flashgeheugen voor

opslag, een radio voor draadloze communicatie over korte afstand, on-chip sensoren, en een

energiebron, bijvoorbeeld AA-batterijen. Stationaire draadloze sensornetwerken hebben hun

weg gevonden in vele toepassingsgebieden, van milieu-observatie tot structural monitoring

(conditiebewaking van constructies) en toepassingen in de productie-industrie.

In al deze toepassingen bestaat de hoofdtaak van een draadloos sensornetwerk uit het

verzamelen van nuttige informatie door middel van observatie van verschijnselen in de om-

geving. In een typisch draadloos sensornetwerk genereren de sensornodes gegevens over een

verschijnsel en sturen die gegevens in stromen door aan een krachtiger apparaat, namelijk een

datasink, voor analyse en verwerking. Vroeger werden sensornetwerken gemodelleerd met

een enkele voorgedefinieerde stationaire sink. Echter, nu de beschikbaarheid van ingebedde

sensornodes toeneemt en tegelijk de kosten afnemen, worden sensornetwerken steeds groter,

waardoor de communicatie tussen de sensoren en de enige stationaire sink tot een hoog ener-

gieverbruik kan leiden, en daarmee de levensduur van het netwerk verkort wordt. De laatste

jaren is er hernieuwde belangstelling voor het gebruik van meerdere sinks voor draadloze

sensornetwerken om energie te besparen. Hoewel een multi-sinkverdeling van de geob-

serveerde omgeving bepaalde eigenschappen, zoals de netwerklevensduur, van een single-

sink-sensornetwerk verbetert, leidt de inzet van meerdere stationaire sinks in het obser-

vatiegebied nog steeds tot een onevenwichtig energieverbruik rondom de sinks. De sen-

soren in de buurt van een sink verbruiken hun batterijvermogen namelijk sneller dan die die

zich verder weg bevinden, omdat de nabije sensoren veel meer databerichten ontvangen en

doorgeven richting sink.

De verbeteringen op het gebied van stationaire draadloze sensornetwerken hebben samen

met de vooruitgang bij de gedistribueerde robotica en energiezuinige embedded systemen

geleid tot een nieuwe klasse van mobiele draadloze sensornetwerken, die ingezet kunnen

worden in een breed scala van scenario’s waar betrouwbare en snelle gegevensverzameling

vereist is, zoals verkenning en observatie te land, ter zee en in de lucht, het monitoren van

leefgebieden, toepassingen in voertuigen, en voor reddingswerk en hulpdiensten. Huidige

studies proberen gebruik te maken van de voordelen van mobiele sensoren om de problemen

van stationaire sensornetwerken te vermijden. Mobiele draadloze sensornetwerken hebben

een architectuur die vergelijkbaar is met die van stationaire, en hebben dus te maken met

dezelfde beperkingen ten aanzien van energieverbruik en rekenkracht. Ze vereisen echter

wel de ontwikkeling van een nieuwe generatie algoritmen die zich richt op de almaar veran-
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derende netwerktopologie ten gevolge van de mobiliteit van sinks en/of sensoren.

Dit proefschrift concentreert zich op de efficiënte extractie en verspreiding van gegevens

in draadloze sensornetwerken door gebruik te maken van meerdere sinks en door de mo-

biliteit van sensoren en sinks aan te pakken. We beginnen met de analyse van de karakter-

istieke eigenschappen van multi-sink draadloze sensornetwerken. We stellen een verzamel-

ing algoritmen voor die een multi-sink draadloos sensornetwerk in staat stellen zichzelf bij

mobiliteit efficiënt te organiseren en zich aan te passen aan veranderingen om zo de func-

tionaliteit van het netwerk te verbeteren. Onze bijdragen zijn onder andere een algoritme

voor multi-sink-partitionering, een protocol voor de disseminatie van een query (zoekvraag)

naar een interessegebied gecombineerd met een verzameling algoritmen die gebruikt kun-

nen worden om mobiliteit efficiënt aan te pakken in routering met een boomstructuur, en een

datadisseminatieprotocol dat sink-mobiliteit mogelijk maakt in een draadloos sensornetwerk.

Samengevat zijn de belangrijkste bijdragen van dit proefschrift als volgt:

X Voordelen en uitdagingen van het gebruik van meerdere sinks in statische draadloze

sensornetwerken: We geven een overzicht van de state-of-the-art van multi-sink par-

titioneringsmethoden in draadloze sensornetwerken. We presenteren een multi-sink-

partitioneringsmechanisme om een evenwichtige verdeling van de belasting van de

verschillende sinks te bereiken.

X Ontwerp en evaluatie van een query-disseminatieprotocol voor multi-sink draad-

loze sensornetwerken: Om sinks de mogelijkheid te bieden een efficiënte routering

te maken voor query’s die slechts geldig zijn in bepaalde gebieden van het netwerk,

stellen we een verzameling algoritmen voor die de rapportage van het dekkingsgebied

combineren met de geografische routering van query’s afkomstig van sinks.

X Mobiliteit van sensoren afhandelen met een disseminatieprotocol met een boom-

structuur: Om een actuele beschrijving van het dekkingsgebied aan de sinks te leveren

concentreren we ons op de afhandeling van de mobiliteit van sensornodes binnen het

netwerk. We bespreken wat de beste methode is om mobiliteit af te handelen in query-

routering met een boomstructuur: (i) periodieke globale updates van iedere sink, of (ii)

enkel lokale updates van mobiele sensoren. We stellen een methode voor om te komen

tot lokale updates die nodig zijn voor de aanpak van sensormobiliteit in een netwerk

met een boomstructuur.

X Ontwerp en analyse van een datadisseminatieprotocol voor mobiele multi-sink sen-

sornetwerken: Om te komen tot niet alleen een betrouwbare datadisseminatie van

events (gebeurtenissen), maar ook een efficiënte afhandeling van de mobiliteit van

zowel meerdere sinks als bronnen van events, stellen we een virtuele infrastructuur

voor, en een datadisseminatieprotocol, namelijk HexDD (Hexagonal cell-based Data

Dissemination), dat gebruikmaakt van deze infrastructuur. We vergelijken de commu-

nicatiekosten en de “hot region” verkeerskosten van de voorgestelde datadisseminatie

analytisch met andere benaderingen.

X Evaluatie van het datadisseminatieprotocol voor verschillende toepassingen van sen-

sornetwerken: We richten ons op de evaluatie van de prestaties van de datadissemi-

natie, HexDD, in twee verschillende klassen van mobiele draadloze sensornetwerken:
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(i) voornamelijk statisch; dit omvat scenario’s waarin demeeste sensoren stationair zijn

en enkele sensoren bevestigd zijn aan mensen of voertuigen, zoals brandweerlieden of

onbemande luchtvaartuigen met lage of middelmatige snelheid in een toepassing voor

hulpdiensten, en (ii) zeer mobiel; dit omvat scenario’s waarin veel sensoren bevestigd

zijn aan objecten die met hoge snelheid bewegen, zoals auto’s in een toepassing van

sensornetwerken in voertuigen (Vehicular Sensor Networks).
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CHAPTER I

Introduction

It could be observed that the computing paradigm is in transition and migrating towards

one where computing is pervasive, being seamlessly embedded in the fabric of everyday de-

vices [125]. Historically, this vision was first articulated by Weiser in his description of the

ubiquitous computing, more commonly referred to as the pervasive computing concept [167],

in the early 1990s. In this vision, people will be surrounded by unnoticeable computers em-

bedded within items and will use these computers unconsciously to achieve everyday tasks.

Sensors and Wireless Sensor Networks (WSNs) offer distinctly attractive enabling technolo-

gies for pervasive computing environments. Wireless sensor networks with their distributed

sensing capabilities have attracted a wide range of disciplines, where close interactions with

the physical world are essential [29]. The early research efforts to monitor the physical

environment have been focused on the development of stationary wireless sensor networks

having a single data collector, namely a data sink. However, with the increasing use of

WSNs in different applications, ranging from habitat monitoring to emergency response for

more complex functionalities, a new type of network, Mobile Wireless Sensor Network, has

emerged in today’s market. Mobility poses another set of unique challenges to be addressed,

which include topology management, routing, and energy management. This thesis is moti-

vated by the communication problems in multi-sink mobile WSNs. This chapter presents the

general features of sensor devices and wireless sensor networks. We also explain the char-

acteristics and challenges of communication in WSNs and present the data reporting models

which led us to the research question and approach in this thesis. Finally, we introduce our

contributions and conclude with the organization of the topics studied in the thesis.
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1.1 Wireless Sensor Networks

Awireless sensor network is typically composed of many tiny computers called sensor nodes,

often no bigger than a coin or a credit card. The primary goal of a wireless sensor network

is to collect useful information by monitoring phenomena in the surrounding environment

and send the information to a data collector, namely, a sink. In WSNs, each sensor node

individually senses the local environment, but collaboratively achieves complex informa-

tion gathering and dissemination tasks. Therefore, the objective of wireless sensor nodes

is twofold: (1) obtain a description of the physical surroundings by means of sensors, and

(2) wirelessly communicate this description and assist other nodes to deliver descriptions.

To carry out these two functions, a wireless sensor node is typically equipped with the fol-

lowing components: on-chip sensor(s), transceiver, a low frequency processor, some flash

memory for storage, and power supply unit. Figure 1.1, which is redrawn from [31], shows

a schematic diagram of sensor node components:

• Sensors are responsible for sensing (measuring) the physical environment. A node

can have more than one sensor measuring different phenomena on-board. The number

and types of sensors vary according to the application requirements. There is a wide

variety of sensors available in the market. The most typical examples of sensors are

temperature, humidity, light, pressure, vibration, sound, chemical such as CO-sensor,

and body sensors such as heart rate, accelerometer. The analog signals produced by
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(Task Manager)
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Figure 1.1: The components of a sensor node and a wireless sensor network
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the sensor based on the observed phenomena are converted to digital signals by the

ADC (analog-to-digital converter), then fed into the processing unit.

• Wireless Transceiver is a low-power radio for short-range wireless communication. In

general, half-duplex transceivers have three operational states: transmit, receive and

standby. Generally, transmitting consumes more power than receiving and standby

lies beneath the power consumption of receiving by a factor of 1,000 or more [162].

In the literature the following bands are used for WSN applications: 433 MHz, 868

MHz, 915 MHz and 2.4 GHz, depending on which country the product is designed

for. Maximum transmit powers range from 0 dBm to 13 dBm, receive sensitivity from

-109 dBm to -93 dBm and bit rates from 40 kbaud to 1152 kbaud.

• Processor is generally required for the computation of intensive functions, like pre-

processing of sensor readings, in-network processing, data aggregation, and other

networking tasks. Mostly 8-bit or 16-bit processor are used. Although many of

these functions can efficiently be implemented in application-specific integrated cir-

cuits (ASICs), the flexibility and ability to be reprogrammed make general processing

architectures an attractive choice. Nodes usually run specialized operating systems

such as TinyOS [157, 18], or AmbientRT [81] to meet the resource constraints.

• Memory/Storage, which has a quite limited capacities, is obviously required on the

wireless sensor node to hold the program of the processor. Nowadays, many low-

power micro-controllers include FLASH memory, which can be rewritten many times,

yet has excellent retention properties. Often, memory is assumed to be present on

the wireless sensor node to hold (temporary) variables. Wireless sensor nodes require

memory also to reside message queues for networking.

• Power Supply Unit of the sensor nodes generally consists of batteries where energy for

operation of the wireless node is extracted from energy stored in chemical compounds.

The power supply of a wireless sensor determines how much energy can be spent

during the lifetime of the node.

Optionally, depending on the application requirements, a sensor node may have the fol-

lowing additional components:

• Position finding system provides physical location information of a sensor node. To

interpret the sensor value, also the location of where a sensor reading was obtained

must be known for some applications. Routing techniques may also need knowledge

of the physical location of a sensor node. The positioning system may consists of a

Global Positioning System (GPS) [14] module, which is a satellite navigation system,

or a software module that implements the GPS-free localization algorithms, which

provide location information through distributed calculations [29].

• Power Generator can be used in wireless sensor node to extracts energy from its envi-

ronment. Heat, light, vibrations are converted to electrical currents, which power the

node and optionally charge backup batteries. For instance, for outdoor applications,

solar cells are used to generate power. Energy scavenging is the most preferred solu-

tion to the energy problem; however, the efficiency of most methods is still uncertain.
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In certain environments energy might be plenty available whereas in others energy is

truly scarce.

• Mobilizer is needed in cases where a sensor node has to move from one location to

another. Although the advances developed by the distributed robotics and low power

embedded systems enable attaching mobilizer to a sensor node, mobility requires ex-

tensive energy resources. A mobilizer also operates in a close interaction with the

sensing unit and the processor to control the movement of the sensor node [29].

The characteristics of a wireless sensor network are determined by the characteristics of

sink nodes and the characteristics of sensor nodes, which are determined by the application

requirements. In what follows the characteristics of sink and sensor nodes are discussed:

Characteristics of Sinks

It is commonly agreed that a sink node is a powerful device with unconstrained energy supply

and computational capacity. However, the following characteristics of sinks may critically

influence the operations of communication in sensor networks.

• Number – Although the typical number of sinks is one, in most of the practical appli-

cations, an increased number of sinks provides more robust data gathering, and may

help to increase the network lifetime and decrease the network delay. If only one sink

is present, the destination for most of the data generated in the network is the same,

whereas in case of multiple sinks, the destination sink may differ. Node to sink com-

munication is more elaborated in Section 1.2.

• Mobility – During the network lifetime, the sink can be stationary or mobile. In some

cases mobility inferred by the application, e.g. sinks are integrated with other mo-

bile devices such as mobile phones carried by mobile users, in some others mobility

ensures efficient data collection, the sinks move during the data gathering. To sup-

port sink mobility, it is crucial to provide means to reach the mobile sink node. Since

frequent location updates from mobile sinks can generate excessive energy consump-

tion of sensors, routing strategies handling sink mobility should provide efficient ways

for the tracking of sinks in order to keep all sensor nodes updated for the future data

reports.

• Presence – The sinks can be either continuously or partially present during the network

lifetime. In the latter case, the routing protocol has to support the temporary lack of

a sink. Instead of dropping messages in the absence of the sink, messages can be

buffered at the source nodes or some other predefined locations (i.e. a set of sensors

close to the sink) to send them to the sink when it is again reachable.

Characteristics of Sensor Nodes

The following characteristics of sensor nodesmay vary for differentWSN application; hence,

they have influences on the operations of the network.

• Deployment – Sensor nodes can be deployed either in a deterministic or a random

fashion. Generally indoor deployments (e.g., in a metro station, a school, etc.) require
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a deterministic approach rather than random. In these cases, the sensor nodes remain

stable at their positions during the network lifetime. On the other hand, many appli-

cations assume that the deployment is done randomly, e.g., dropping the sensor nodes

from a helicopter flying above a forest.

• Mobility – Sensor mobility can be also possible by attaching sensors to moving objects

(e.g., animals) or by attaching a mobilizer device [52] to the sensor nodes. Themobility

of sensor nodes changes the topology of the network. The presence of sensor mobility

thus involves continues updating of the neighboring information and network structure

(e.g., routing tree) for efficient message dissemination.

• Addressing – There are two fundamental goals in a WSN: (i) delivering queries sent

by a sink to the sensors nodes which have the requested data (in case of query-driven

reporting model as explained in Section 1.3), and (ii) returning a response including

the requested data to the sink.

– Query Addressing: A query-driven network employs a data-based (What is the

average temperature in the sensor field?), or a region/location-based (What is the

average temperature in the region surrounded by the circle having a radius r and

centered at (x, y)?) addressing.

– Response Addressing: The response with the data is either returned on the reverse

path which the query traversed, or routed back in an ad-hoc manner or purely

based on the location of the sink which has initiated the query.

1.2 Communication Patterns in WSNs

The communication of sensor devices is generally achieved by wireless RF (radio frequency)

communication by means of the antennas, which emit and capture radio signals. Some other

communicationmethods, such as infrared or microwave communication, are also possible. In

this thesis, the WSNs under consideration use RF communication for networking of sensors.

Sensors have small transmission range because of their low power radio. Due to the small

communication range, messages are transmitted from a source node to a destination node

using intermediate nodes in a hop-by-hop manner in the network. This results in multi-

hop networking where sensor nodes relay each other’s (i.e. neighbors’) messages towards a

destination in addition to their own data.

As we briefly mentioned in the previous section, there are two main types of communi-

cation patterns in a typical wireless sensor network: Sink-to-Node and Node-to-Sink com-

munications. The most common form of node-to-sink communication pattern is called con-

vergecast (many-to-one) where the sensor nodes report their data to a sink node. If there

are multiple sinks and all the sinks must be informed about the data (e.g., event message),

every source node has to send their messages to every sink in the network. This results in a

communication pattern of multicast (opposite of convergecast – one-to-many) from a source

node to every sink node in the network. Themulticast communication pattern is also used for

message dissemination (e.g., querying) from a sink to the sensor nodes. The other common

communication patterns are unicast (one-to-one) and local broadcast (i.e. a node transmits

data to all its neighboring nodes). The last two are employed when data is exchanged among
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the neighbors (i.e. local node-to-node communication pattern), for instance, for security key

management and authentication, localization, or collaborative processing of data instead of

sending raw data [95].

As it can be understood from the previous discussion on different communication patterns

for different needs, designing communication protocols for WSNs is closely related with

application requirements [141]. Therefore, it is impossible to design a single communication

protocol that functions effectively and efficiently for all kinds of WSN applications. In the

following, we describe the traditional WSN requirements that remain a continuous concern

in designing networking protocols:

• Energy efficiency – Since sensor nodes are often powered by batteries and it is often

difficult or even impossible to change or recharge their batteries, it is crucial to reduce

power consumption of sensor nodes so that the lifetime of the sensors, as well as the

whole network is prolonged. For this purpose, communication protocols running on

the nodes need to ensure that the energy consumption is kept to a minimumby reducing

the number of messages that are transmitted in the network since a sensor node expends

maximum energy for data communication.

• Scalability – As the size of the sensor network grows with the wide availability of

economically viable sensor nodes, scalability with respect to the number and density

of nodes becomes very essential in WSN applications to prevent the decline of the

network performance.

• Adaptability – In WSNs, network topology changes frequently due to the node fail-

ures, damages, additions, energy depletion, or channel fading. Thus, communication

protocols designed for sensor networks should be adaptive to such network changes.

Functionalities and properties of a networking protocol are highly application specific.

Besides the standard requirements discussed above, there are other important requirements,

e.g. reliability, latency, fault-tolerance, etc., which will be discussed in Section 2.5. In the

next section, we explain the data reporting models and the corresponding requirements of

these models in wireless sensor networks.

1.3 Data Reporting Models in WSNs

The primary task of a wireless sensor node is to collect useful data by monitoring phenomena

in the surrounding environment and transmit these data reports to the data sinks for analysis

and processing. Data reporting in WSN depends on specific needs of the application and

also on time sensitivity of the data collected [31]. Data reporting models can be categorized

as time-driven, query-driven or event-driven models [158]. In the following, we explain the

characteristics of these models:

• Time-Driven – This reporting method is the basic pattern for applications that require

periodic data monitoring. In this model, to save energy, sensors can be sleeping or

turned-off most of the time and periodically they wake up, switch on their sensors,

sense the environment and transmit the sensed data to the sink in periodic intervals.

Periodic data does not need to be transferred reliably since it has generally the same

content as the previous reading.

6
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• Query-Driven – A typical way of extracting data from a sensor network is to dissemi-

nate queries from sink nodes to sensor nodes, asking them to send data which has the

properties specified in the queries. In this model, sensors only transmit data when it

is explicitly requested by the sink. The sink may also send a query for some other

purposes such as to specify or change the operation mode of a group of sensors (i.e.

data sample rate etc.) or to update the system software running on the sensor nodes.

• Event-Driven – In this approach, whenever an event of interest occurs in the environ-

ment, e.g., the temperature rises above a certain threshold, the sensors report the data

associated with that event to the sink. Usually events are rare. However, when an event

occurs, a burst of packet is generated that needs to be delivered to the sink as quick and

as reliably as possible.

For different applications, a combination of different data reporting models, which is

called hybrid model, is also possible. In networks, where different data reporting models

coexist, the routing protocol should change its operation depending on the importance of the

information in data packets. For example, in a hybrid of time-driven and event-driven appli-

cation, periodic sensor readings, which are collected to get an impression of the environment,

have to give priority to event reports.

The routing protocol is highly influenced by the data reporting model in terms of energy

consumption and route calculations [31]. While time-driven data reporting based applica-

tions may tolerate delay and loss of data, timely and reliable delivery of data may become

very important concerns for query-driven and event-driven applications. Hence, both the

query-driven and event-driven approaches are data-centric and well suitable for time critical

applications. This thesis focuses on query-driven and event-driven data reporting patterns as

we describe in the research question and the contributions of this thesis in the next sections.

1.4 Research Question

In view of the above communication and data reporting patterns, this thesis focuses on Sink-

to-Node and Node-to-Sink communications in query-driven and event-driven wireless sensor

networks, respectively. Traditional WSN requirements discussed in Section 1.2 are taken

into account, as well as additional application specific requirements such as adaptivity to

mobility of sensors and sinks. Mainly, we focus on query and data dissemination that require

timely and efficient delivery of (query and/or data) messages in WSNs. We conceive the main

research question as follows:

How can sink-to-node and node-to-sink communications be achieved in an

efficient and effective manner in a multi-sink mobile wireless sensor network?

We approach the problem by taking into account the mobility of sinks and sensor nodes.

The thesis addresses the question by following a bottom-up approach in three main scenarios

with (i) static multiple sinks & static sensors, (ii) static multiple sinks & mobile sensors, and

(iii) mobile multiple sinks & (mobile) sensors. We provide application examples of the above

mentioned classes of scenarios in Section 2.4.

In the first scenario, we focus on the use of multiple sinks instead of a single sink in

wireless sensor networks. WSNs can benefit from usage of multiple sinks. However, network
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Figure 1.2: Protocol stack for WSN requirements

load balancing between sinks in the network and sensors in each cluster make multi-sink

WSNs challenging. First, we study the load balancing in multi-sink WSNs where sinks and

sensors are static.

Having explored the characteristics of multi-sinkWSNs, we focus on protocols in the sec-

ond part. We introduce a query dissemination protocol with region-based query addressing

that utilizes special coverage area descriptions of sinks and sensors and also handles sensor

mobility in a WSN with multiple static sinks.

In the third part, we explore a critical question: how can multiple mobile sinks efficiently

collect data from a mobile wireless sensor network? We focus on a hybrid data reporting

model of query- and event-driven approaches. We introduce an efficient data/query dissemi-

nation protocol which meets the traditional requirements of WSNs such as energy efficiency

as well as timely and reliable data delivery. We also study fault tolerance for reliable data

collection in multi-sink mobile WSNs.

Our hypothesis is that addressing dynamics of sink and sensor nodes in multi-sink deploy-

ments requires special attention calling for networking approaches that respond to specifics

of applications. Moreover, all different mobility patterns (e.g., sink mobility, sensor mobility)

have their special properties, so that each mobile device class needs its own approach.

1.4.1 Research Approach

The protocol stack used by sinks and sensor nodes is given in Figure 1.2 [30]. It is a more

compressed version of the OSI (Open System Interconnection) model [179] of traditional

communication networks. It is more compressed due to the fact that wireless sensor networks

are application specific networks. In addition, the borders between layers are more flexible,

in order to optimize the protocol stack for memory and energy consumption. As shown

in the figure, the mobility management plane, which detects and registers the movement of

sinks and sensor nodes [30], can cooperate with any layer of the protocol stack of WSN.

Generally, these layers obtain, store and manage mobility information individually. From

a communication perspective, mobility can be handled either by the medium access control

(MAC) protocol [10] at the data link layer or by the routing protocol in the networking

layer. Cross-layered approaches [32] are also proposed for mobility management. This thesis

8
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Table 1.1: Research Issues and Corresponding Contributions of the Thesis

Research Issue Contribution Chapter Sink Sensor

Mobility Mobility

Multi-sink partitioning 1-Load balancing between multiple sinks 3 − −
Query dissemination 2-Geocasting of queries 4 − −
in multi-sink WSN

3-Handling sensor mobility in geocasting 4 − X

Data dissemination 4-Handling sink/source mobility efficiently 5 X X

in multi-sink WSN

5-Evaluation in highly mobile sensor networks 6 X X

focuses on handling mobility in the network layer, which is implemented by the routing

protocol.

1.5 Contributions

With regard to the previously mentioned research question and approach, we describe the

main contributions of the thesis. Table 1.1 clarifies the relations between the research issues

and our contributions.

X Contribution 1: Benefits and challenges of using multiple sinks in static wireless

sensor networks: There are significant advantages of having multiple sinks in the net-

work in terms of latency and energy consumption of information acquisition. The

multi-sink partitioning of the network should be done by taking load balancing issues

into account to acquire these benefits. We review the state of the art load balancing

methods in wireless sensor networks. We present a mechanism for load balancing bet-

ween sinks in the network and between sensors in each partition. We investigate the

characteristics and problems of static multi-sink wireless sensor networks with exten-

sive simulations. This work appeared in the following paper [4]:

– A cross-layered communication protocol for load balancing in large scale multi-

sink wireless sensor networks, with T. Mutter, L. van Hoesel and P. Havinga, in

Proceedings of the 9th International Symposium on Autonomous Decentralized

Systems, ISADS 2009, pages 1-8, Athens, Greece, March 2009.

X Contribution 2: Design and evaluation of a query dissemination protocol for multi-

sink wireless sensor networks: To enable sinks to efficiently route queries that are

valid in particular regions of the deployment, we propose a set of algorithms that com-

bine coverage area reporting and geographical routing of queries injected by sinks.

Each sink constructs a routing tree and defines a coverage area and then geocast the

queries in their coverage areas. Our geocasting protocol is designed for eliminating

unnecessary query injections from sinks whose coverage areas do not intersect with

the destination region. With this approach, we aim at decreasing energy consumption

whereas meeting the requirements such as high query delivery ratio and low deliv-

ery delay. We study the case where sinks are static and sensor nodes may be mobile.

9
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We evaluate the performance of our geocasting protocol with extensive simulations in

both static andmobile scenarios and compare its performancewith another well-known

geocasting protocol. The work appeared in the following papers [11, 9]:

– Combined Coverage Area Reporting and Geographical Routing in Wireless Sen-

sor Actuator Networks for Cooperating with Unmanned Aerial Vehicles, with

L. van Hoesel and P. Havinga, in Proceedings of the 3rd ERCIM Workshop On

eMobility, pages 43-54, Enschede, The Netherlands, May 2009.

– Geo-casting of Queries Combined with Coverage Area Reporting for Wireless

Sensor Networks, with L. van Hoesel, A. Dilo, and P. Havinga, Ad HocNetworks,

Elsevier, Under Review, Submitted in July 2010, Revised and resubmitted in June

2011.

X Contribution 3: Handling mobility of sensors in the tree-based query dissemination

protocol: To provide an up-to-date coverage area description to sinks, we focus on

handling sensor node mobility in the network. We discuss what is the best method to

handle mobility in tree-based routing of queries: (i) periodic global updates initiated

by sinks or (ii) local updates triggered by mobile sensors. We propose a method to

perform local updates in a tree-based network. With the extensive simulations we

observe that local updates perform very well in terms of query delivery ratio, and also

more energy efficient than global updating in networks having medium mobility rate

and speed, independent of the size of the network. This contribution is submitted for

publication in the following paper [7]:

– OnMobility Management in Multi-sink Sensor Networks for Geocasting of Quer-

ies, with A. Dilo, L. van Hoesel, and P. Havinga, Sensors, MDPI, Under Review,

Submitted in May 2011.

X Contribution 4: Design and analysis of a data dissemination protocol for mobile

multi-sink sensor networks: To achieve reliable data dissemination of events as well as

the efficiency in handling the mobility of multiple sinks and event sources, we propose

a virtual infrastructure and a data dissemination protocol, namely HexDD (Hexagonal

cell-based Data Dissemination) exploiting this infrastructure. We analytically compare

the communication cost and hot region traffic of the data dissemination with other

approaches. Different parts of this work appeared in the following papers [1, 5]:

– Data dissemination of emergency messages in mobile multi-sink wireless sensor

networks, with P. Havinga, in Proceedings of the 9th IFIP Annual Mediterranean

Ad Hoc Networking Workshop, Med-Hoc-Net 2010, pages 1-8, Juan Les Pins,

France, June 2010.

– A fault-tolerant data dissemination based on Honeycomb Architecture for Mobile

Multi-Sink wireless sensor networks, with A. Dilo, and P. Havinga, in Proceed-

ings of 6th International Conference on Intelligent Sensors, Sensor Networks

and Information Processing, ISSNIP 2010, pages 97-102, Brisbane, Australia,

December 2010.
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X Contribution 5: Evaluation of the data dissemination protocol for different wireless

sensor network applications: We focus on the performance evaluation of data dis-

semination in two different classes of mobile wireless sensor networks with mobile

sinks: (i) Emergency Response Application – mostly static, which contains scenarios

in which most of the sensors are static and some sensors are attached to people or

vehicles such as firefighters or unmanned aerial vehicles moving at low or medium

velocities, (ii) Vehicular Sensor Network Application – highly mobile, which contains

scenarios in which many sensors are attached to devices that move at high velocities

such as cars. We compare the performance of HexDD protocol with other application-

specific protocols in terms of data delivery ratio, latency and energy efficiency. We

investigate the effects of number of sinks and speed of mobile sinks on the perfor-

mance of the dissemination protocol. This work is submitted for publication in the

following papers [6, 8]:

– A virtual infrastructure based on honeycomb tessellation for data dissemination

in multi-sink mobile wireless sensor networks, with A. Dilo, and P. Havinga,

EURASIP Journal on Wireless Communications and Networking, Hindawi, Un-

der Review, Submitted in April 2011.

– Infrastructure Assisted Data Dissemination for Vehicular Sensor Networks in

Metropolitan Areas, with R. S. Schwartz, A. Dilo, H. Scholten, and P. Havinga,

Roadside Networks for Vehicular Communications: Architectures, Applications

and Test Fields, IGI-Global, Under Review, Submitted in April 2011.

1.6 Organization of the Thesis

In the next chapter (Chapter 2), we provide the reader with an overview of multiple sinks and

mobility in wireless sensor networks including related applications and their challenges [3,

2]. The rest of the chapters are blocked into 3 groups as shown in Figure 1.3:

(i) Chapter 3 focuses on load balancing between sinks and sensors in static multi-sink

wireless sensor networks which corresponds to Contribution 1.

(ii) Chapter 4 describes geocasting of queries in multi-sink wireless sensor network (Con-

tribution 2) and analyzes different approaches (i.e. global updating and local updating)

for geocast structure maintenance to handle sensor mobility (Contribution 3).

(iii) Chapter 5 introduces and analytically evaluates our virtual infrastructure based data

dissemination protocol, namelyHexDD, in mobile multi-sink wireless sensor networks

(Contribution 4). We evaluate the performance of HexDD by comparing with two

other virtual infrastructure based data dissemination protocols designed for WSNs in

Chapter 6. In addition, in Chapter 6, HexDD protocol is tested in a highly mobile

scenario, Vehicular Sensor Network, which corresponds to Contribution 5.

We conclude this thesis in Chapter 7 summarizing the key results and highlighting the

possible future research directions for the problems and solutions presented in the thesis.
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Chapter 2: Background

Chapter 7: Conclusions and Future Work

Chapter 3: 

Load Balancing

Chapter 4: 

Query 

Dissemination

Geocasting of Queries

Chapter 5: 

Data Dissemination

Chapter 6: 

Applications

Partitioning and Balancing

Figure 1.3: Organization of the thesis
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CHAPTER II

Background

The focus of this thesis is on efficient query and data dissemination in mobile wireless sensor

networks with multiple sinks. This chapter introduces the existing approaches on the general

concepts studied in this thesis (i.e. multiple sinks and mobility), while the forthcoming chap-

ters present the existing work specific to the topic studied. Firstly, we discuss the need and

usage of multiple sinks in WSNs. Secondly, we highlight the main characteristics of mobility

of different entities in WSNs and elaborate how mobility helps to alleviate some of the tra-

ditional problems associated with static sensor networks. We also present different mobility

models together with a survey of exiting work on these models. Next, we describe well-known

applications of WSNs to illustrate how this technology is integrated with our everyday life.

We go on to give a detailed description of four applications that are particularly relevant

to this thesis as they have provided the motivating factors behind the design decisions we

have made in the forthcoming chapters. Finally, based on the requirements introduced by the

applications relevant to this thesis, we highlight the main properties that should be present

in the protocols designed for such applications.
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2.1 Multiple Sinks in Wireless Sensor Networks

Data gathering is a fundamental task of a WSN [102]. It aims to collect sensor readings from

sensory field at a predefined sink for analysis and processing. The well-known problem of a

single-sink WSN is the uneven energy depletion phenomenon. Sensors near the sink deplete

their battery power faster than those far apart due to their heavy overhead of relaying mes-

sages. Non-uniform energy consumption causes degraded network performance and shortens

network lifetime. If all sensors around the sink run out of energy, the sink will be isolated

from the network, then the entire network fails. There are significant advantages of having

multiple sinks in the network in terms of latency and energy consumption of information ac-

quisition. First of all, having multiple sinks in the network alleviates the unbalanced energy

consumption among sensor nodes since the data transmission load is shared among all the

sinks. In addition, multi-sink networks can remarkably reduce the mean distance (and also

hop count) between sensor nodes and sinks, basically resulting in energy saving and lower

latency. Finally, multiple sink deployment avoids the single bottleneck problem since in case

of disconnection of one particular sink from the network, sensors can still transmit their data

towards other sinks, and the network continues to function.

Depending on the application requirements, a WSN with multiple sinks can be divided

into sub-networks (i.e. clusters), each of which is composed of a single sink. In each of these

sub-networks, data sources report their reading to the sink of the cluster, and sensor nodes

in the cluster relay messages sent by the sources towards the sink. In order to form such a

WSN, there are two typical cases for sink deployment:

(i) First case is deciding explicitly where to deploy sinks inside the sensor field, which is

called Sink Location Problem. This is a typical ‘facility location’ problem: given a set

of ‘sink nodes’ (i.e. facilities) and a set of ‘sensor nodes’ (i.e. customers) to be served

from these sink nodes, where to deploy the sinks (i.e. facilities), and which sink should

serve which sensor node (i.e. customer), so as to minimize the total ‘serving cost’ (e.g.,

the overall energy consumption)?

(ii) Second case is randomly deploying a predefined number of sinks inside the sensor

field. In this case, the main problem is finding efficient routes from sensors to the

sinks, as well as finding the best partitioning (i.e. clustering) of the network area into

regions corresponding to the sinks.

The number and the exact locations of sink nodes directly affect the network lifetime of

a WSN. Depending on the design objective, there might be several approaches for finding

the number and the location of the sink nodes [28, 127]. The sink positioning problem is

typically defined as finding the optimal layout for a known number of sinks in the sensor

field to maximize a performance metric, such as total communication energy and throughput

or area coverage. This is often solved by efficiently clustering sensors inside the sensor

field [113, 133, 134]. The center of mass of sensors within a cluster would give the location

of a sink node. Another approach isminimization of the number of sink nodes for a predefined

minimum operation period. In order to solve this problem, the sensor network lifetime for

any number and positioning of sinks has to be calculated [127]. Then, the minimum number

of sinks providing a network lifetime that exceeds the predefined limiting constraint will
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be selected as the solution. A similar problem is minimization of the number of sink nodes

while maximizing the network lifetime when there is neither prior knowledge on the number

of sinks nor the lifetime constraint. The above approaches for optimizing the placement of

sinks in multi-hop wireless sensor networks are NP-hard problems [64].

Solutions to the sink location problem require deterministic deploymentwhere sink nodes

are placed deliberately in the sensor field. On the other hand, in most of the large-scale WSN

applications the sensor and sink deployment is done in a random fashion (e.g. by dropping

the sensor and sink nodes from a low-flying airplane over a vast area such as a forest). Non-

deterministic deployment is suitable for both large-scale applications and hostile environ-

ments. In this thesis, we consider sensor network applications (see Section 2.4) where we

have randomly deployed sensors and sinks inside the sensor field. In such applications, the

main concern is generally finding the efficient clusters and/or efficient routes from sensors

to sinks. We explain the details of related works on these topics in Chapter 3, where we

survey multi-sink clustering approaches in static WSNs and investigate the performance of

different multi-sink clustering strategies and routing methods considering different metrics

(e.g. energy level of nodes).

2.2 Mobility in Wireless Sensor Networks

Recent research efforts [35, 71, 82, 88, 90, 161] have showed that the use of mobile elements

can enhance connectivity and lifetime of WSNs. In many deployment scenarios, mobile en-

tities already exist in the deployment area, such as firemen in an emergency response ap-

plication, and buses in a traffic monitoring application (see Section 2.4 for details on these

applications). The mobile nodes, which are capable of communicating with other nodes in

the network, can address the connectivity problem by carrying information between isolated

(disconnected) parts ofWSNs. Since mobility has been proposed as another way for reducing

the communication distance between sensors and sinks in the literature, network lifetime can

be improved with mobile devices by reducing multi-hop communication. Another important

problem of static deployments is the bottleneck problem, which appears on the nodes close

to the sink. As all the data is forwarded towards the sink, the average load on a sensor node

increases with decreasing distance between the node and the sink [114]. Mobility also helps

to solve this problem by deploying mobile sensor nodes and sinks in the network. Wang et

al. discuss in [165] how mobile elements improve the network lifetime. Figure 2.1 compares

1 3.76 5.4 7.8 9.76

Minimum hop

Routing
Energy conserving

Routing

Adding energy to

25% of the nodes 

One Mobile Relay

Node

Mobile Sinks

Normalized Lifetime

Figure 2.1: Comparing network lifetimes of different approaches [165]
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the network lifetime of different approaches. In the figure, the lifetime of the non-energy

aware minimum hop routing in a static network is normalized to 1. Energy conserving rout-

ing, which gives the upper bound for a static WSN, improves the network lifetime nearly

four times over minimum hop routing. While using static energy-provisioning scheme and

adding four times more energy to randomly selected 25% of the static nodes, the lifetime can

only be extended by 40%. On the other hand, by adding only one mobile relay† node, the
lifetime of energy conserving routing can be doubled. Using mobile sinks gives a lifetime

improvement which is even better than a mobile relay node.

In wireless sensor networks, mobility can appear in three main forms [87]: mobility of

the sensor nodes that sense the environment and transmit the related information,mobility of

data sinks that gather the information from the network and forward data to the application,

and mobility of the observed event.

• Sensor Node Mobility: Figure 2.2(a) illustrates sensor node mobility in a livestock

surveillance application (e.g. sensor nodes attached to cattle). The mobility of sensors

can influence protocols at the networking layer. The network has to reorganize itself

frequently enough to be able to function correctly. There are trade-offs between the

frequency and speed of node movement on the one hand and the energy required to

maintain a desired level of functionality in the network on the other hand [87].

• Sink Mobility: Since the sinks are requesters of the data, the mobility of sinks may

occur due to the mobility of end-users carrying sink nodes in the network. For ex-

ample, in a disaster response application, a fireman requests event related data from

sensor nodes while he is moving inside the network as illustrated Figure 2.2(b). Gen-

erally speaking, sink mobility is offered as a solution for uneven energy depletion

phenomenon described in Section 2.1. The sink mobility also has a great influence

on protocols at the networking layer. The network, possibly with the assistance of the

mobile sink, must make provisions that the requested data actually follows and reaches

the sink despite its movements.

• Event Mobility: The cause of the events or the objects to be tracked can be mobile in

applications like event detection and in particular tracking scenarios. The mobile event

scenario is described by Figure 2.2(c), where the task is to detect a moving tank in a

border protection application and to observe it as it moves around. Since the location

of the event changes over time, the sensor nodes sensing and reporting the event (i.e.

source nodes) also change over time.

The mobility of event [172] is highly application dependent, meaning that it can not

be controlled (mostly also unpredictable) by the sensor network. Generally, event mobility

appears in tracking applications such as animal tracking or military applications (e.g. tracking

enemies) which are not under consideration of this thesis. In this thesis, we focus on mobility

of sensor and sink nodes. Without losing the generality, mobility of a (sink or sensor) node

can be classified as follows:

†Amobile relay node, which stays within a two-hop radius of the sink, takes over the tasks of multiple bottleneck

nodes close to the sink during different network time periods.
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Figure 2.2: (a) Sensor nodes attached to cows are moving inside the sensor field, (b) Fireman having a

sink collects data from sensors while it is moving, and (c) Area of sensor nodes detecting an event – a

tank – that moves through the network along with the event source

• Uncontrolled Mobility: A node moves in a random fashion. The mobility of a node

can be considered as uncontrollable (or random) if the motion characteristics (i.e. di-

rection, trajectory) of the node is not related with or determined by the data routing

requirements. It is regulated according to the primary purpose of the user (i.e. people,

vehicle) carrying the node in the sensor field. For instance, the purpose of a fireman

carrying a sensor and/or sink node is eliminating fire in the fire field while getting

information about the situation for the sensor network deployed in the field, thus his

movement is designated by his primary task. Therefore, the sensor/sink mobility is

considered as uncontrollable in such a scenario. The main problem in this kind of sce-

narios is how to deliver data from a source node to sinks when the intermediary sensor

nodes and/or sinks are randomly moving in the network.

• Predictable Mobility: Predictable mobility refers to the case when the motion is

known but cannot be changed. However, this knowledge can be exploited to route data.

Predictable sink and sensor mobility can improve energy efficiency of data transmis-

sion [115] by combining data relaying with predictable mobility. Sensors can predict

the time of data transfer by utilizing the trajectory of the mobile node. Based on the

predicted data transfer time, the sensors become active at the time of data transfer,

otherwise they sleep until the time of data transfer comes to save energy. A represen-

tative example of predictable mobility is the vehicular mobility such as public trans-

portation (i.e. train, bus). Such vehicles can act as mobile sinks in wide area WSNs

for applications such as pollution monitoring.

• Controllable Mobility: The mobility of the node can be controlled by a user. Con-

trollable mobility, like sensors mounted on a robot [52], can be used as means for

improving network connectivity and data dissemination tasks. The controlled mobility

of sensor nodes is generally used to achieve optimal deployment or to cover holes in

connectivity or sensing coverage. Sink mobility is controlled usually for the purposes

of avoiding hot spots around the sink and distributing energy consumption throughout

the network evenly or enabling single-hop communication between the sink and the
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Table 2.1: Motivation of Different Types of Mobility in Wireless Sensor Networks

Mobility Sink Ref. Sensor Ref.

Uncontrolled • Inherent in the scenario [3] • Inherent in the scenario [3, 71]

• Avoid hot spots around sink

Predictable • Avoid hot spots around sink • Utilize scheduled transmission [61]

• Achieve single-hop communication [39]

(at the cost of latency)

• Utilize scheduled transmission [161]

Controllable • Avoid hot spots around sink • Achieve optimal deployment [82]

• Cover holes in connectivity [88] • Cover holes in connectivity [164]

• Increase network lifetime [35, 90, 103] • Increase network lifetime [86]
• Achieve single-hop communication [65]

(at the cost of latency)

source nodes to avoid long-range communication. In these approaches of exploiting

controlled mobility of sink, the problem is mostly about finding the optimal motion

of the mobile sink to balance the energy consumption in the network or scheduling

the mobile sink in real time to visit source nodes such that no sensor buffer overflow

occurs and the data loss is avoided [65].

Table 2.1 shows the motivation of different types of sink and sensor mobility with the re-

lated works done in these fields. Indeed, no matter for what purpose or through what means

(i.e. random or not) if sink mobility is present in the network, it always helps to avoid bot-

tlenecks around the sink. Controlled and predictable mobility of sink and sensor nodes are

well-studied topics in the literature as shown in the table. In general, controlled and pre-

dictable mobility are incorporated in a WSN and are exploited for improving the network

performance. On the other hand, uncontrolled mobility is highly application dependent and

is inherent in the scenario. Therefore, it requires special cautions to achieve efficient net-

working in a WSN. In this thesis, we focus on the uncontrolled (random) mobility of sinks

and sensors. In Chapter 4, we consider a hybrid architecture combining a fixed infrastruc-

ture network with mobile sensor nodes. In Chapters 5 and 6, we go one step forward by

considering mobile sinks in both moderately and highly mobile applications.

In what follows we first provide a brief list of general examples of WSN applications. We

then describe some specific applications that are particularly relevant to the work presented

in this thesis.

2.3 Applications of Wireless Sensor Networks

Based on recent technological advances in wireless communication, low-power microelec-

tronics integration and miniaturization, the manufacturing of a large number of low cost

wireless sensors became technically and economically feasible. Hundreds or thousands of

these constrained devices with relatively small memory resource, restricted computation ca-

pability, short range wireless transmitter-receiver and limited built-in battery, can potentially

be networked as a wireless sensor network (WSN) for many applications that require unat-

tended, long-term operations.

There are a number of different application fields for sensor networks ranging from tra-

ditional data gathering (e.g. environmental monitoring) to more complex applications (e.g.
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emergency response). Consequently, WSNs have emerged as a promising technology with

various applications:

• Environmental monitoring: Environmental monitoring is one of the earliest applica-

tions of sensor networks. Environmental sensor networks are often large scale, static,

non-dense, and are deployed in harsh and unattended environments. Networked sen-

sors enable long-term data collection such as temperature, humidity, pollution, agricul-

tural data, etc. at scales or resolutions that are difficult to obtain by other means. Mon-

itoring Great Duck Island [117] in USA for the distribution and abundance of plants

and animals, monitoring the Great Barrier Reef in Australia [41] for coral bleaching,

and the impact of temperature on aquatic life and pollution, irrigation management in

agriculture and landscaping by monitoring soil moisture [12, 140], detecting foreign

chemical agents in the air [56] and the water are some examples of environmental

monitoring applications of WSNs.

• Structural monitoring: Wireless sensor networks are used for structural health mon-

itoring of buildings, bridges, tunnels and other structures to estimate the state of struc-

tural health, or detecting the changes in structure that influence its performance [91],

and also used to monitor natural risks such as landslide and rockfall areas that create

hazardous situations. Medium to large numbers of wireless nodes are deployed inside

or outside of structures and remain static. The GENESI project [20] founded by EU

focuses on monitoring a structure while being build (e.g. tunnels), and continuous

health monitoring (e.g. a bridge).

• Animal monitoring: Typical applications of animal tracking is monitoring animals

for studying their behaviors, and locating or confining them in pastoral regions or in

the wild. Monitoring of a typical farm environment [136], in particular cattle moni-

toring, and wildlife tracking [84] in the ecological system are the major examples of

such applications. Different from the environmental monitoring applications, animal

monitoring introduces mobility within the WSNs.

• Transport and logistics: For transport and logistics, goods can be monitored while

they are in warehouses and when they are in transit. Generally, the goal of transport

and logistics applications of WSNs is to monitor the storage conditions of products

(e.g. flower warehouse monitoring [67]), to verify the loads, and to localize the goods

and items at production side or distribution stores (e.g. Collaborative Business Items

(CoBIs) project [13]). The sensor network deployments for transport and logistics

applications form a hybrid network consisting of both static sensors (e.g. placed in

warehouse) and mobile sensors (e.g. attached to rolling containers or carts).

• Military: Usage of WSNs in military applications helps to achieve effective bat-

tlefield situational awareness [100], theater control, enemy military reconnaissance,

intrusion detection [96], target (enemy) tracking, war damage assessment, and nu-

clear/biological/chemical attack detection. The scale and the mobility type of military

applications are very much dependent on the target application. For instance, intrusion

detection comprises event mobility whereas battlefield situational awareness includes

mobility of sensors attached to soldiers and tanks.
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Table 2.2: Overview of WSNs applications (number of tick in Mobile column reflects the mobility rate)

• Health Care: Health care applications use WSNs for acquiring physiological and

behavioral data from patients for diagnosis, monitoring, or chronic disease manage-

ment. Sometimes the data collected by the body area network is augmented with

sensor readings from training objects or environmental sensors in home/hospital en-

vironment. Examples of this class include personal health care monitoring with body

area networks [119], and tracking doctors and patients inside hospitals [74]. Since the

sensors in health care application are physically grouped to form a body area network,

it has a different mobility model, called group mobility [135].

The list of applications is certainly extendible since the number of application areas of

sensor networks is continuously growing within the research and industrial communities. Ta-

ble 2.2 gives an overview of the WSN applications by highlighting high-level features such

as scale, network lifetime, mobility rate. As one can see from the table, most of the WSN

applications include mobility. The rate of the mobility (i.e. number of mobile sensors per

total number of sensors) may vary from weakly mobile to highly mobile for different appli-

cations. Generally, mobility model of the applications shown in the table is in the category

of uncontrollable mobility.

2.4 Applications relevant to this thesis

In this section, we describe four applications that are of particular relevance to this thesis.

2.4.1 Monitoring rainforests

Rainforests are globally significant ecological systems. Scientists are still working to under-

stand these complex systems and their impact on climate change. Rainforest monitoring is

a typical environmental monitoring in a harsh environment. Hundreds of sensors are needed

to measure temperature, water vapor, and solar radiation across hill slopes, essentially taking

the vital signs of the rainforest. The information collected by the WSN is very valuable for

scientists, who want to improve their understanding of this ecosystem. The deployment of

a WSN at a rainforest allow the various areas of the forest to be monitored at high spatial
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Figure 2.3: WSN and communication structure in AWARE project

and temporal resolutions. In order to deploy and develop an efficient WSNs in a rainforest,

data collection protocols are required to enable long-term, robust and reliable performance.

Generally, WSNs deployed in rainforests are static, large-scale, multi-hop, multi-sink net-

works. The network may include mobile entities if habitants (i.e. animals) of the rainforest

are also monitored. Even though there is no mobile node in the network, the network is very

dynamic since wireless links of the network are highly dynamic due to the frequent changes

of weather conditions such as fog and rain. Moreover, the rainforest foliage has an effect on

the link quality of longer hops [166], meaning shorter hops should be chosen.

Routing tree approach is considered as an efficient alternative to deliver data to the sink

for such static applications. In this approach, the sensor nodes organize themselves in a

routing tree rooted at the sink. Many of these scenarios often involve several sink nodes.

As a starting point in Chapter 3, we consider a static network and focus on load balancing

between sinks and inside each sink’s routing tree by taking shortest path routing as the basis.

2.4.2 Emergency Response

Knowing how to both monitor and deal with a large number of catastrophic conditions is key

to emergency response scenarios [111]. Multiple entities have to be optimally coordinated

and numerous resources must be allocated efficiently, creating a very challenging activity.

The emergency response scenarios are real-time applications, meaning that decisions have

to be made in a timely manner during emergency response situations. Sensor networks of-

fer a very good solution for emergency situation monitoring and management by capturing,

processing, and communicating critical data for use by first responders (e.g., police, firemen,

paramedics, etc.).

The Aware platform is developed as part of the AWARE EU Project [3, 19] and focuses
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on disaster management and civil security scenarios. It has been established to study the

potential collaboration of a ground wireless sensor network with unmanned aerial vehicles

(UAVs), e.g. autonomous helicopters. In this scenario, it is essential to establish an efficient

communication and cooperation platform that is able to self-organize, adapt to changes and

provide support in case of emergency situations. The architecture of the Aware platform

comprises a number of heterogeneous sub-systems, which are described in relation to the

global architecture in Figure 2.3. The Aware platform consists of a wireless sensor network

with both static and mobile nodes, unmanned aerial vehicles (UAVs) and mobile devices

carried by people which act as data sinks and/or sensor nodes.

The primary application of the project is a fire fighting scenario. In case of fire, sensor

nodes are dynamically (randomly) deployed by UAVs into the area of interest (e.g. rainforest)

and start measuring environmental characteristics such as temperature, humidity and gas

level. Every sensor node is capable of precisely measuring its position via an embedded GPS

receiver or an intelligent localization method. Based on the analysis of the sensor readings,

the mission coordinator can rate the scale and the spread of fire, and eventually the location

of fire-fighters and fire-trucks, and coordinate the situation effectively.

We have two key system layers of abstraction as shown in Figure 2.3: the sensor and

dynamic networking layer, and the distributed services layer. The sensor and networking

layer contains the sensor and the network protocols, which allow messages to be forwarded

through multiple sensors taking into account the mobility of nodes and the dynamic change

of topology. The described scenario involves two rather different communication networks:

(i) the ground sensor network with fixed sinks, but mobile sensors carried by first responders

(studied in Chapter 4), and (ii) the ground sensor networks with mobile sensors plus mobile

sinks attached to UAVs or fire-trucks (studied in Chapter 5 and 6.1). The mobility of both

sensors and sinks is considered as uncontrollable from networking point of view. In this

application, there is a strong need for reliable and fast communication which can adapt itself

to topology changes due to mobility of sinks and sensors.

2.4.3 Maritime Surveillance

Indeed, the characteristics of the WSN formed in maritime surveillance scenario are very

similar to the characteristics of emergency response scenario on the sea. The key mission of

any coastal or harbor surveillance system is to provide decision makers and first responders

(e.g. coastguards) with full situation awareness of the coverage area. One of the most efficient

coverage for large coastlines and harbors can be achieved through a wireless sensor network.

Sensors are generally positioned in strategic locations to provide detection and classification

of all cooperative and non-cooperative targets. The information collected from the WSN is

used for protecting assets and supporting search and rescue missions.

The RECONSURVE project [21] offers a harbor surveillance system that is targeted

against both surface and underwater threats. The sensor types that were chosen for a total

surveillance capability are acoustic sensors, radars, optical sensors, and an Automatic Iden-

tification System (AIS). A network, which can detect both underwater and surface activities,

is deployed closed to the harbor entrance points or sea borders by making use of buoys as

illustrated in Figure 2.4. The sensor buoys report data to a control center only if an event of

interest occurs. Usually, events are rare. Yet, when an event occurs, a burst of packets is often

generated that needs to be transmitted reliably, and usually in real-time, to the control center.

22



2.4 Applications relevant to this thesis

Figure 2.4: Harbor surveillance scenario with an unspecified vessel and a plunger trying to reach

Marmaris Harbor at Aegean Sea

The success of the network depends on the efficient dissemination of the event. Generally,

buoys are static, forming a fixed infrastructure network. The mobile entities of the network

are events and responders which are both uncontrollable form networking point of view. On

the other hand, UAVs can also be used in this application to patrol in the mission area, and to

collect data for providing further details about the potential threat.

2.4.4 Situational Awareness on the Roads

Vehicular sensor networks have attracted people’s attention in recent years with the vision

that it can provide crucial information, such as traffic conditions (i.e. collision or traffic

congestion around city center) to interested parties. Vehicles together with roadside sensor

nodes form a hybrid network that can serve many applications, such as traffic monitoring

and control, environmental monitoring, and safety warning. Many stationary sensor nodes

are deployed on the side of the road that can detect, measure and record a certain aspect of

the traffic pattern, such as the speed of vehicles in its range, or some other environmental

conditions if they have the corresponding sensors. Nodes, similar to the stationary ones, are

placed also in the cars that can communicate with the stationary roadside nodes and gather

data from these roadside nodes to display data (related with traffic conditions, for example)

on the computer in the car. Communicating cars and roadside infrastructure collectively

forms a wireless sensor network. Cars can also communicate with each other, but prefer

roadside units for long haul region-to-region data transfers.

Such a network can be considered as highly mobile since most of the sensors are carried

by vehicles. Vehicles moving in the city are the mobile sensor nodes in the network. They

send the information collected by their possibly many sensors to the static roadside nodes in

the network. They also request data from the network, thus act also as sink nodes. The data

dissemination protocol introduced in Chapter 5 is extensively evaluated in this scenario in

Chapter 6.2.
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2.5 Essential characteristics for WSN protocols

Based on the requirements of the applications described in the previous section, we now

state some of the challenges – in addition to this list of traditional WSN requirements given

in Section 1.2 – that should be addressed in protocols designed for such applications:

• Dynamics of the network – A major increase in the overall degree of mobility or dy-

namics can be observed from the applications discussed in the previous section. Con-

trary to traditional applications ofWSNs, mobility becomes necessary for today’s more

complex applications of WSNs. Mobility thus becomes an intrinsic system property,

which needs to be considered even from the protocol design phase [118]. Although

mobility turns out to be a means of enhancing network performance as discussed in

the previous section, routing of messages from or to moving nodes while also inter-

mediate nodes are moving is more challenging since a continuous route establishment

is needed to achieve route stability between source and destination nodes. The per-

formance of the protocols designed for mobile WSN applications can be evaluated by

measuring the data delivery ratio with varying mobility speeds and rates.

• Fault tolerance – Sensor nodes are prone to failures due to harsh environmental con-

ditions. Sometimes a part of the network does not function anymore due to failure of a

group of sensors which results in routing holes. The protocol design for such networks

should be fault-tolerant and able to handle or recover from holes in the network. A

protocol can be categorized as fault-tolerant if it can deliver high portion of the data to

sinks, despite the size and the number of routing holes in the network.

• Real-time delivery – Some applications such as emergency response require that the

messages must be delivered within a specified time, otherwise the message becomes

useless or the importance of its information content decreases after a time bound.

Therefore, one of the main objective that has to be considered in the protocol de-

sign is to control or minimize the network delay. The performance of the protocols

designed for real-time applications can be evaluated by measuring delivery ratio with

time constraints.

In each of the forthcoming chapters, the design decisions have been made by taking into

account these requirements that are relevant to the specific application, which motivated the

work studied in that chapter.

2.6 Conclusion

Although wireless sensor networks are one of the most promising technologies of the 21st

century – with potential applications in virtually all areas of activity, ranging from the per-

sonal area to the global environment – a considerable number of challenges, which are dis-

cussed above, has still to be addressed in order to make WSNs a day-to-day reality. One

of the most crucial aspects is mobility. Many applications require sensor mobility, and/or

sink mobility, to be more effective. In next chapter, as a starting point we study on a static

multi-sink WSN to understand the limitations of static deployments of sinks and sensors in

the network. Without integrating mobility inWSNs and providing efficient mobility handling
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mechanisms, the application areas of WSNs will be highly restricted. In this thesis we pro-

pose and evaluate a set of protocols for an effective support of mobility in multi-sink WSNs

by taking into account essential characteristics discussed in Section 2.5.
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CHAPTER III ∗

Load Balancing in Multi-Sink Wireless Sensor Networks

One of the fundamental operations in sensor networks is convergecast, which refers to the

communication pattern where data is collected from a set of sensor nodes and forwarded

towards a common end-point gateway, namely sink node, in the network. In this chapter we

study the case where there is more than one sink in the network. This work is the starting

point of the thesis providing and understanding of the advantages and problems of multi-sink

deployments in WSNs. In case of multiple sinks within the network, the total load of the

network has to be balanced among these sinks and between sensors reporting to a sink to

maximize the network functionality. We analyze different routing strategies that are used to

achieve this goal and investigate the characteristics of networking in static multi-sink WSNs.

We first present a cross-layered communication strategy for data collection in multi-sink

WSNs. It basically combines a network wide inter-cluster load balancing technique with a

metric-based intra-cluster shortest path routing. In this approach sinks collect information

from nodes in the network about initial cluster sizes, then analyze and distribute this infor-

mation back into the sensor nodes. Sensor nodes use this global information in combination

with local information about the one-hop network neighborhood to build routing trees rooted

at sinks. We explore the effects of different routing metrics on the networking performance

with simulations. The performance evaluation of the presented techniques show the relation-

ship between networking performance and global/local load balancing in static multi-sink

WSNs.

∗This chapter is an extension of the paper entitled “A cross-layered communication protocol for load balancing

in large scale multi-sink wireless sensor networks” published in the Proceedings of the 9th International Symposium

on Autonomous Decentralized Systems, March 2009 [4].
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3.1 Introduction

Most of the sensor networks have one sink, but some may have multiple sinks. Having

multiple sinks in the network gives advantages such as energy efficiency, reliability and al-

leviation of the hotspot problem which are discussed in Chapter 2.1. On the other side it

adds additional requirements. The main concern in a multi-sink deployment is balancing the

network load by partitioning the network between sinks. It is also important to balance the

load between sensor nodes in each partition.

The aim of this chapter is investigating the advantages and problems of multi-sink WSNs

as a baseline. We also present a routing strategy, namely Partition-based Network Load Bal-

anced routing protocol (P-NLB), which utilizes the existence of multiple sinks in large scale

WSNs. The protocol extensively uses the cross-layer information from the MAC protocol at

the data link layer. Sensor nodes use this information to obtain a local view of the network

neighborhood. Since an applicationmay have different targets, such as long network lifetime,

low latency or high data throughput, P-NLB is designed to be capable of dealing with these

different targets. It uses a network-wide distributed inter-cluster load balancing technique

in combination with a metric-based intra-cluster shortest path routing. In this two-level ap-

proach, sinks collect information from nodes in the network about cluster sizes and distribute

this information back into the network. Sensor nodes use this global information in com-

bination with local information about the one-hop network neighborhood to build a routing

tree. In the setup phase of the network it is detected whether the network should function in

load balancing routing mode or the basic metric-based routing mode. The network topology

is the key factor in that decision. If the protocol detects that the cardinalities of the initial

clusters in the network are not equal, it will activate the load balancing routing mode in order

to restore the balance. Otherwise, inter-cluster load balancing is not necessary and the basic

routing is activated. Both routing modes feature a metric-based routing tree building mecha-

nism, which nodes use to follow a certain routing strategy, e.g. avoiding congested or nearly

depleted nodes on the routing path. Different metrics are defined, such as buffer occupancy,

remaining energy, number of child nodes, and number of dependent nodes of sensors, for

building balanced routing trees.

The remainder of this chapter is organized as follows: Section 3.2 presents the related

work on load balancing and also shortly introduces the underlying MAC protocol, LMAC,

which gives us the possibility to use the cross-layer information. Section 3.3 gives the de-

tails of Partition-based Network Load Balanced routing protocol (P-NLB) and its two-level

approach. In Section 3.4, P-NLB is compared with two existing routing protocols, i.e. a

centralized protocol, and the basic shortest path routing (SPR) by extensive simulations. The

networking performance of different routing metric are also compared in Section 3.4. Finally,

Section 3.5 draws the conclusions.

3.2 Related Work

In this section, we first survey briefly the existing works on load balancing in multi-sink

WSNs. We then introduce the LMAC Protocol which is used in our load balancing protocol

as the underlying MAC protocol that provides cross-layer information.
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3.2.1 Multi-sink Routing and Load Balancing

As the size of the network increases, the sensors near the sink nodes will dissipate energy

faster than other sensor nodes far from the sink as the nodes neighboring of a sink need

to relay a larger number of messages. Therefore, these nodes become critical points of the

network since the sink will be isolated from the network when they run out of their energy.

One promising approach is to deploy multiple sink nodes in WSN, since it can more evenly

distribute the load, thus the energy consumption of sensors and also improve the scalability

of the networks. The benefits of having multiple sinks in the network are also discussed in

Chapter 2.1. In a multi-sink deployment, there are two main issues needed to be addressed:

(i) Load Balancing between sinks in the network, and (ii) Load Balancing between sensors

in each partition.

To achieve efficient routing in multi-sink WSNs, a common routing technique is building

multiple spanning trees in which sensors are vertices and forwarding vectors are edges. Each

spanning tree has one sink which is the root of that tree. Such a tree is also called cluster or

partition in the literature. Load Balancing between sinks is generally equivalent to the prob-

lem of efficient clustering where each cluster has a data sink. Various techniques have been

proposed in the literature for network-wide load balancing. In Load Balanced Clustering

(LBC) [73] and Greedy Load-Balanced Clustering Algorithm (GLBCA) [112], the distribu-

tion of the load is controlled by creating clusters in the network. Each cluster in the network

has a cluster head which gathers data from sensors within the cluster. In LBC and GLBCA,

the network contains multiple sinks, each of which is also a cluster head. LBC uses energy

reserves and locations of sensors to balance load among sinks. In GLBCA, the authors define

the problem of balancing the load among sinks as an optimization problem with the objec-

tive of minimizing the maximum load of each sink in a given network and prove that under

general conditions this is an NP-hard problem.

There are several reasons for balancing the load also over the sensor nodes more uni-

formly in each cluster, i.e. reducing congestion in nodes, and extending the lifetime of the

network nodes. Spanning trees for routing are used by most of the existing works [175, 42,

51]. Each sensor other than sink has a pointer to its parent which is one of its neighbors.

The procedure of deciding which of the neighboring sensor nodes will be the current parent

of a sensor node is called parent selection. Parent selection problem [175] is directly re-

lated with load balancing between sensors in each cluster. In Distributed algorithm for Load

Balanced Clustering (DLBR) [42], the goal of distributing energy consumption is achieved

by looking at the energy level of neighbors and forwarding packets to the node (i.e. parent

node) which has a high energy level, while avoiding to forward packets to the nodes which

are nearly depleted. In Node-Centric Load Balancing (NCLB) [51], the authors look at the

structure of the routing paths from sensor nodes to a single sink and use an offline method

for balancing the load across different branches of the routing tree rooted at this sink. In this

offline algorithm, the routing tree is built step by step. At the start of the algorithm, only the

sink and its one-hop neighbors are part of the spanning tree. At each iteration the “weight”

(load) of the branches and the “freedom” (a measure of how much space the branch has for

expansion) of the branches are calculated and lightest branch with the most freedom is ex-

panded. They use the “Chebyshev Sum Inequality” as a load balancing metric. Both DLBR

and NCLB have only one sink in the network and try to balance the load between sensors

in the routing tree rooted at that sink. The Energy Efficient Distributed Dynamic Diffusion
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Table 3.1: Overview of the related works on load balancing in WSNs

Protocol Type Objective Localization usage

LBC Clustering Centralized Load Balancing between sinks X

GLBCA Clustering Centralized Load Balancing between sinks X

NCLB Routing Centralized Load Balancing in a cluster –

DLBR Routing Distributed Load Balancing in a cluster –

e3D Routing Distributed Load Balancing in a cluster X

RTLD Routing Distributed Load Balancing in a cluster X

(e3D) [137] protocol uses the distances between each node and the distances between each

node and the sink as a metric for forwarding data from a node to the sink, directly or via

multiple other nodes. In this diffusion based approach a node can order – via special control

packets – other nodes to stop using it as a relay node if, for instance, the message queue is

full or the energy level is below a certain threshold. Real-Time Routing Protocol with Load

Distribution (RTLD) [26] uses geodirectional-cast forwarding for real-time communication

in WSN. Its routing depends on optimal forwarding decisions that take into account of the

link quality, packet delay time and the remaining power of next hop neighbors.

Another method to distribute the load more evenly among the sensor nodes in each clus-

ter is using multi-path routing. Several multi-path routing schemes [49, 156] have been

proposed in the literature. Generally, multi-path routing approaches tend to be an extension

of the single shortest-path routing paradigm with use of additional paths. In multi-path rout-

ing schemes designed for load balancing, sensors, which are on the original primary path

between source and sink nodes, switch their parent for different transmissions to forward

data from different paths. Switching parent nodes can be done by periodically adaptation of

the routing trees in the network. This adaptation is based on some quality metrics of each

neighbor, such as distance from sink, and number of paths passing through the node [49].

Table 3.1 gives an overview on the related works discussed above. The existing works

show some useful ideas for load balanced routing strategies in WSNs. Multi-sink routing

can be done using multi-path to a multiple sinks, such as in [49, 156], in order to increase

the chance of successful packet delivery. As a drawback, this strategy increases the delivery

costs, since in fact multiple packets are sent while only one packet has to reach its destina-

tion. Depending on the network situation the extra cost may be higher than the increase in

performance. The protocols in [73, 51, 112] are centralized which makes them not scalable

for large networks. Also, they are not flexible in topology and network condition changes.

Load balancing between sensors shows promising results in single sink networks and it is ex-

pected that it performs even better in multi-sink networks, where the load can be distributed

over more sinks. On the other hand, none of the related works provides a distributed solu-

tion which combines global load balancing among sinks with metric-based convergecasting

for load balancing within the partitions. As shown in the table, some of the techniques use

location information of the sinks and the sensors for clustering and load balancing in each

cluster. In our approach, we do not use location information of the nodes. In addition, differ-

ent than the existing works, we use cross-layer information for reducing communication cost

to achieve load balancing in multi-sink WSNs.
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Figure 3.1: Illustration of frames and slots in LMAC [40]

3.2.2 LMAC Protocol

The Data link layer of WSN protocol stack contains the Medium Access Control (MAC)

and Logical Link Control (LLC) functions. The MAC protocol is important for the work

presented in this chapter, since cross-layer information of the MAC is used in the proposed

routing protocol. The Light-weighted Medium Access Control (LMAC) [163] protocol is

used as underlying MAC protocol in this chapter. Since these layers are close to each other

in WSNs, LMAC in the data link layer is able to pass useful information to the network layer.

Therefore, the MAC protocol used in this chapter – LMAC – is also described. Although

LMAC is used as the underlying MAC protocol, every other MAC protocol which provides

the same information to the network layer can be used.

LMAC is a scheduled based protocol designed for WSNs using a combination of Time

DivisionMultiple Access (TDMA) and Space DivisionMultiple Access (SDMA) techniques.

It functions without a central manager; nodes function autonomously. As shown in Fi-

gure 3.1, time in LMAC is divided into frames, each of which is further divided into a fixed

number of time slots. Every node chooses its own slot using a distributed algorithm that

uses only locally available information. Every node is allowed to pick any slot per frame to

transmit data to other nodes as long as the chosen slot is not owned by any other node within

two-hop neighborhood. The major advantage of such a TDMA scheme above contention

based schemes is the lack of collisions. Only one node will transmit during a time slot in a

frame, so no collisions occur, which are a source of energy waste. This mechanism also ef-

ficiently helps to avoid the hidden-terminal problem as it makes it impossible for two nodes,

which are two hops away from each other, to transmit at the same time.

A time slot consists of two parts, a Control Message (CM) section and a Data Message

(DM) section. The CM contains control information about the node and its one-hop neigh-

borhood, as shown in Table 3.2, and has a fixed length. It is broadcast by a node to its

neighbors during its own time slot once every frame, irrespective of whether the node has

any data to send. A new node joining the network first listens out for the CMs of all its
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Table 3.2: Contents of the

Control Message (CM)

Description Size (bits)

Node identification 16

Current slot 5

Distance to sink 8

Occupied slots 32

Collision in slot 5

Parent ID 16

Destination Sink 16

Routing path length 32

Table 3.3: Additional fields in

CM for metric-based routing

Routing Metrics Size (bits)

Number of child nodes 8

Number of descendant nodes 8

Buffer occupancy 7

Energy level 5

neighbors and then picks one of the slots that is marked as unoccupied. The DM section

is used for sending data. In the CM section a node has addressed the receiver node, and in

the DM section it transmits the data. The addressed node determined by the CM section of

the transmitting node knows that the data is for it and listens for the data in the DM section.

Other nodes that are not addressed by the transmitting node can switch off their transmitters,

thereby save energy.

In this chapter, we utilize the CM section for metric-based routing in WSNs. The extra

information shown in Table 3.3 can be added to CM depending on the routing metric defined

by the application.

3.3 Partition-based Network Load Balanced Routing

In this section, we present a cross-layer approach to solve the load balancing problem in

a basic scenario, i.e. a static multi-sink wireless sensor network. Our approach is called

Partition-based Network Load Balanced routing (P-NLB), and is designed for achieving load

balancing in large scale static multi-sink WSNs. We first describe the terms and assumptions

used in the protocol design. We then explain the details of P-NLB.

3.3.1 Terms and Assumptions

The following terms are important for understanding the operations of a tree-based routing

protocol in a wireless sensor network. Some of them are illustrated in Figure 3.2. The

network is a representation of a graph G, with vertices V as nodes (sensor nodes and data

sinks) and edges E as communication links. N is the number sensor nodes, M the number of

data sinks.

• Sensor nodes – Device with low processing and memory capacity, and limited power

supply.

• Data sink – It has higher capacity than common sensor nodes: more processing power,

unlimited power supply. It is connected to the end-user application.

• Communication link – It is a bidirectional link between two sensor nodes that is used

for exchanging information. There is a communication link between a pair of nodes if
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Entire network with 4 clusters

Figure 3.2: WSN components in a tree-based routing scenario

they are within transmission range of each other. The term is sometimes abbreviated

as link.

• Neighbor – Two nodes are neighbors of each other if there is a communication link

between the two nodes.

• Hop count – It is the shortest distance between a node and a sink, measured in hops

(see Figure 3.2(b)). A packet travels two hops if it travels to a node via another node.

• Child and Parent nodes – Each sensor node has a vector pointing to a neighbor node,

representing to which neighbor a data packet is forwarded. The sending node is the

child node, the receiving node is the parent node (see Figure 3.2(c)).

• Spanning tree – A spanning tree of a connected, undirected graph G is a selection of

edges (i.e. links) of G that form a tree spanning every vertex (i.e. sensor node). In

case of multiple sinks, multiple spanning trees are formed. All nodes of a spanning

tree form a cluster (see Figure 3.2(a)).

• Routing path – It is a path which packets use to travel from source node to the data

sink.

• Descendants – The descendant nodes (sometime called downstream nodes) of a node

are the nodes that are on the same routing path, but have a higher hop count – in other

words are further away – from that specific node (see Figure 3.2(c)).
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• Branch – A sink has one or more neighbors; these neighbors are called top-level nodes.

These nodes are the beginning (i.e. the root) of a top-level branch (sometimes called

just branch).

The work presented in this chapter is targeted for applications such as environmental

monitoring where a large number of data is sent periodically towards multiple static sinks

in the network. For example, the application mentioned in Section 2.3 describes a sensor

network laid out to monitor various physical parameters in a forest. Based on this application,

we have made the following assumptions about the network:

• Sinks and sensor nodes in the network are stationary; they do not change their position.

• Communication links between pairs of nodes are bi-directional and these links bet-

ween nodes do not change over time. The radius of the transmission range of nodes

is much smaller than the size of the area where nodes are deployed, therefore direct

communication between all nodes in the network is not possible.

• There is only one pattern of data flow in the network: from sensor nodes to data sinks.

This is the most common communication paradigm in (data gathering) sensor net-

works. Packets (i.e. queries) sent from data sinks to specific sensor nodes in the

network is not under consideration of this work.

• Sinks can (directly) communicate with each other using a high-speed communication

channel.

• Sinks are equal from the information point of view; it does not matter to which sink

a data packet is sent. We assume that after reception of the packets all sinks forward

them to the same end-user application.

• It is possible to exchange cross-layer information between data-link and network lay-

ers, such as information about neighboring nodes.

• No data aggregation is done by nodes in the network.

3.3.2 A Two-Level Approach

P-NLB protocol exploits a two-level approach that combines metric-based routing on local

level with a network wide load balancing technique among sinks on the global level. On the

local level, sensors exchange informationwith their one-hop neighbors and get a view of their

local neighborhood. This local neighborhood information is provided via cross-layer com-

munication with the MAC-layer which is implemented by LMAC protocol (Section 3.2.2) in

this work.

On the global level, a clustering technique is used in order to spread the load in the

network uniformly among all sinks. The novel parts of this mechanism is that no explicit

clustering phase is used, but the nodes in the network achieve clustering on the global level

by an intelligent routing on the local level. On the global level, the sinks determine the

structure and cluster sizes of the network (provided by the LMAC protocol) and inform the

sensor nodes about the network structure. To be more specific, the network structure is

described by the information if the clusters in the network are balanced or not, which cluster
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Figure 3.3: Two-Level Routing Approach

is the smallest. On the local level, the sensor nodes use the information provided by the sinks

in combination with the local information to make their routing decisions. Thus, the global

level does not do the actual clustering or routing. It just gathers information from the network

and informs the nodes about this information.

The local level does the actual routing and clustering and uses a metric-based routing

mechanism where every node decides what the next hop is for creating a routing path to-

wards a sink. This decision is done by selecting a neighbor as the parent node, which forms

an edge in the spanning tree. The resulting spanning tree is used for routing the packets

from nodes to sinks. The decision of selecting a neighbor as the parent node depends on

the information provided by the sinks on the global level – in case of the global balancing

mode – and the routing strategy defined by corresponding routing metric of the network. The

routing strategy of a network, such as avoiding congestion, depends on the demands of the

application running on the WSN. On the local level nodes use the cross-layered approach to

exchange information with their one-hop neighbors and get a view of their local neighbor-

hood (provided by the LMAC protocol). An illustration of this two level routing approach is

given in Figure 3.3.

3.3.3 Protocol Phases

P-NLB protocol consists of a setup phase and an operational phase, which are explained in

the remainder of this section.

Setup Phase

The initial clustering is done by the simplest approach in which each sensor node in the

network is connected to the nearest sink (in terms of hop count) at the network initialization.

To achieve this every sink floods a message through the network. As result, each sensor node

knows its hop count to each sink in the network. All nodes then send a message to the nearest
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Figure 3.4: State diagram of the setup phase

sink for informing the sink about their presence. In case of multiple nearest sinks, the node

randomly chooses only one of the sinks. Thus, every node belongs to only one cluster.

The state diagram of the setup phase is illustrated in Figure 3.4. In the setup phase, all the

nodes in the network initialize themselves with LMAC protocol. They register to the network,

learn about the neighbors in their proximity, get their hop count the sink and finally acquire

an LMAC time slot. This phase is important for the nodes, because they acquire valuable

information about their local network neighborhood, which will be used in the operational

phase in order to start efficient routing. After the setup phase has ended, the sinks in the

network have information about the initial cluster sizes in the network, which is useful for

determining the actual need of balancing the network. In the cluster size detection state,

all sinks exchange information about the sizes of their clusters. After receiving the cluster

size information from the other sensors, a sink calculates the cluster size dispersion in the

network. For instance, a high standard deviation indicates that the nodes in the network are

not equally distributed between the sinks. After the cluster size detection state, the network

enters the operational phase in which the cluster size distribution information will be used to

determine the appropriate actions.

Operational Phase

In the operational phase, dynamic spanning trees for each sink are established based on the

neighborhood information of sensor nodes acquired in the setup phase. These spanning trees

are used for routing of data packets from sensors to the sinks. The spanning trees to the sinks

are constantly maintained and adjusted to construct the most efficient routing paths in the

network. This is done by the nodes as a result of constant updating of their parent nodes.

The state diagram of the operational phase is given in Figure 3.5. The steps belonging

to the global level are colored blue, while the steps belonging to the local level are colored

yellow. The state diagram illustrates that the smart shortest path mode (S-SPM) has only

local level, while the load balancing mode (LBM) has also global level. The global and local

levels of the protocol are further explained in the next sections.
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Figure 3.5: State diagram of the operational phase (∗The selection of the sink (cluster) is explained in

Section 3.3.5)

3.3.4 Global Level – Cluster Information Gathering and Distribution

The aim of the global level is gathering and distributing useful information from the network

to achieve establishment of multiple non-overlapping clusters (i.e. spanning trees) in the

local level where each spanning tree has a sink as the root node of the tree. If all the spanning

trees in the network contain more or less the same number of nodes, then the network load is

balanced, assuming the traffic load generated by each sensor node is more or less equal.

In order to keep the network load uniformly distributed over the sinks, the sinks need to

knowwhat the actual network load is. Network load of a cluster is determined by the number

of nodes in this cluster, or in other words, cluster size. The sinks give the information of

their cluster sizes to the nodes in the network. The mechanism of collecting the cluster size

information and distribution of it to the nodes in the network has three steps.
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• Information gathering – Information gathering is done in the setup phase which is

explained in Section 3.3.3. Nodes keep track of the number of child nodes they have.

Each node propagates the number of child nodes to its parent in the route to the sink

which is at the root of the node’s current cluster. In this way, each sink knows what the

number of nodes in its spanning tree is and thus the cluster size.

• Analyzing – Assuming (direct) communication between sinks, each sink gets the infor-

mation about all other cluster sizes in the network and consequently the current load

distribution in the network.

• Distribution – Each sink distributes the cluster size information (i.e. the sink id and

its cluster size) back into the network by using cross-layer communication via LMAC

protocol.

In some cases, the difference between cluster sizes can be very small and unnecessary

load balancing operations should be avoided. This is needed to avoid oscillation of nodes –

close to the border regions of their clusters – between clusters which have very similar cluster

sizes. In small networks, this oscillation has not much effect, but in larger networks which

have more nodes in the middle of two clusters, oscillation of nodes may cause instability and

result in decreased performance. To avoid the oscillation effect, a parameter called switching

threshold (S Th) is introduced. The switching threshold helps to stop nodes from attempting

to balance slightly unbalanced networks. As illustrated in Figure 3.5, if the differences bet-

ween cluster sizes is bigger than switching threshold, then the network starts to operate in

Load Balancing Mode. The effect of switching threshold on the routing tree construction is

explained in Section 3.3.5.

The global level procedure described above is a continuous process of gathering, ana-

lyzing and distributing the information. The drawback of this continuous process is that the

global informationmay not be always very up-to-date since the information distribution takes

time to reach all the nodes in the network. As a result of non-up-to-date information, nodes

might take not the best decisions and sub-optimal spanning trees are built in the network. On

the other hand, P-NLB uses a distributed approach where nodes themselves decide to which

sink they route via which parent node. Construction of the clusters is not controlled by the

sinks. Sinks in the network only have a task of sending periodically information about the

cluster sizes into the network for enabling load balancing between sinks. This is done by us-

ing the CM section of LMAC protocol and requires no broadcasting, keeping this mechanism

scalable.

3.3.5 Local level – Metric-based Tree Building

A common routing approach in WSNs is the Shortest Path Routing (SPR) [62] paradigm

to send data packets to the sinks. SPR is defined as the routing mechanism where a node

forwards its data only to the neighbor which has the shortest distance – measured in hop

counts – to the sink. This results in a loop-free Minimum Spanning Tree (MST) rooted at

a sink [98]. It minimizes the number of hops a packet travels, leading to the formation of

spanning trees containing different amount of sensors, since selecting the shortest path does

not account for the effect of load aggregation on upstream links. Therefore, by assuming

uniformly generated load per node, SPR creates spanning trees with different loads in the
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network. Instead of the randomized packet forwarding to any neighbor closer towards a sink,

we use well-defined routing metrics to increase the efficiency of SPR, similar to the approach

in [175]. The idea is basically choosing a parent node based on other metrics when a node

has several same length paths. In addition, this decision should take the existence of multiple

sinks into account to achieve both inter-cluster and intra-cluster load balancing.

In the local level, every node decides itself what the next hop is to create a routing path

to a sink. The selected neighbor is called the parent node and the node itself is the child

node. All these small one-hop connections will result in one long routing path from source

node to the sink. All the routing paths from all source nodes to a specific sink form the

spanning tree, also called routing tree, for that sink. The decision of selecting a neighbor

as the parent node depends on the information provided by the sinks on the global level and

the corresponding routing metric of the network. On the local level, sensors use one-hop

neighborhood information provided by LMAC to analyze their neighbors and select the best

neighbor as its new parent based on the routing metric. The additional fields of a control

message, which are shown in Table 3.3, are used for metric-based routing. These metrics are

(i) Number of child nodes, (ii) Number of descendant nodes, (iii) Buffer occupancy, and (iv)

Energy level of the node.

Different applications have different demands from the network, such as long lifetime,

low message latency or high throughput. Based on these demands different routing strategies

might be used. A routing strategy can be avoiding low-energy nodes, avoiding congested

nodes, routing to the closest sink. Different routing strategies might be used separately in

a single network, if there are high- and low-priority messages for example. Based on the

routing strategy, a node has to choose a routing metric to select the best parent and to form a

spanning tree in the network.

Routing Metrics

Four routing metrics are used for comparison in this work, although it is possible to define

more, e.g. link quality, link usage, neighbor distance. In the performance evaluations, simu-

lations clarify which routing metric fits best for which demand of the application.

• Child nodes – A node receives packets from each child node within one frame in

LMAC. Having many child nodes has some negative consequences for this node.

Firstly, every time a node receives data from its child nodes, its transceiver consumes

energy and when it forwards the data, its transceiver is again activated. If a node has

many child nodes, it is likely that it consumes more energy and its energy source gets

depleted earlier than the nodes having less child nodes. Secondly, the data coming

from child nodes sometimes needs to be stored in the buffer before it is forwarded to

the parent node. Receiving more data than the node is able to transmit results in full

buffers and eventually buffer overflows. Buffer overflow may result in packet drops.

Selecting the neighbor having the smallest number of child nodes as the parent node

can help to solve these problems.

• Descendant nodes – This metric is related to the previously mentioned metric, child

nodes, but differs slightly. Whereas the metric of number of child nodes takes into

account only the one-hop neighbors, descendant nodes are all nodes down on that

branch of the routing tree (see Figure 3.2(c)). This mainly affects the total amount of
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traffic a node has to process. A node with many descendant nodes, all generating data

packets, has to receive and forward all these data up in the tree. Selecting the neighbor

having the smallest number of descendant nodes as the parent node reduces the load

of heavily loaded parent nodes.

• Remaining Energy level – After a certain uptime of the network, some nodes might

have to forward/transmit a lot of data; this will drain their energy source. Other nodes

might stay in an idle state for a long time, or transmit only hardly any data. It is wise to

shift data traffic from nodes having near empty energy buffers to nodes with full energy

buffers in order to extend the total network lifetime. Selecting neighbor with highest

remaining energy level as the parent node results in avoiding nearly depleted nodes in

the routing path.

• Buffer – Every node has a message buffer where it stores the incoming packets, before

they are forwarded to the parent node. Assuming all packets have the same priority,

and a first in first out strategy is used, the latency of packets increases when there are

many packets in the message buffer of a node. Select neighbor with the least amount

of packets in the packet queue as the parent node can help to reduce congestion and

latency in the network.

Parent Selection

Since we assume the network is a connected graph, all nodes have at least one neighbor.

However, in most cases every node has several neighbors, which all can be selected as the

parent node for forwarding data. In this section, we introduce a metric-based parent selection

mechanism based on shortest path routing (SPR). Parent selection in SPR is enhanced by

adding an extra step, neighbor pool construction, to the beginning of the parent selection

process. The enhanced SPR is called Smart Shortest Path Mode (S-SPM). Smart here only

means that if a node has more than one neighboring sensor node as parent candidate, S-SPM

makes the parent selection decision based on some application-specific routing metrics such

as energy level, buffer capacity, congestion avoidance, etc.

A neighbor pool consists of parent candidates of a specific node. To define the neighbor

pool, a node uses the local information (e.g. hop counts of neighbors) and the global informa-

tion (i.e. cluster sizes of sinks). A node can choose to leave its current routing tree (cluster)

and join another cluster by selecting a neighbor as its new parent, which is in the other clus-

ter. Nodes having neighbors from other clusters are generally located near the cluster borders

(see Figure 3.3). By joining a smaller neighboring cluster, a node decreases the size of its

own cluster and increases the size of its new cluster. Thus, it makes one step forward to

balance the load between clusters. The neighbor pool construction mechanism filters some

neighbors of a node according to the cluster sizes before the metric-based parent selection

takes place.

The filtering of neighbors and neighbor pool construction based on the cluster sizes is

illustrated in Figure 3.6. In the figure, Node 1 in Cluster A is searching for parent candidates.

If the network is only in S-SPM, it does not care about global load balancing among sinks;

therefore, a node searching for an appropriate parent adds all neighbors to its neighbor pool

(see S−S PM column in the Figure 3.6). If the network is in LBM, neighbor pool construction

is done by considering the switching threshold. If the difference between the cluster size of
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Figure 3.6: Neighbor Pool Construction for Parent Selection

a node and the cluster size of any neighboring cluster of this node is smaller than switching

threshold, there will be no attempt to balance load between these clusters. The node will add

neighbors to the pool if they are in the same cluster with the node (see LBM, S Th > Di f f

column with S Th = 20 in Figure 3.6). If the difference between two cluster sizes are bigger

than the switching threshold, then the load balancing is needed and neighbor nodes in the

neighboring cluster having the smallest size will be added to the pool (see LBM, S Th < Di f f

column with S Th = 10 in Figure 3.6).

After the construction of neighbor pool, one of the neighbor nodes from the pool is chosen

as the parent node. This choice is done based on the given routingmetric. The following steps

are executed for selecting a parent:

• Step 1: Node checks the hop count of the nodes in the pool and considers only the

neighbors which have the smallest hop count as parent candidate in the next step.

• Step 2: Node applies the given routing metric on the remaining neighbor nodes to find

the parent node. For instance, if the routing metric is buffer, the node only considers

the neighbor nodes that have the least number of packets in their buffers.

• Step 3: If all remaining neighbors have the same properties, node chooses randomly

one of them as the parent node.

Shortest Path Relaxation

The shortest path paradigm can be relaxed to have a more flexible routing tree construction.

Instead of always selecting a neighbor that is closer to a sink in the network (i.e. Step 1),

a node might select a neighbor which has the same hop count as the node itself has. With

this small relaxation of the shortest path constraint, bottlenecks can be better avoided in the

network. The cost of this relaxation is also small, a slightly longer routing path, and the

need for some small precautions in order to avoid loops∗ in the network. An example of

this shortest path routing relaxation is illustrated in Figure 3.7. The effect of the relaxation

∗A simple method for loop avoidance is presented in [131].
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Figure 3.7: Shortest Path Relaxation

of shortest path on the performance of the protocol is analyzed by extensive simulations in

Section 3.4.4.

3.4 Performance Evaluation

Simulations are performed using MATLAB as programming tool. The basic SPR, NCLB,

and two modes of P-NLB are implemented and compared in MATLAB simulations. LMAC

protocol is used as the underlying MAC for all protocols. 200 random connected networks

consisting of 64 static sensor nodes and 2 static sink nodes are established for the routing

metrics performance simulations and 1 to 5 sinks are deployed for the multi-sink perfor-

mance simulations. The simulations are run for 5000 MAC frames, so each sensor has 5000

opportunities of performing actions of generating and sending data. Every sensor generates

1 packet every 6 frames. All nodes in the network generate the same amount of traffic. This

is a common situation in WSN designed for environmental monitoring, where data packets

only consist of fixed size sensor readings. Number of time slots per frame and the degree of

the network are closely related to each other. The number of time slots per frame is set to

16. Nodes have a packet buffer able to contain 8 packets. These simulation results show the

performance of load balancing and routing algorithms.

3.4.1 Evaluation Metrics

In order to evaluate the performance of P-NLB, we define a set of performance evaluation

metrics:

• Average packet delivery latency – The end-to-end delay between sending a packet from

the source node and receiving the packet at a data sink.

• Network lifetime – The time from initialization of the network till the first node fails

due to energy depletion.

• Throughput – The amount of data a network processes (per unit of time, frame length,

for example). It is measured as the number of packets arriving at the sinks during

one frame. Best effort routing is used which means no resending of lost packets. We
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measure the average throughput of the network represented by the following equation

Throughput =

τ∑
i=1

(
η∑
j=1

Ri
j
)

τ
(3.1)

where τ is the simulation duration in frames, η is the number of data sinks in the

network, and Ri
j
is the number of packets received by sink j in time frame i.

• Packet Delivery Ratio (PDR) – The ratio of the number of packets delivered at the

sinks to the total number of packets generated by the sensor nodes.

• Load balance – Standard deviation of the load on sinks in the network. The standard

deviation of the sink load, σ, is given in the following formula

σ =

√√√
1

η
×
η∑

j=1

(l j − l̄)2 (3.2)

where η is the number of sinks, l j is the load of sink j, and l̄ = ( 1
η
×
η∑
j=1

l j) is the average

load of all sinks.

Both routing modes of P-NLB, i.e. S-SPM and LBM, are simulated. In the S-SPM

routing mode simulations, the network always route packets using S-SPM without load

balancing. In the LBM routing mode, nodes use the cluster size distribution detection mec-

hanism in the setup phase to enter the operational phase in S-SPM without load balancing

or LBM with load balancing. Besides those two routing modes of P-NLB, basic SPR and the

Node Centric Load Balancing (NCLB) [51] protocol are also implemented in our simulator

and compared with P-NLB in the simulation results. SPR acts as a lower bound reference

of what the performance of a basic not optimized routing algorithm would be. NCLB is a

centralized algorithm and adding it to the simulations allows a comparison of a distributed al-

gorithms with a centralized one. However, as mentioned before, the load balancing problem

is an NP-hard problem, and NCLB provides no hard upper bound, but only an approximation.

First, we analyze the performance of different routing metrics (i.e. energy level, child

nodes, descendant nodes, buffer) discussed in Section 3.3.5 in two different network topolo-

gies. Secondly, we test the influence of the number of sinks on the performance of the

network. Finally, we evaluate the influence of shortest path relaxation on the networking

performance.

3.4.2 Routing Metric Performance

In this set of simulations, we consider two different network topologies: (i) Random topology,

and (ii) Asymmetric topology which features a small and a large cluster. In the asymmetric

topology, there are two sinks forming initial clusters of 25 and 40 nodes. 200 connected

networks for both types of topologies are created and the results are averaged. We compare

the performance of different routing metrics combined with P-NLB in these two types of

topologies.
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Random topologies

Figure 3.8 shows the performance of all routing metrics combined with local and global load

balancing and compares the results also with basic SPR in random topologies. Figure 3.8(a)

proves that the global load balancing mechanism, LBM, combined with different routing

metrics (i.e. red columns in the figure) can achieve the best load distribution between the

sinks in the network. On the other hand, local balancing mode (i.e. S-SPM with yellow

columns) alone can not outperform the basic SPR (i.e. dark blue column) in terms of global

balancing. It is also clear that all routingmetrics achievemore or less the same load balancing

for both routing modes of P-NLB. The standard deviation of sink loads achieved by NCLB
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Figure 3.8: Routing metrics performance in random topologies
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(i.e. light blue column) is the highest since NCLB focuses more on the balancing the load

between the branches of the routing trees than the global load balancing between sinks.

Although NCLB is not the best in terms of balancing the load between sinks, it achieves

the lowest latency in Figure 3.8(b). The latency of NCLB in random topologies is 50% lower

than basic SPR. Latency is in general higher in LBM than in S-SPM. In both routing modes,

S-SPM and LBM, the routingmetric buffer gives the lowest latency among other three routing

metrics (i.e. child nodes, descendants, energy level). In S-SPMmode, the latency comes very

close to the latency of centralized NCLB.

In Figure 3.8(c), NCLB achieves the best packet delivery ratio. However, S-SPM with

buffer occupancy routing metric is almost the same as PDR of NCLB. Indeed, all results of

different strategies are very close to each other. Figure 3.8(d) shows the throughput results.

The throughput of basic SPR is lowest of all algorithmswhereas NCLB and S-SPM combined

with routing metric energy level achieves the highest throughput. The throughput of LBM is

up to 10% worse than that of S-SPM. As expected routing metric energy level combined with

S-SPM and LBM achieves the longest network lifetime as shown in Figure 3.8(e). Network

lifetime achieved by S-SPM with energy level metric is higher up to 10% than SPR and

NCLB.

In general latency varies most among the different routing metrics, where routing metric

buffer performs generally the best in both routing modes of P-NLB. By using this routing

metric, nodes are best in avoiding congestion and consequently this results in the lowest

latency and highest packet delivery ratio. The results of the other performance metrics show

similar results for all routing metrics, although routing metric energy level achieves a better

throughput and network lifetime. By considering all results, NCLB performs in general the

best, with lowest latency and highest PDR. In almost all cases SPR performs worse than all

other algorithms.

Asymmetric topologies

The networking performances of basic SPR, NCLB, and P-NLB with its two modes, S-SPM

and LBM, combined with different routing metrics are shown in Figure 3.9. Global load

balancing mechanism LBM is again the best in distributing the load uniformly over the sinks

in asymmetric cluster topologies as observed in Figure 3.9(a). In Figure 3.9(b), the effect of

better load balancing on the latency can be seen since the LBM combined with buffer and

descendants metrics achieves the lowest latency, it is even lower than latency of NCLB in

asymmetric scenarios. The decrease in latency compared to SPR is more than 50%. Routing

metric energy level has a higher latency in both S-SPM and LBM. This is probably caused

by the longer routing paths in order to avoid nearly depleted nodes around the sink.

Packet delivery ratio of LBM is slightly (i.e. up to 10%) higher than all other algorithms

in Figure 3.9(c). The highest PDR is also achieved by using routing metrics buffer and

descendants in LBM. On the other hand, in Figure 3.9(d) throughput is showing different

results than PDR. This can be explained by the fact that traffic load on the top-level neighbors

of the sinks is more important for the throughput than up to those nodes. Therefore, it is

not a surprise that the routing metrics buffer, descendants and energy level, which can better

route packets around the congested top-level neighbors to less congested top-level neighbors,

have higher throughputs. As expected, NCLB has the highest throughput, since it makes the

best use of the top-level neighbors of the sinks. Figure 3.9(e) shows the network lifetimes
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Figure 3.9: Routing metrics performance with asymmetric clustering topologies

achieved by all algorithms. As expected, S-SPM and LBM combined with energy level

metric achieve a network lifetime that is as long as the network lifetime obtained by NCLB.

NCLB can also results in a high network lifetime, because it is able to distribute the load

over all neighbors of the sinks. Since these neighbors are likely to run out of energy first, this

approach extends the lifetime of those nodes. The lifetime of the whole network is increased

up to 10% in comparison with SPR.

In general it is obvious that routing metric child nodes performs worst of all routing

metrics in this asymmetric network type, since most nodes have an equal degree. Therefore,

this metric cannot gain any advantage. Routing metric buffer is most suitable one if low

latency and high delivery ratio requirements are needed by an application. Routing metric
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energy level can be the best for networks requiring a high network lifetime and throughput.

In asymmetric network topology, P-NLB is able to outperform the centralized algorithm

of NCLB in performance metrics latency and packet delivery ratio and achieve the same

performance in network lifetime and throughput.

3.4.3 Multi-sink Performance

In this set of simulations, we vary the number of sinks from 1 to 5. P-NLB is combined with

the routing metric of number of child nodes. As shown in Figure 3.10 all protocols benefit

from an increasing number of sinks in the network. In Figure 3.10(a), it is clearly visible

that LBM is much better than the basic SPR and centralized NCLB in terms of uniformly

distributing the load over all sinks in the network. However, the difference in load balancing

performance between LBM and the other protocols decreases when more sinks are added to

the network. The latency results in Figure 3.10(b) show that NCLB starts with a much higher

latency than SPR and both modes of P-NLB, but this difference decreases as the number

of sinks increases. The latency of LBM is slightly better than basic SPR. When there are

5 sinks in the network, the delivery latencies of all protocols are very close to each other.

The reason of this observation is that the average hop count between sinks and sensor nodes

decreases when there are more sinks in the network. Although P-NLB balances the load

among sinks better than the other approaches, better balancing between sinks does not have

much effect on the latency when we have more sinks in the network. This is mainly due

to the fact that when there are more sinks in the network, the load difference between sinks

gets lower. This observation is also visible in the other graphs. Although LBM balances the

load better over the sinks, the throughput and delivery ratio results in Figures 3.10(c) and

3.10(d) do not benefit much from this balancing. The network with one sink is not able to

process all data traffic load efficiently in the network; thus, PDR is quite low regardless of

the used algorithm. In the networks with multiple sinks, the performance of basic SPR stays

behind of other protocols in both delivery ratio and throughput. NCLB achieves a slightly

higher data delivery ratio and throughput. Figure 3.10(e) proves that the network lifetime

increases when more sinks are added to the network. This is an expected results since the

average routing path length is shorter; as a result, less energy is consumed in the network for

delivering packets to the sinks.

3.4.4 Shortest Path Relaxation Performance

By using basic shortest path routing nodes forward data always to a neighbor closer to the

sink. This is the easiest method and guarantees a loop free routing tree. However, bottlenecks

in the tree – congested or nearly depleted nodes – cannot always be avoided by this approach.

Simulation results in Figure 3.11 obtained from the runs on the asymmetric cluster network

topologies to show the effect of shortest path relaxation on the networking performance.

Routing metrics buffer and energy level are taken into account, because they can benefit

directly the best from the shortest path relaxation. Both metrics are simulated in S-SPM

and LBM. Results with shortest path relaxation are colored yellow and without shortest path

relaxation are colored green in the figure.

In Figure 3.11(a), standard deviation of sink load decreases a bit when we apply short-

est path relaxation combined with routing metric buffer. The routing metric energy level

with shortest path relaxation achieves a better balancing than energy levelwithout relaxation.
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Figure 3.10: Effects of multiple sinks
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Figure 3.11: Effects of shortest path relaxation

When we compare the metrics buffer and energy level, buffer gives better results in terms of

load balancing. Network lifetime also benefits from shortest path relaxation for both met-

rics in Figure 3.11(b). The effect of relaxation on delivery ratio is not much as shown in

Figure 3.11(c). However, throughput increases with the shortest path relaxation approach in

Figure 3.11(d). As expected, latency and average path length (i.e. number of hops) between

sinks and sources increase when we apply shortest path relaxation in Figures 3.11(e) and

3.11(f), respectively.
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3.4.5 Discussion of Simulation Results

With all the collected simulations results, it is clearly seen that the load balancing mechanism

of LBM does balance the load more equally over all the sinks in the network. However, in

the random network topologies, this does not have the expected positive effect on the other

performance metrics. In the multi-sink simulations, LBM performs more or less equal to

S-SPM. As excepted, routing metrics buffer and network lifetime are able to achieve a fair

latency and network lifetime. In a regular topology with two clusters of different sizes, such

as the asymmetric clusters topology, the benefits of load balancing are much more obvious.

Latency, PDR, and throughput are between 10% and 40% better. When looking at application

targets, the conclusion can be drawn that routing metric buffer leads to the lowest latency and

the highest PDR, while routing metric energy level results in the highest throughput and the

longest network lifetime. Although the load in the network is more balanced using balancing

mode, we have seen that latency, PDR and throughput do not reflect this. In what follows we

list the reasons of this behavior:

– Incidentally created loops cause temporary extra latency (until the loop is detected and

broken).

– Longer path lengths due to better balancing cause extra latency.

– Sinks are in most cases not the bottleneck in the network, but congestion occurs sooner

in nodes around the sinks – the top-level nodes. Indeed, a sink generally has much

more bandwidth to the end-user (network) and is able to process nodes faster at its

buffer. Therefore, balancing the load over the sinks does not always lead to a better

performance. Balance between the branches of a sinks may be more crucial.

– Local bottlenecks generated due to irregular structure of the random topology networks

have more influence on the performance than the load on the sinks in some WSNs.

– Bandwidth distribution of LMAC can be problematic. The collision free scheduling

technique of TDMA-based LMAC protocol has some drawback in fixed but reduced

bandwidth per node. Every node can send only one packet per frame, no matter if it

has many more packets to send – when the node is congested – or there is no packets

in its message queue. This increases the negative effect of bottlenecks on the per-

formance of the protocol. This also limits the maximum throughput in the network

where the maximum throughput is equal to the number of top-level neighbors of the

sinks. Contention-based protocols like CSMA, might be better in reducing congestion,

assuming the density of nodes is not too high.

The centralized NCLB algorithm performs in almost all cases better than the distributed

P-NLB. Surprisingly, in some cases P-NLB is still able to outperform NCLB, for instance,

LBM outperforms NCLB in most performance metrics in the asymmetric cluster topology

simulations. The higher latency in NCLB is caused by the (much) longer routings path

created by the balancing mechanism of NCLB. The main source of the better performance of

NCLB is the cardinality of all top-level branches of the routing trees in the networks. LBM

tries the balance the load of all the whole routing trees (clusters) in the network, while NCLB

tries to balance the load of each top-level branch in the routing trees. Since the sinks have
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better processing capabilities than common sensor nodes, the sinks, themselves are not the

critical points in many cases, but the top-level nodes are. Therefore, balancing the load in

those top-level branches proves to be more effective. On the other hand, this is a much more

harder task to achieve and thus may require a centralized method for optimal solution.

3.5 Conclusion

We have investigated the characteristics and problems of static multi-sink wireless sensor net-

works. We have presented a routing strategy called P-NLB for large-scale multi-sink WSNs,

which uses global clustering with inter-cluster load balancing technique in combination with

local metric-based routing for optimized routing tree building. On the global level, informa-

tion about cluster sizes in the network is gathered by sinks and distributed to the sensors. Its

distributed approach, in which each node autonomously decides what the best next hop node

is, results in very low communication overhead due to the use of cross-layer information of

the MAC layer and flexibility of the routing trees. Except for one-time broadcasting for de-

tecting initial cluster sizes, which is a part of the LMAC setup phase, only local information

exchange is used, making it very scalable to large scale sensor networks.

Simulations show that the load balancing mechanism of P-NLB uniformly distributes the

load efficiently over the sinks in the network. In random network topologies this results in a

higher latency, caused by longer routing paths. Packet delivery ratio does not always benefit

from balancing the load; LBM gains the most advantage in comparison with shortest path

mode, when the initial difference between clusters’ sizes increases. Both routing modes of

P-NLB outperform SPR in all simulations. NCLB achieves the highest performance in most

of the simulations, which is not a surprise since it is a centralized approach. Evaluation of the

four defined routing metrics show that using routing metric buffer leads to the lowest latency

and highest PDR. When the application target is a long network lifetime or high throughput,

using routing metric energy level leads to the best results.

In this chapter, we have considered statically deployed multiple sinks and sensors as

a starting point to better understand the problems and challenges in static multi-sink WSNs.

Top-level nodes, especially, one-hop neighbors of static sinks may suffer from congestion and

quick energy depletion since they process more packets than lower-level nodes. Therefore,

load balancing is more critical in static environments because sinks are always connected

to same one-hop neighbors. Generally speaking, giving sinks the ability to move or using

mobile sensors as relay nodes can help avoid this bottleneck problem. In the next chapters, we

focus on the mobility aspects in WSNs and study on query and data dissemination protocols

supporting mobility. The results obtained in this chapter can be combined with the protocols

presented in the following chapters. For instance, metrics buffer and energy level can be

used in the multi-sink partitioning and tree construction phases of the query dissemination

protocol presented in Chapter 4.
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CHAPTER IV ∗

Query Dissemination in Multi-Sink Mobile Wireless Sensor

Networks

In order to efficiently deal with location dependent messages in multi-sink wireless sensor

networks (WSNs), it is key that the network informs sinks what geographical area is covered

by which sink. The sinks are then able to efficiently route messages which are only valid

in particular regions of the deployment. The algorithms proposed in this chapter combine

coverage area reporting and geographical routing of location dependent messages such as

queries. We assume that the network is composed of static sinks and static or mobile sensor

nodes. We propose a mechanism in which the WSN provides up-to-date coverage areas to

sinks, and then sensors use the collected information on coverage areas for efficient routing

of queries. The initial step concerns the construction of a structure consisting of routing

trees, one for each sink, and coverage areas of these trees and their branches. The latter

step focuses on routing of messages injected by sinks to sensor nodes in the region of interest,

which is called geocasting. The periodic construction of the routing structure and geocasting

of queries are discussed in the first part of the chapter. Also, geocasting of queries is exten-

sively evaluated in both static and mobile scenarios in the first part. In the second part of

the chapter, we focus on handling node mobility to achieve maintenance of the routing struc-

ture by avoiding periodic global updates in the network. We discuss what is a better method

for updating the routing structure to handle mobility efficiently in tree-based geocasting of

queries: periodic global updates initiated from sinks or local updates triggered by mobile

sensors. Simulation results show that local updates perform very well in terms of query de-

livery ratio. It also is more energy efficient than global updating in networks having medium

mobility rate and speed, independent of the size of the network.

∗This chapter combines the following three publications: “Combined Coverage Area Reporting and Geograp-

hical Routing in Wireless Sensor-Actuator Networks for Cooperating with Unmanned Aerial Vehicles” In the Pro-

ceedings of 3rd ERCIMWorkshop On eMobility, May 2009 [11], “Geo-casting of Queries Combined with Coverage

Area Reporting for Wireless Sensor Networks” In Ad Hoc Networks Journal, Elsevier, Submitted in July 2010 [9],

and “On Mobility Management in Multi-sink Sensor Networks for Geocasting of Queries” In Sensors Journal,

MDPI, Submitted in May 2011 [7].
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4.1 Introduction

A typical way of extracting information from a sensor network is to disseminate queries from

sink nodes to sensor nodes, asking them to send data which has the properties specified in

the queries. The main consideration in designing query dissemination algorithms is to effi-

ciently forward queries from sink nodes to sensor nodes. If a query is only valid in particular

regions of the deployment, it is important to determine which sinks need to inject the query

to reach all sensor nodes in the area of interest. The simplest approach to deliver a message

to all nodes within a geographical region (i.e. geocasting) is simple flooding of the mes-

sage from all sinks in the whole network, irrespective of the destination region and coverage

areas of the sinks. Since simple flooding is not an efficient approach in terms of communi-

cation overhead, another class of geocasting approaches, called directed flooding, has been

proposed [116] to limit message overhead and network congestion by defining forwarding

zone, which comprises a subset of all nodes in the network. To employ directed flooding

in a multi-sink sensor network, the network should inform sinks what geographical area is

covered by which sink. This requires partitioning of the network between different sinks.

Multi-sink partitioning is generally performed using energy-aware or any other metric-based

route selection schemes.

In the first part of this chapter, we design and evaluate a geocasting protocol which uses

forwarding zones defined by local coverage areas of sensors and sinks in a tree-based net-

work. The local coverage area of a node is the convex hull of the subtree rooted at this node.

For the distributed construction of local coverage areas along the routing tree, every parent

node receives the convex hull information from all its child nodes and merges them together

with the addition of the parent node itself. This procedure constructs a new composite local

coverage area, which is forwarded further up the tree until it reaches to the sink. The routing

trees combined with local coverage areas (i.e. convex hulls) of sensors and sinks are called

geocast structure. The local convex hulls are used for efficient geocasting of queries to the

areas of interest from the sinks. Figure 4.1 illustrates local convex hulls of a sink and sensor

nodes. When the sink injects a location dependent query into the network, it first checks if

there is an overlap between the area covered by the sensor network and the area specified

in the query. If so, the sink forwards the query to its child nodes. In their turn, these nodes

check if there is overlap between their local coverage areas and the specified area of the

query. If a node finds an overlap, it again forwards the query to its child nodes. If not, the

query is simply not propagated. In this way, the query is routed to the area where it needs to

be executed.

In the second part of the chapter (starting from Section 4.7), we go one step further, han-

dling mobility in multi-sink sensor networks for coverage area based geocasting of queries.

Here, the sensor network under consideration has a hybrid network architecture composed

of fixed and mobile sensor nodes. In such a WSN, it is very crucial to support mobility of

nodes and keep the routing trees and local coverage areas up-to-date. There is need for a

mechanism to associate/re-associate mobile nodes and their child nodes to new parent nodes

and update local coverage areas of sensors and sinks.

Managing node mobility in a tree-based forwarding scheme creates an extra overhead in

the network. The reduction of the message overhead and the overall energy consumption

of the WSN is the foremost goal as well as reliability of geocasting of queries. Hence, we
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x
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Sink node

Sensor nodes
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of Sink

Local convex hull

of node y

Local convex hull
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Figure 4.1: Example network with coverage area (i.e. local convex hull stored in the sink) and a local

convex hulls stored in sensor node x and y

discuss what is the better method to handle mobility in tree-based routing of queries: Periodic

global updates initiated by sinks or local updates triggered by mobile sensors. In the global

updatingmechanism, all sinks broadcast a ‘hello’ message to the whole network which result

in a partitioning of the network between sinks and routing trees for each sink. After each node

associates itself with a parent node, it transmits its local convex hull to its parent node. To

handle mobility in this scheme, this procedure has to be repeated periodically. In the second

part, we propose a local updating mechanism. The distinctive features of the proposed local

updating solution are: (i) sending beacon packets from mobile sensor nodes instead of hello

messages from every sink node, (ii) the use of proactive procedures to speed up the parent-

child re-association and convex hull updating, and (iii) a reduced impact of the messaging

overhead to manage node mobility by resorting to local updating procedures.

In the remainder of this chapter, we first discuss the related works in Section 4.2. We

explain how we construct local coverage areas with the global updating mechanism in Sec-

tion 4.3, and the geocasting of queries in Section 4.4. Section 4.5 discusses implementation

aspects of the presented protocol. Performance evaluations of the convex hull based geocast-

ing in static and mobile networks are given in Section 4.6. Section 4.7 describes the details

of our local updating mechanism to efficiently handle sensor node mobility. We compare the

performance of global and local updating mechanisms in Section 4.8. Finally, Section 4.9

draws the conclusions.

4.2 Related work

There are a number of related approaches in the area of query dissemination, geocasting and

multi-sink partitioning in wireless sensor networks. In what follows we discuss some well
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known approaches briefly.

4.2.1 Query Dissemination

There are several approaches for disseminating query messages in a WSN. A flooding mec-

hanism, which requires any intermediate receiver to rebroadcast a non-duplicated interest

packet to all its neighbors, is the most commonly used technique. For example, in directed

diffusion [85] one of the well-known query-based routing protocols in wireless sensor net-

works, a sink node initiates dissemination of an interest packet throughout the entire network

by flooding. A node receiving the interest sets up a gradient which indicates from whom this

interest message has previously been forwarded. Although some additional feature such as a

gradient reinforcement has been proposed, the directed diffusionwith such a flooding of inter-

est messages obviously increases network traffic and leads to inefficient energy consumption

on sensor nodes. There are some other proposals for query dissemination in WSNs such as

minimum broadcast tree algorithms [171] or epidemic approaches like gossiping [60].

The approach we propose in this chapter differs from the above approaches because it

uses position information to construct coverage areas. The convex hull based coverage area

definitions [11] are used to scope the query dissemination between sinks and the target region.

The protocols discussed in the next section are similar to our approach for using location

information to perform dissemination.

4.2.2 Geocasting

A different routing strategy for wireless sensor networks is described in [180]: geographical

routing. Instead of advertising an interest for data, or requesting to establish a route to a

certain destination device, nodes use a routing technique based on node coordinates. Nodes

are assumed to know their own position and the position of the destination node (i.e. the node

where the message needs to be delivered). The idea is that nodes advertise data along with

the coordinates where it must be delivered. Nodes closer to the destination node consider

themselves candidates for relaying the message. In most of the geographical routing pro-

tocols such as Greedy Perimeter Stateless Routing (GPSR) [89], the packets are sent from

source to a destination position. GPSR is a geographic routing protocol for wireless networks

that works in two modes: greedy mode and perimeter mode. In greedy mode each node for-

wards the packet to the neighbor closest to the destination. When greedy forwarding is not

possible, the packet switches to perimeter mode, where perimeter routing (face routing) is

used to route around dead-ends until closer nodes to the destination are found. Face Routing

[94, 38] routes packets along faces of planar network graphs by using simple right hand rule

and proceeds along the line connecting the source and the sink. Although it guarantees to

reach the destination, it does so with O(n) messages, where n is the number of network nodes,

and a simple flooding algorithm already reaches the destination with O(n) messages. Also, it

is not competitive with the shortest path algorithm in terms of cost depending on the number

of hops between the source and the destination.

For some other scenarios like general position-based publish-and-subscribe services, it is

also sufficient for some packets (e.g. queries) to reach any destination currently located in a

given area, which is called geocasting. Yu et al. propose Geographical and Energy-Aware

Routing (GEAR) algorithm [174], which shows how to broadcast a message to all the nodes

in a target region. GEAR uses greedy forwarding to forward packets to the nodes that are
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progressively closer to the centroid of the target region, whilst trying to balance the energy

consumption at the intermediate nodes. Once the message is delivered to the centroid of the

target region, it uses restricted flooding, namely Recursive Geographic Forwarding, to broad-

cast the message to all remaining nodes in the given region. Instead of using geographical

forwarding, GeoTORA [92] uses a unicast (ad-hoc) routing protocol (TORA [128]) to deliver

the packet to the region and then floods within the region.

There are some other protocols based on window spanning infrastructure (WSI) for rout-

ing to the specified message window (i.e. destination region). In this approach, the message

first is forwarded towards the message window by an end-to-end routing protocol. Once the

message reaches the window, an infrastructure within the message window is built along with

the message propagation. The method in [50] uses a Greedy technique to find a routing path

from message originator to a node Nc located at the center of the messages spatial window.

This first part of the routing is similar with the approach used in GEAR. For the routing inside

the window, the framework proposed in [50] uses two different approaches namelyWinFlood

and WinDepth. The WinFlood algorithm consists of a constrained parallel flooding, where a

node broadcasts the message to its neighbors only if its own location is inside the messages

spatial window. The alternative solution, WinDepth, is based on depth first search policy.

As we have seen from the related works given above, the first step of geocasting is gen-

erally based on Greedy approach which cannot guarantee that a routing path to a node in the

messages spatial window will be found. Stojmenovic [153] reviews the existing approaches

for message delivery to a destination region, i.e. geocasting. Three approaches that guarantee

delivery in static sensor networks are discussed in detail: (i) face traversal scheme based on

depth-first search of the face tree, (ii) traversal of all faces that intersect the border of the

geocasting region, and (iii) entrance zone (i.e. the set of points that are at smaller distance

than the transmission radius R from the destination region) multicasting-based geocasting.

These algorithms mainly solve the routing hole problem in sparse networks in order to guar-

antee the delivery of messages to the target region. However, face traversal has considerable

communication overhead as we discussed previously, so these approaches cause unnecessary

overhead in dense networks. An adaptation to traversal of faces intersecting the target region

(called GFPG∗), which achieves delivery guarantee in sparse networks and reduces the ad-

ditional overhead of face traversal scheme in dense networks, is discussed in [146]. In the

GFPG∗ algorithm, each node inside the geocasting region divides it radio range into four

equal partitions. If there is at least one neighbor in each partition, it is assumed that there

is no gap around this node. Thus, this node will not send perimeter packets (i.e. initiate

face traversal) and will send only the geocast message inside the target region. If a node

has no neighbor in a partition, it enters the perimeter mode and uses right-hand rule to send

perimeter packets.

The geocast routing protocols discussed above are non-flooding based approaches, mean-

ing other routing protocols are used to reach the target region instead of flooding, e.g. greedy

forwarding, ad-hoc routing. Regional flooding may still be used inside the target region. The

authors in [116] also discuss directed flooding based geocast routing protocols. Directed

flooding tries to limit the message overhead and network congestion of naive flooding by

defining a forwarding zone, which consists of a subset of all network nodes. The forwarding

zone (e.g. rectangle, cone) includes at least the sender of the geocast message and the target

region of the message. It should also include a routing path between source node and target
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Table 4.1: Comparison of geocasting protocols (TR: Target Region, FZ: Forwarding Zone)

Protocol Path Strategy Routing towards TR Routing inside TR FZ

GEAR (2001) Unicast Greedy Forwarding Flooding -

GeoTORA (2003) Unicast TORA ad-hoc routing Flooding -

WSI (2004) Unicast FullFlood/GreedyDF WinFlood/WinDepth -

GFPG∗ (2006) Unicast Greedy Forwarding Traversal of faces -

wih face routing intersecting TR

LAR (1998) Multicast Directed Flooding Regional Flooding Rectangle

GeoGRID (2000) Multicast Directed Flooding Regional Flooding Rectangle

Voronoi (2003) Multicast Directed Flooding Regional Flooding Polygon

region. Otherwise, protocols either have to increase the size of the forwarding zone or fall

back to simple flooding. An intermediate node forwards a message only if it belongs to the

forwarding zone. Directed flooding based geocast protocols [93, 154, 104] differ in how they

define the forwarding zone. In Location-Aided Routing (LAR) [93], the forwarding zone is

the smallest rectangle that includes the sender node and the target region. In [154], the net-

work is partitioned using the Voronoi diagram (i.e. forwarding zone) concept and each node

forwards the packet to the neighbors whose Voronoi partitions (as seen by the forwarding

node) intersect with the geocast region. The idea is to forward to a neighbor only if it is

progressively closer to the target region. GeoGRID [104] partitions the network into logical

grid cells and a single elected node close to the center of each grid cell is responsible for

propagating geocast packets to neighboring cells.

Recently there are also proposals for geocasting of a message to several geocast regions.

The authors in [36] combine clustering and multi-geocasting for delivery guarantee to multi-

ple target regions in WSN. In this work we assume that each query packet specifies only one

target region. We do not consider multiple target regions (i.e. multi-geocasting) for a single

query packet. It is assumed that when a sink node needs to send the same query to different

target regions, it has to generate separate query packets for each target region.

Table 4.1 presents a comparison of all discussed geocasting protocols. The main differ-

ences between the protocols are observed either in the first phase, which is flooding based or

non-flooding based for routing towards target region, or in the second phase that is the rout-

ing inside the specified message window. However, our approach uses a different technique,

which does not make a distinction between the two phases. Coverage area descriptions are

used in the first phase of routing to forward the packets from source to the given area. It is

again the coverage area description that is used in the second phase, transmitting packets to

nodes inside the target region. In this chapter, we consider the query dissemination problem

in a tree-based data collection and dissemination network. The approaches discussed above

are not specifically designed for tree-based networks. Geographical approaches might either

fail at dead-ends formed in random networks topologies or propose very complex solutions

and require the computation of planar subgraphs of the connectivity graph to tackle routing

holes. On the other hand, tree-based approaches work well for random topologies with po-

tential empty areas (i.e. holes) in connected networks. By using convex hull based coverage

area definitions and performing local updates, our approach provides support for sensor mo-
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bility. Moreover, it provides a simpler solution to the problem compared to other geocasting

protocols. Since tree-based routing stores connectivity information in the routing tree, there

is no need for a separate hole avoidance mechanism.

In the performance evaluations we compare our approach with GEAR [174]. All the non-

flooding based geocasting approaches take GEAR as a basis. The other group of geocasting

approaches, based on directed flooding, perform worse compared to GEAR∗ [116]: GEAR
achieves higher delivery success ratio and lower message overhead than the other directed

flooding protocols with rectangle and cone forwarding zones.

4.2.3 Multi-sink partitioning in WSNs

As discussed in Chapter 2.1, multiple sinks (multi-sink) appear as a solution for large scale

networks [53, 145]. However, deploying more sink nodes in a WSN brings another question:

How to partition a sensor network among multiple sinks? The simplest way is for each sink

to propagate a message to the whole network to form partitions. However, global flooding

from each sink is redundant and costly. To reduce message redundancy some flooding scop-

ing techniques such as TTL scoping or geographical scoping are used. TTL scoping defines a

time-to-live for messages disseminated from sinks. In geographical scoping, a node only re-

forwards a message if the message came from the closest sink, where ‘closest’ means shortest

euclidean distance. One of the geographical scoping methods proposed in [63] is Voronoi de-

composition, where scoping decision is entirely distributed. This method describes Voronoi

clusters to bound the propagation of messages from different sinks. Each node only rebroad-

casts flood messages coming from closest sink, where ‘closest’ depends on the underlying

distance metric. With this approach, flooding overhead remains constant independently of

the number of sinks.

The main focus of this chapter is how to achieve efficient geocasting of queries and how

to maintain the routing trees together with local coverage areas when we have mobile nodes

in the network. Our protocol can be combined with any multi-sink partitioning technique

and any tree-formation metric, e.g. energy level, number of child nodes, to create routing

trees (see Chapter 3). In our implementation we have used shortest path routing metric [62]

to create the trees, and Voronoi decomposition based on hop-count metric for multi-sink

partitioning. In the following sections we give the details of our geocasting protocol based

on local coverage area descriptions and describe the supporting approach, local updates for

handling sensor mobility.

4.3 Coverage area reporting

In this section we discuss the design for distributed coverage area construction and reporting.

Throughout this work, it is assumed that one or more sinks are deployed within the wireless

sensor network and each sensor node is logically grouped with only one sink based on a

given metric, e.g. shortest path. Basically, the routing strategy of the wireless sensor network

determines which node reports to which sink. This work assumes that a routing tree is present

to route the data efficiently towards a selected group sink e.g. the work in [99].

∗GEAR protocol is called as Unicast Routing with Area Delivery (URAD) in [116]. URAD identifies a protocol

class having two phases: the unicast (greedy) forwarding from the initial sender until the first node inside the target

region is reached, and the flooding inside the target region.
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The construction of local coverage areas starts after the routing trees are created. In

the distributed approach of establishing a description of WSN coverage area per sink, nodes

need to keep track of partial information of the coverage area. In this way, sinks are efficiently

informed of the coverage areas, while the amount of information each node needs to store,

transmit and receive is limited. Throughout this work, the limitations of sensor nodes in

terms of resources (Section 4.5) are a driving force behind design choices.

4.3.1 Constructing local coverage areas

We assume that each node in the wireless sensor network has the ability to obtain an estimate

of its position. This can be either by localization mechanisms [33, 58, 78, 80, 124], GPS or

by other means (e.g. [69]). Whenever a node publishes information, it is augmented with the

current position of the node.

An overview of the presented approach of establishing coverage areas is depicted in Fi-

gure 4.1. Nodes keep track of coordinates that are explicitly transmitted. Using the received

coordinate information, a node creates its local coverage area. By the term coverage area, we

understand the geographical area in which the sensor nodes are deployed. In this work, cov-

erage areas are represented by convex hulls of the sensor node locations†. Periodically, the
local convex hull is transmitted to the parent node that merges the received convex hull with

its local coverage area. A parent node maintains a convex hull that envelopes the node itself

and all its descendant nodes in the tree (see the local convex hull of node x in Figure 4.1).

The coverage area of a sink is the convex hull of all the sensor nodes served by this sink (see

Figure 4.1).

With this ‘crude’ coverage area description detail is lost of e.g. holes in the wireless

sensor network deployment. Many geographical routing protocols need to take special pre-

cautions to ensure that messages are not stuck at holes in the deployment. However, the

coverage area descriptions are built based on connectivity information captured in routing

trees; therefore, the holes are implicitly avoided.

Each node keeps a convex hull that encloses all nodes in its subtree (see Figure 4.1). In

the following, we discuss how a node constructs a local coverage area that describes the area

covered by the node itself, its child nodes and other descendant nodes. To create a local

coverage area description, a node inspects all messages that ‘flow’ through the node towards

the designated sink. The location information inside these messages is used as input for the

construction algorithm.

Let C0 = {c0, c1, . . . , cs} be a set of locations of s nodes, where each location c is a two

dimensional coordinate (c(x), c(y)). Let the function CH(C0) = H create a minimal (ordered)

set of coordinates H ⊆ C0 that envelops the coordinates in set C0. H is called the convex

hull of the coordinate set C0. We assume that the coordinates in H are ordered such that

the convex hull encompasses the coordinate set C0 counter clockwise. We denote |H| as the
number of elements in the set H. Note that |H| ≤ |C0|.

Many methods are described in literature that transform a set of coordinates to a convex

hull e.g. [55]. Typically, these algorithms operate on a set of coordinates and produce a

convex hull, but most of them do not consider addition of coordinates once the convex hull

has been created. In the following, we present an algorithm that constructs and maintains the

†Convex hull of a node is the local coverage area description of this node. These terms are used interchangeably

in the chapter.
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(a) Disjoint convex hulls (b) Intersecting convex hulls 

Figure 4.2: Merging convex hulls with rotating calipers method: (a) non-overlapping convex hulls and

(b) overlapping convex hulls

(local) convex hull of a node when periodically transmitted local convex hulls are received

by the node. In fact, to construct convex hulls along the routing tree, we need an algorithm

which implements a merge function CH(H,C) = H′, where C can be (i) a single coordinate,

(ii) a set of coordinates, or (iii) a coordinates set representing a convex hull, withH′ ⊆ C∪H.

The simplest and the most efficient way to achieve merging of two convex hulls (i.e.

case (iii)) is applying the rotating calipers based algorithm [147, 159] locally in each parent

node. Figure 4.2 shows merging of convex hulls. The merged hull consists of convex chains

belonging to the polygons (shown is solid blue lines in the figure), joined by bridges between

the polygons (shown in dashed blue lines in the figure). Rotating Calipers are used to find

the bridges between two convex polygons. The main advantage of rotating calipers method

is that it involves no backtracking, and the polygons can intersect whereas other algorithms

require the polygons to be disjoint. The algorithm has a runtime complexity of O(n log n)
and a space complexity of O(n) [159]. However, rotating calipers method cannot handle the

merging of a convex hull with a single coordinate (i.e. case (i)) or a set of coordinates (i.e.

cases (ii)). In the following we present an algorithm that performs incremental construction

of convex hulls, which covers for all the three cases discussed above.

For incremental construction of a convex hull, we need to check if the new coordinate is

inside the convex hull. This is done by checking whether the coordinate is always on the left

side of each edge of the convex hull, where the coordinates of the convex hull are in counter

clockwise order. Let
−−−−−→
hkhk+1 be the vector connecting location hk with hk+1 of the convex hull

H. When the indices are larger than the size of the set e.g. when k+1 > |H|, the modulo with

the set size is meant. To determine if a coordinate c is on the left side of a vector, we make

use of the right hand-rule, by checking the orientation of the cross product
−−−−−→
hkhk+1 ×

−−→
hkc. In

the two-dimensional case, the cross product
−−−−−→
hkhk+1 ×

−−→
hkc is equivalent to

d = (h
(y)

k
− h(y)

k+1
)c(x) + (h

(x)

k+1
− h(x)

k
)c(y) + h

(x)

k
h
(y)

k+1
− h(y)

k
h
(x)

k+1
(4.1)

The coordinate c is on the left of line segment
−−−−−→
hkhk+1 if the result of Equation (4.1) is positive:

d > 0.

Let pi to be the position of node i in the wireless sensor network, and Hi be the convex

hull representing the (local) coverage area description of the wireless sensor node or sink

i. The coordinate set Hi is always ordered such that it describes the convex hull counter

61



Query Dissemination in Multi-Sink Mobile Wireless Sensor Networks

clockwise. Initially,Hi = {pi} contains the coordinate of the node itself. However, during the
update process described below, the coordinate of the node itself might be removed fromHi.

LetC be the set of coordinates that a node or sink receives (C is either a single coordinate

which is extracted from a sensor reading flowing through the node, or a received convex hull

from a child node). Per coordinate in the set C the following procedure is executed:

1. Define c j as current coordinate to investigate from the set C (0 ≤ j ≤ |C| − 1). If

this coordinate is already present in the set Hi, move on to the next coordinate. We

investigate per coordinate if it is inside Hi. If not, Hi is adjusted such that it envelops

the coordinate as well.

2. Let n = |Hi| be the number of coordinates in the local convex hull:

• One coordinate (n = 1)—Add the coordinate toHi and order the coordinates such

that the coordinate with lowest y-value is first in the set.

• Two coordinates (n = 2) — Use Equation (4.1) to check if c j is on the left of the

line segment
−−−→
h0h1. If so, put the coordinate at the third position in the convex hull

Hi, otherwise insert the coordinate between h0 and h1 in Hi.

• More coordinates (n > 2) — Check for each line segment
−−−→
h0h1,

−−−→
h1h2, . . .,

−−−−−→
hn−1hn,−−−→

hnh0 if the coordinate c j is on the left of the line segment. If so, the coordinate is

enveloped by the convex hull Hi; continue with the next coordinate.

If c j is not on the left of a line segment, then record the starting coordinate of the

line segment as begin point b. Continue with the next line segments until c j is left

of the line again. Remove all coordinates from b until the current line segment

and insert c j instead.

The above procedure is applied when a node receives a packet augmented with position

information or when local convex hulls are explicitly propagated from child nodes. We use

the definitions parent node and child node to indicate node positions in the routing tree. Next,

we describe tasks that nodes need to execute periodically to keep their local coverage area up

to date in dynamic networks.

To keep the routing tree and local convex hulls up-to-date, a global updating mecha-

nism should be executed periodically. The periodic global updates consist of two phases:

(i) helloing from sinks for tree building and multi-sink network partitioning, and (ii) convex

hull forwarding to the parent nodes for completing the structure with local convex hulls of

sensors and sinks. In the first phase, each sink repeats broadcasting ‘hello’ packets every f

seconds (i.e. frequency) to determine the paths to every node in the network and constructs

a routing tree based on the given metric. A child node has selected a parent node as inter-

mediate node in order to get messages towards a sink after helloing process. In this work,

nodes store the logical address of their parent node. In the second phase each node sends

a HELLO TO PARENT message including its convex hull to its parent. Every parent node

receiving a convex hull from all its child nodes merges the received convex hulls with its

current local convex hull. This procedure constructs a new composite convex hull, which

is forwarded further up in the tree until reaching to the sink. This allows the construction
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of a hierarchy of convex hulls. The distributed procedure requires O(1) messages per sen-

sor node assuming that each parent node waits until it gets the convex hulls of all its child

nodes, O(dm) space and runs in O(dm) time, where d is the maximum node degree in the

network and m is the maximum number of nodes in a convex polygon. Optionally, the con-

vex hull is reduced using some form of compressing before transmitting (in order to limit

the memory usage by the algorithm and the energy consumption by reducing the size of

transmitted/received coordinate list) as explained in Section 4.3.3.

4.3.2 Removing coordinates from local coverage areas

Due to dynamics in network topology, the local convex hull stored in a node can contain

coordinates that do no longer reflect the actual coverage area of the node, its children and

other descendants e.g. this might be the case when a node dies/fails or nodes are mobile. To

keep the local convex hull accurate, a time out mechanism is applied to remove old coordi-

nates from the local convex hull. Nodes store a timestamp for each individual coordinate in

their local convex hull Hi. The timestamp of a particular coordinate is reset when a node

receives a message containing the coordinate. But when a coordinate has not been reinforced

within the time out interval, it is removed from the local convex hull and is therefore also not

propagated to the parent node. The time out information is never propagated to parent nodes.

A suitable timeout interval needs to be determined according to the level of mobility in the

network. However, it must not be shorter than the interval at which nodes produce and send

their convex hulls to their parents, otherwise coordinates are removed from the local convex

hulls before they are reinforced. If topology changes are frequent, the timeout interval should

be short to ensure up-to-date coverage area descriptions. Also, the local convex hull needs

to be transmitted to parent nodes at least once per time-out interval. A timer relating to the

local convex hull update interval is employed.

Timeout = Interval + TD (4.2)

where TD is a compensation value with respect to additional delay.

Periodically i.e. once per timeout interval, a node applies the algorithm described in Sec-

tion 4.3 to check if its own position pi must be added to the local coverage area description.

This action also ensures that a potential time out on the own coordinate is prevented.

In some cases, significant changes in the routing tree may be used as trigger to recreate

all local coverage areas in the network. A significant degradation in the dissemination per-

formance can be interpreted as a significant change in the routing tree. In this case, a global

updating procedure has to be executed in the network.

4.3.3 Compression of coverage area descriptions

The proposed mechanism for distributed coverage area reporting requires that nodes (peri-

odically) propagate the convex hull that describes the local coverage area to parent nodes.

Obviously, message sizes grow with the number of coordinates that are part of the convex

hull. Consequently, more accurate, but larger coverage area descriptions result in higher en-

ergy expenditure of the nodes. Therefore, compression (i.e. approximation of the convex hull

with a smaller coordinate set) is an attractive option to limit resource consumption, such as

energy and bandwidth. It is important to note that a convex hull is already a minimum set by

itself.
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Figure 4.3: Compression of the convex hull removes short line segments from H by adding coordinates

at the intersection of segments before and after the short segments

The compression algorithm accepts as input a convex hull and a maximum convex hull

size nmax > 3. Until the convex hull has been reduced to maximum size nmax, the algorithm

finds two coordinates hm and hm+1 which represent the shortest line segment in the convex

hull with rm , 0 (Equation 4.5). These two coordinates are then removed from the con-

vex hull H and are replaced with one coordinate ĥ, such that hm and hm+1 are both on the

line segments
−−−−→
hm−1̂h and

−−−−→
ĥhm+2, respectively (Figure 4.3). The coordinate ĥ is positioned at

the intersection of the line passing through hm−1, hm and the line through hm+1, hm+2. It is

calculated as follows [24]:

ĥ(x) =
1

rm
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with
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Note that rm = ad − bc according to the definitions in Figure 4.3. If the intersection point
ĥ does not exist i.e. the two lines

−−−−−−→
hm−1hm and

−−−−−−−→
hm+1hm+2 are parallel and hence have equal

slopes b : a = d : c, then follows rm = 0. When this is the case for a shortest line segment,

it is skipped by the compression algorithm. Consequently, convex hulls with |H| = 4 having

parallel opposite line segments, cannot be further reduced. However, a reduction to a triangle

is possible in other cases. Hence, we limit nmax ≥ 3.

Reduction is only applied when a copy of the local convex hull is forwarded to parent

nodes. Nodes maintain the actual convex hull in memory to use detailed information for

the geographical routing decisions (Section 4.4). Obviously, the larger the local coverage
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area descriptions, the more memory is consumed by the uncompressed convex hull, more

processing is needed to apply the merging of coordinates (Section 4.3.1) and the energy

expenditure of nodes will be larger. Therefore, it could be a trade-off to apply compression

also to the local convex hull. However, when reduction is only applied on copies forwarded

to parent nodes, the time out mechanism of coordinates remains functional without having to

e.g. match coordinates to substituted coordinates. In any case, the parent node works with the

compressed version. This implies that compressed local convex hulls need to be forwarded to

parent nodes within the retention period of coordinates to ensure that substituted coordinates

are not removed due to time out mechanism.

4.4 Geocasting based on local coverage areas

With the above described algorithms, the sinks are informed of a ‘crude’ description of their

coverage area. Next, this information can be used to optimize handling of position dependent

messages e.g. sinks can use the information whether a certain query is relevant for their

coverage area. If not, the sink can decide to discard the query without inserting it in theWSN,

which in the end saves energy and prolongs the lifetime of the wireless sensor network. In

this section, the geographical routing of location dependent queries is discussed.

The proposed protocol based on the combination of coverage areas and geographical

routing is called GeoCHT, where “CHT” (Convex Hulls Tree) stands for the structure com-

posed of routing trees and convex hulls built on a tree, and “Geo” stands for the geographical

routing the WSN performs using the structure. Sinks and sensor nodes implement identical

functionality regarding the forwarding of queries.

First, we have a closer look at the structure of location dependent queries. We assume that

these queries consist of two parts: (1) a description of the area in which the query must be

executed, and (2) a command sequence (e.g. sensor types, sample rates, critical thresholds,

aggregate functions etc). This work is mainly concerned with the first part of the query.

Queries are always forwarded from parent nodes to child nodes to get delivered to an area

that is specified in the query. Let R = {r0, r1, . . . , rn} be the coordinate set describing the

region of interest extracted from the query, Hi the local coverage area description of node i

and pi the position of node i.

Upon receiving a query, a node analyses R and takes two decisions: (1) execute decision

to find out if the node is within the region of interest and needs to execute the query and (2)

forward decision to find out if the node has child nodes or further descendants in the region

of interest. Both decisions use R as input together with pi and Hi, respectively (Figure 4.4).

4.4.1 Execute Decision

When a node receives a query, it decides if the query is valid for it and, if so, the query is

stored and executed until it expires. The execute decision basically checks if the node that

receives the query is inside the region of interest i.e. if point pi is inside the polygon R. The

point-in-polygon problem is a well known problem in computational geometry and many

solutions and implementations have been proposed [144]. Looking from a node implementa-

tion perspective, it is beneficial to make the assumption that the region of interest in the query

R is a convex polygon. This assumption is not strictly necessary, but it reduces the complexity

of the implementation because of properties of a convex polygon. When the area of interest

cannot be captured with a convex polygon, we assume that multiple queries are generated
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Figure 4.4: Routing decisions: (a) node i executes query if pi inside R, (b) node i forwards query to

children ifHi overlaps withR, and (c) node i halts forwarding query to children ifHi and R are disjoint

to cover the complete area e.g. according to the algorithms presented in [44, 72] to decom-

pose polygons into multiple convex parts. This functionality can be realized e.g. within the

different sinks, which are likely to be more computational powerful than sensor nodes.

To check if the coordinate pi is inside a convex polygon R, node i needs to check for

every line segment the coordinate pi is left of the line segment. If so, the query needs to be

executed (see Figure 4.4(a)). In the simulations we assume that the target region is a circle

having a radius rC . The node needs to check the distance between its coordinate pi and the

coordinate of the center of the area of interest. If the distance is smaller than rC , the node

should execute the query.

4.4.2 Forwarding Decision

With the forwarding decision a node determines if theremight be child nodes or nodes further

down the routing tree that are within the area of interest specified in the query. If there are,

the node should forward the query to its child nodes, which in their turn decide if the query

needs to be propagated.

When the coverage area is represented by a convex hull, a node A cannot determine with

certainty that there is indeed any node in the subtree of A and within the polygonR, because

detail on node positions are lost if nodes are located within the convex hull. However, a node

is able to decide with certainty that further in its part of the routing tree no node is present

within the regionR. In the later case, the node does not forward the query and it consequently

does not spend energy on transmitting the query and it saves resources from its child nodes.

The forwarding decision is taken based upon R extracted from the query and the local

coverage area descriptionHi. Checking if R overlaps withHi (i.e. determining if two convex

polygons intersect) can be easily performed in O(log (m + n)) as described in [45], where

m and n are the numbers of vertexes of the two polygons, respectively. We assume that

the target region is a circle in our simulations. Checking if a circle R overlaps with Hi is

done by “partially” checking the circle against edges [22], and against vertexes as shown in

Algorithm 1. The first step is checking whether the center point of the circle is inside the

convex polygon. This is the well-studied point-in-polygon problem [144]. If the center point

of the circle is inside the polygon, the circular area of interest and the convex hull intersect.
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Algorithm 1 Circle and Convex Polygon Collision Detection

1: Input: Polygon H, Circle R

2: Output: true or f alse

3: if H.contains(R.center) then

4: return true;

5: end if

6: for all edgei ∈ edges of H do

7: if distance(R.center,H.edgei) < R.radius then

8: return true;

9: end if

10: end for

11: return f alse;

If not, the second step should be checking the distance between the center point of the circle

and each edge of the convex polygon. If the distance between any of the edge of the convex

hull and the center of the circle is shorter than the radius of the circle, than the circle and the

convex hull intersect. If the area of interest and the local coverage area intersect, the node

forwards the query (see Figure 4.4(b)). Otherwise, it halts the forwarding of the query (see

Figure 4.4(c)).

4.4.3 Discussion

After routing tree construction every node knows its parent node in the tree, the sink it is

connected to and the hop count from the sink. In a tree based routing protocol, there are two

cases for parent-child relationship. The first case is where a parent node knows its child nodes

and the other case is where it does not. In the first case, a parent node waits for the convex

hulls of all its child nodes and after merging them, it forwards its complete local convex

hull to its parent. This case can minimize the communication overhead for the transmission

of queries or data, but requires more memory on the parent nodes and a large number of

control messages for letting the parent nodes know their child nodes. In the second case, a

heuristic has to be used to determine the delay until all the convex hulls of the child nodes

are transmitted to the parent. This approach may result in a large delays for building convex

hulls of tree branches. For a network which assumes that sensor nodes do not know their

child nodes, a special multicast addressing that represents restricted flooding to child nodes

of a node can be used for query forwarding (i.e. a node decides to receive a packet if it carries

the multicast address and it originates from its parent node).

If also support for node mobility is required, a potential optimization step concerning

this aspect is to keep track as parent node which area is covered by which children and only

forward the query to relevant child nodes. This requires for every parent node additionally

to store the convex hulls of its child nodes. Storing convex hulls of the child nodes can be

useful for parent nodes to recalculate their convex hulls after a mobile child moves out of

their communication range without having to request convex hull information of its children

for every update. However, it must be noted that storing convex hulls of the child nodes

requires nodes to store more information, makes the halt or forward decision more resource

consuming, because it must be repeated for all stored local convex hulls of children, and

67



Query Dissemination in Multi-Sink Mobile Wireless Sensor Networks

the energy consumption of transmitting queries to more than one (i.e. unicasting instead of

multicasting or broadcasting) will add considerably to the energy consumption of a node.

We leave these trade-offs to our future work and assume that parent nodes do not know

their child nodes in the simulations. Therefore, for the parent node of a mobile node to

remove the local convex hull of the mobile child moving out of its range and update the own

convex hull, the parent has to re-request local convex hulls of its current child nodes.

4.5 Implementation aspects for resource-constrained sen-

sor nodes

The presented algorithms to obtain coverage area descriptions and the geocasting of loca-

tion dependent queries using coverage areas, have been designed with resource-constrained

sensor nodes in mind. Typically, these platforms use microcontrollers running at 4 to 8 MHz

with on-chip RAM and programmemory. The non-volatile programmemory ranges between

32 kB and 128 kB, while the volatile memory is considerably smaller, ranging from 2 kB to

10 kB. Usually the nodes can access external non-volatile memory to store arbitrary data. In

this section, we dive into the implications it has to implement the presented algorithms on

resource-constrained sensor nodes in terms of computational complexity and memory usage.

Let denote with sc and sct, respectively the number of bytes required to store a single

coordinate and a coordinate with time out information.

4.5.1 Computational resources

The computational complexity of the algorithms – discussed in the previous sections – have

been well studied in literature. In [23], the computational complexity is discussed of incre-

mental construction of a convex hull: O(n2) for the construction of the complete convex hull.

Toussaint discusses in [159] the rotating calipers method of merging convex hulls with com-

putational complexity O(n log n). The computational complexity of determining whether a

point is in a convex polygon isO(n) according to [83]. In [45], the complexity of determining

if two convex hulls overlap is given as O(log (n + m)).

4.5.2 Memory requirements

Let |Hi| be the size of the local coverage area of a node i. Obviously, the node requires |Hi|sct
bytes to store its local convex hull, |C|sc bytes to store temporarily coordinates received from

a child node, where |C| is the number of coordinates in the coordinate set C, and, at most,

|Hi|sc bytes to use as working copy of its local convex hull to create a compressed version.

Obviously, storage is also required for a received query and its area of interestR. We consider

here only the temporary storage space to analyze the query i.e. |R|sc bytes. After analyzing
the query, we assume that it is either purged from memory or it will not account to memory

consumption in the routing layer, since it is handled by a higher layer. In conclusion, the total

memory requirements for the presented routing scheme are |Hi|(sct + sc)+ |C|sc + |R|sc bytes
of which |Hi|sct bytes are permanently required.

4.6 Performance Evaluations

A comparative performance evaluation of GeoCHT versus GEAR [174] is presented in this

section. In [116], the performance of different geocasting protocols is compared and GEAR
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shows the best performance over all the others. Therefore, we choose GEAR for our com-

parative performance evaluation. First, we define what metrics are used to compare both

protocols in simulation. Then, the details of simulation setup are discussed. We compare the

routing performance in different set-ups: static networks, mobile networks, high density and

low density. The evaluation results of the different scenarios are presented and discussed.

4.6.1 Evaluation metrics

The geographical routing protocols are compared in terms of routing accuracy i.e. how well

the proposed mechanisms deliver messages to the region of interest defined in a query and

in terms of networking performance. Differently from GEAR, GeoCHT also provides a

description of coverage area per sink in the network. This aspect is left out of the comparison,

although it enables more efficient use of a WSN from an application point of view.

We define the following metrics to compare the protocols in terms of routing accuracy :

• Execution ratio (ER) – The ratio of nodes that are within the region of interest and

execute the query to the total number of nodes within the region of interest. This metric

measures how well the routing is able to deliver the query to the region of interest.

• False execution ratio (FER) – The ratio of the nodes that are outside the region of in-

terest and execute the query to the total number of nodes outside the region of interest.

Energy is wasted when queries are executed outside the region of interest. The false

execution ratio measures this effect.

• False injection ratio (FIR) – The ratio of data sinks that inject the query while none of

the nodes in its partition executes the query to the total number of data sinks. Since

there is no partitioning in GEAR protocol, FIR is redefined for GEAR as the ratio

between the number of data sinks that inject the query while none of the nodes inside

the target region execute the query injected by these sinks and the total number of data

sinks. Irrelevant query lead to higher energy expenditure in the WSN partition when

injected. We measure this effect with the false injection ratio.

We define the following metrics to compare the protocols in terms of networking perfor-

mance:

• Average query delay (AQD) – The total time elapsed between the query generation by

a sink and its reception by a sensor node inside the target region, averaged over all

sink-target node pairs.

• Network load (NL) – The total number of query packets that are sent from sinks and

forwarded by the nodes in the network. If more messages need to be transmitted to

reach the region of interest, the energy expenditure in the WSN is likely to increase.

We measure this effect with network load.

4.6.2 Evaluation setup

We evaluate how our GeoCHT algorithm compares with GEAR, which also handles geo-

graphical routing of messages to a region of interest. The details of GEAR are given in

Section 4.2. Table 4.2 presents the simulation parameters.
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Table 4.2: Simulation parameters

Parameters Values for GeoCHT Values for GEAR

MAC protocol IEEE 802.11 DCF IEEE 802.11 DCF

Routing protocol for Shortest path routing -

coverage area reporting

Routing protocol for queries Convex hull based Greedy forwarding

geocasting Restricted flooding

Tranmission range 250 m 250 m

Target region shape Circle - radius from Circle - radius from

250 m to 800 m 250 m to 800 m

Mobility Model Linear mobility Linear mobility

Our simulations are based on the network simulator NS-2 [15] version 2.33 as it is widely

used for research in wireless sensor networks. NS-2 allows us to run wireless simulations

in realistic scenarios to validate the design choices of GeoCHT. We use 802.11 as the MAC

protocol for our NS simulations. The simulation scenarios use network sizes from 100 to

1000 nodes, which are randomly distributed in square deployment areas with edge sizes

varying from 1000m to 5700m. The nodes are configured to have 250m transmission range.

We generate random topologies, however, only use connected network topologies (i.e. all

nodes can reach each other in one or more hops).

For both GeoCHT and GEAR, the target region is set to a circle centered at the middle of

the deployment area. The radius of the circular target region is selected between 250m and

800m, scaled according to network dimensions. The routing decisions of GeoCHT based

on point in convex polygon (Section 4.4) have been adapted to point in circle to match the

methodology used in GEAR to describe the region of interest. In the different scenarios, 3

to 30 sinks are randomly selected in each of the varying network sizes. For GeoCHT, sensor

nodes send their convex hull definitions to their associated sink, via parent nodes selected by

using shortest path routing.

In mobile simulation scenarios, node movement follows the linear mobility model. Node

velocities are up to 20m/s (72 km/h), which includes walking/running person and vehicular

movements. Each data point in the graphs are averaged over 50 simulation runs of different

topologies, and we show the mean and 95% confidence interval for the evaluation metrics.

The GeoCHT compression of local coverage area descriptions is not used in any of the sce-

narios.

Average query delivery delay (AQD) of both protocols is first recorded as the end-to-end

delay (the time between query generation and reception of the query in the target region).

However, AQD results show that there is a large difference between the query delivery delays

of GEAR and GeoCHT. This is mainly due to the currentNS2 implementation of GEAR as an

extension to existing directed diffusion algorithm [79]. Because an interest message in GEAR

passes through a series of filters and agents, a query spends a lot of time between agents

resulting in high end-to-end delay. As a result, GEAR delay data is not directly comparable

with our protocol’s delay data. Therefore, we record the hop-based transmission delays of
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a message (i.e. sum of the times between sending the message by a node and receiving the

message by the next node for every hop of the routing path) for GEAR, which excludes the

time spent in the routing agents. Only in Figure 4.6(a), we show also the end-to-end delay of

GEAR to present its difference with hop-based delay.

4.6.3 Static networks

In this section, we evaluate the proposed geographical routing GeoCHT in static networks

without any disturbing factors (scenarios 1 to 3). We introduce errors in the position estimates

of nodes in scenario 4. Simulations of all scenarios show that the FER of queries in static

networks is zero for both GEAR and our protocol GeoCHT, meaning that none of the nodes

outside the area of interest executes the query. Therefore, FER results are not shown in the

graphs.

Scenario 1: Effects of network density

Scenario 1 evaluates the effect of varying network density by varying edge length of the

(square) deployment area from 1000m to 2000m. The number of nodes and sinks is fixed,

100 nodes and 3 sinks. Figure 4.5 shows the routing accuracy performance of this scenario.

In Figure 4.5(a), we compare the ER of GEAR and GeoCHT for varying network density.

Note that an execution ratio of 1 means that every node inside the target region has received

and executed the corresponding query packet. GEAR protocol, which has a higher redun-

dancy than GeoCHT, has a lower execution ratio in sparse networks. This is mainly due to

the unicast nature of the GEAR protocol. Its Greedy forwarding may not be able to find a

path between a sink and the target region when the network is sparse. On the other hand,

even in sparse networks, in GeoCHT, the sinks can form their coverage areas including all

sensors in the network. Therefore, nodes in the target region are accessible at least from one

of the sinks in the network.

Some false injections exist even in static networks. Figure 4.5(b) compares the FIR of the

two protocols. FIR of GeoCHT is constant because the protocol eliminates the unnecessary

query injections from sinks both in dense and sparse networks. GeoCHT has always a small

number of false injections due to the fact that the convex hull of a sink can overlap with the

region of interest although no node from its partition is present in the target area. This effect is

due to our choice of describing the coverage area with a convex hull. In dense networks, FIR
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Figure 4.5: Scenario 1 – Routing accuracy performance of varying network density scenario
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Figure 4.6: Scenario 1 – Networking performance of varying network density scenario

of GEAR is less than FIR of GeoCHT. However, when the network is getting more sparse,

FIR of GEAR increases. This is because all the sinks send the query packet, and the Greedy

forwarding uses it for routing to the region of interest fails more often in sparse networks.

Figure 4.6 shows the networking performance of Scenario 1. Figure 4.6(a) shows the

delay of GeoCHT, end-to-end delay of GEAR and hop-based delay of GEAR. Due to many

agents called in GEAR (as explained in Section 4.6.2) the difference between GEAR end-to-

end delay and hop-based delay is very big.

Figure 4.6(b) presents the hop-based delay of GEAR and end-to-end delay of GeoCHT.

The end-to-end delay of GeoCHT is around 2 msec for a network of 1000x1000m2 and 4

msec for a network of 2000x2000m2. The delay of GeoCHT increases slightly with the in-

crease of the network area. GeoCHT delay is smaller than GEAR delay because GeoCHT

discards the queries of sinks which coverage area does not intersect with the region of inter-

est. Only the sinks with overlapping coverage area with the target region inject their queries.

These sinks are often closer to the region of interest than the other sinks. This keeps the

average query delay low. In GEAR all the sinks inject the query, therefore the average query

delivery delay gets higher. Another reason of this difference in delays of GEAR and GeoCHT

is their different forwarding mechanisms. GEAR uses unicasting to reach the next hop, and

GeoCHT uses a special restricted broadcasting, which is quicker in the delivery of the mes-

sage to the next node. Also, in the GEAR’s delay graph, the 95% confidence range is very

large, which shows a different response for different topology configurations.

Figure 4.6(c) shows the network load of both protocols. GEAR generates more network
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load than GeoCHT, since all of the sinks in GEAR try to reach the target region and inject a

query packet into the network. The multiple forwarding paths also result in higher network

load in GEAR. On the other hand, GeoCHT checks the coverage areas of sinks and a sink

sends a query packet only if its coverage area overlaps with the region of interest. Therefore,

GeoCHT sends less query packets towards the target region. We can also say that GeoCHT

is more energy efficient that GEAR because it sends less query packets, while having a very

high query execution ratio.

Scenario 2: Effect of varying network size

This scenario evaluates the effect of varying network size (from 100 to 1000 nodes), while

the mean node density and the mean sink load are kept constant. The average node density is

set to 6 neighbors per node and the average sink load—number of nodes connected to a sink–

is set to 33 nodes per sink. In this scenario, the network area is increased with the number of

nodes. For 100 nodes, the network size is 1800x1800m2; for 1000 nodes, it is 5700x5700m2.

To keep the sink load constant we increase the number of sinks: 3 sinks in the network with

100 nodes, 30 sinks in the network with 1000 nodes. Figure 4.7 shows the routing accuracy

performance of this scenario.

In Figure 4.7(a) we compare ER of GEAR and GeoCHT for varying number of network

nodes. The ER of GEAR slightly outperforms the ER of GeoCHT when the number of

network nodes increases. GeoCHT approach is less redundant than GEAR since in GEAR

all sinks send the query towards the target region. Therefore, queries in GEAR reach to the

target region via multiple paths, which results in higher ER.

Looking at the FIR of the two protocols, Figure 4.7(b), we see that FIR of GEAR is get-

ting higher when the number of network nodes increases. Since we also increase the number

of sink nodes, more sinks inject the query packets in GEAR. Therefore, the network with

more sinks has a higher probability of query packets not reaching to the area of interest. On

the other hand, the FIR of GeoCHT decreases as the number of sink nodes increases because

more sinks mean more coverage areas that partition the network area, and the probability

of the target region overlapping a coverage area decreases. In GeoCHT, sinks can decide to

discard the query without inserting it in the WSN. Thus, GeoCHT can eliminate more un-

necessary query injections in networks with more sinks and more nodes. FIR results show

that the ratio of unnecessary injections of queries is very low in GeoCHT while GEAR has

many unnecessary query insertions, which consume more energy and shorten the lifetime of

the WSN.

Figure 4.8 shows the networking performance for varying number of nodes. As it can be

seen in Figure 4.8(a), the query delivery delay of GEAR is increasing excessively with the

number of network nodes, while the delay of GeoCHT is stable. The reasons are the same

as for the previous scenario. GeoCHT only injects the queries of sinks which coverage areas

overlap with the region of interest. These sinks are usually closer to the region of interest,

therefore the paths from sinks to the target region are shorter. GEAR sends the queries from

all sinks. When the network size increases, it results in more hops between the farthest sink

and the target region, therefore longer delays for GEAR. Figure 4.8(b) presents the network

load of the protocols. We notice that in both protocols, the network load increases with

the increase of the number of nodes. However, the increase in network load of GEAR is

very large since more sinks generate more query packets and all these query packets try to
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Figure 4.7: Scenario 2 – Routing accuracy performance of varying network size scenario
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Figure 4.8: Scenario 2 – Networking performance of varying network size scenario

reach the area of interest. GeoCHT, on the other hand, eliminates most of the unnecessary

query injections, thus has a very small increase in the network load as the number of nodes

and sinks increase. Summarizing results of Figure 4.7 and Figure 4.8, we can conclude that

GeoCHT has a large energy saving even in big networks. Although GEAR uses multiple

paths to forward queries towards the area of interest, the query execution ratio of GeoCHT is

very close to the ER of GEAR.

Scenario 3: Effects of sink load

Scenario 3 evaluates the effect of the number of nodes associated per sink in the network.

This measures how the performance changes with the sink load, which determines at the

same time the average path length in the network. The sink load is varied between an average

of 11 nodes/sink and 110 nodes/sink. The node density is kept on average at 6 neighbor nodes

and 9 sinks are used in the network setup. Both the deployment area and the number of nodes

in the network vary in order to tune the sink load.

Figure 4.9 shows the routing accuracy performance of scenario 3 to see the effect of

varying sink load. As shown in Figure 4.9(a), ER of GEAR and GeoCHT decrease when the

load (the number of nodes) per sink increases. ER of GEAR and ER of GeoCHT are very

close to each other, but GEAR performs again better in this metric.

False injection ratios of both protocols remain more or less constant as the sink load
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Figure 4.9: Scenario 3 – Routing accuracy performance of varying sink load scenario
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Figure 4.10: Scenario 3 – Networking performance of varying sink load scenario

increases, as shown in Figure 4.9(b). This is because the number of sinks is constant. GEAR

has a higher FIR than GeoCHT. This is mainly due to the fact that GeoCHT eliminates

unnecessary query injections by checking if the coverage area of a sink intersects with the

target region. On the other hand, GEAR injects the queries from all sinks even though they

may be far from the target region. The transmission of a query packet injected by the far away

sinks may fail in the network due to the failure of pure Greedy forwarding at dead ends.

Figure 4.10(a) presents how the query delivery delays of both protocols are affected by the

varying sink load. When we increase the sink load, the delay of GeoCHT slightly increases

but the delay of GEAR increases very much. Having a fixed number of sinks but increasing

number of network nodes in a constant node density network, results in longer paths between

sinks and target region. This effect is seen more clearly in the delay graph of GEAR because

all sinks inject their queries into the network. Figure 4.10(b) shows the network load of

the protocols when we increase the sink load. For the same reasons explained in previous

scenarios, the network load of GEAR is very high because all the sinks inject the query in

the network. In GeoCHT only few sinks inject the query into the WSN, usually those that

are close the region of interest. The longer paths are another reason for network load. This

is more visible in GEAR because all the sinks send a query towards the target region, even

those that are far away.
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4.6.4 Sensitivity to position estimate error

In this section we simulate positioning errors in static networks. In GeoCHT and GEAR is

assumed that nodes are able to estimate their positions. However, most localization schemes

introduce errors. As a consequence, in GeoCHT the service areas do not match the reality

exactly and the execute decisions get less accurate, resulting in sub-optimal performance.

To investigate the sensitivity of both protocols to position estimate errors, we examine

the impact of random location errors for every node in the network. The error in location was

generated uniformly in the range [−error-rate * transmission-range, error-rate * transmission-

range]. For example, if the error rate is 0.1 and the transmission range is 250m, the random-

ized error is uniformly distributed in [-25, 25]. The following simulations are performed in

a 1000x1000m2 network having 100 nodes and 3 sinks. The error rate varies between 0 (i.e.

no positioning errors) to 0.6, thus the randomized error is between −150m and 150m.

Figure 4.11 shows the routing accuracy performance of varying position estimate error

rates. The results in Figure 4.11(a) show that ER decreases with increasing position estima-

tion errors. However, with relatively big location errors, both GeoCHT and GEAR protocols

still achieve satisfying performance. For example, when we introduce random errors in the

range [-25, 25] for each node’s x- and y-coordinates (i.e. error rate of 0.1), the simulation re-

sults show very small performance degradation: the ER is still 95% for both protocols. When

we introduce a randomized error between [-150, 150] for each node’s x- and y- coordinates

(i.e. error rate of 0.6), the simulation results show around 25% performance degradation in

ER. The sensitivity of both protocols to position estimate errors is very similar and ER of

GEAR and GeoCHT are very close to each other.

Since we introduce localization errors in the network, some false query executions exist

in the network as shown in Figure 4.11(b). False execution ratios of the protocols are the

same for a given position estimate error rate. For an error rate of 0.15, i.e. around 37.5m

error, FER of GEAR and GeoCHT is still zero. If we introduce an error rate of 0.2, 1% of

the nodes outside the region of interest are executing the queries on average. FIR results

shown in Figure 4.11(c) are not much affected from the increase of the positioning error.

FIR of GeoCHT is slightly higher than FIR of GEAR. However, when we increase the lo-

calization error rate, the FIRs of both protocols are more or less the same. Coverage region

based approach of GeoCHT allows better hiding of inaccuracy of node positions for higher

localization errors. On the other hand, using individual inaccurate positions for geographical

routing in GEAR results in more failures of query forwarding for higher error rates.

Figure 4.12 shows the networking performance of varying position estimate error. In

Figure 4.12(a), query delivery delays of GEAR and GeoCHT are shown. The query delivery

delay of GEAR increases progressively when the localization error rate increases. On the

other hand, GeoCHT has a constant delay with increasing localization error rate. GeoCHT

is based on convex hulls of sinks’ coverage areas and even if we have localization errors in

nodes, the resulting convex hulls are the approximation of the correct convex hulls. Since we

have a hierarchical structure in the definition of coverage areas in GeoCHT, a node has an

‘overview’ about the region between its position and the area of interest. This ‘overview’ is

affected by localization errors, but is still a good approximation of the correct coverage area.

Therefore, the path between a sink and the area of interest is also an approximation of the

correct path between the sink and the area of interest. As a results, the delay of GeoCHT is

not affected by increasing localization errors.
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Figure 4.11: Scenario 4 – Routing accuracy performance of varying position estimate error rates
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Figure 4.12: Scenario 4 – Networking performance of varying position estimate error rates scenario

However, routing strategies such as GEAR, which carry the packet geographically closer

to the destination in each hop, can result in different paths with different localization errors.

Since a node in GEAR only has a local knowledge about its surrounding nodes (i.e. one hop

neighbors’ positions) and it forwards the message based on this local knowledge, the path

between sink and the target region can be longer when nodes have position estimate errors.

In Figure 4.12(a), we observe higher delays with higher localization errors in GEAR, and we

expect that to be caused by longer paths between the sinks and the nodes in the target region.

The network loads of both protocols are constant for varying error rates. Even if we have
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position estimate errors in the network, both GEAR and GeoCHT try to forward queries

towards the area of interest. Therefore, the network load is constant when we increase the

error rate. The number of packets the protocol sends when there is no positioning error in

the network is the same with the number of packets sent when there are positioning errors.

Although network load of GEAR and GeoCHT do not change with the increase of error rate,

the ER of both protocols is affected, because the protocols cannot deliver the query packets

to the correct locations due to positioning errors.

4.6.5 Mobile networks

The effects of mobility on both protocols are evaluated in scenarios 5 and 6. The mobile net-

work simulations are performed in a 2500x2500m2 deployment area with 200 sensor nodes

and 6 sinks. Simulations of both mobile scenarios show that the False Execution Ratio of

queries in mobile networks is zero for both GEAR and GeoCHT protocols, therefore not

shown in the graphs. This is due to the fact that when a mobile node that was in the target

region before starting to move, receives a query, it first checks its current position and if it is

not inside the area of interest anymore, it does not execute the query.

Scenario 5: Effect of the number of mobile nodes

This scenario evaluates the effects of the different number of mobile nodes in a network: 1%

to 20% of the network nodes are moving. The average speed of the mobile nodes is 5m/s.

Figure 4.13 shows the routing accuracy performance of this scenario.

Figure 4.13(a) shows the ER results for GEAR and GeoCHT. GEAR slightly outperforms

GeoCHT when we increase the mobility rate. This is mainly due to the fact that we used

tree-based shortest path routing to connect nodes to sinks in GeoCHT simulations. As tree-

based approaches require frequent reconfigurations in mobile sensor networks, they may have

worse performance in mobile sensor networks.

Figure 4.13(b) presents the FIR results of GEAR and GeoCHT. As we already observe

in the previous simulations, the FIR of GEAR is higher than the FIR of GeoCHT. When we

increase the mobility rate in the network, the FIR of GEAR slightly increases. GeoCHT also

has a slight increase in FIR when the mobility rate is increased. This means that although

convex hulls of sensors may be affected by mobile nodes, the coverage areas of sinks are not

much affected. Only the movement of nodes that are close to the boundary of a sink’s convex

hull may change the coverage area of this sink when they pass this boundary.

Figure 4.14 shows the networking performance of this scenario. In Figure 4.14(a) we

show the query delivery delays of both protocols. The delays are not affected much by the

increasing number of mobile nodes in the network. The delay is still much higher in GEAR

than in GeoCHT. The network loads of GEAR and GeoCHT are shown in Figure 4.14(b).

As we already see in the previous simulations, the network load of GEAR is higher than

the network load of GeoCHT, also in this mobile scenario. The network load of GEAR is

slightly decreasing with the increase of the number of mobile nodes. This is to be seen

together with the ER of GEAR. The probability of a neighborhood change is getting higher

with the increase of mobility rate. A query packet can get stuck at a node that does not have

anymore a neighbor closer to the region of interest. Therefore, the number of sent query

packets decreases in GEAR.
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Figure 4.13: Scenario 5 – Routing accuracy performance of varying mobility rate scenario
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Figure 4.14: Scenario 5 – Networking performance of varying mobility rate scenario

Scenario 6: Effect of speed of mobile nodes

The speed of mobile nodes is varied in this scenario: 5% of the network nodes are moving

with a speed varying between 2m/s and 20m/s. Figure 4.15 shows the routing accuracy per-

formance. The results in Figure 4.15(a) and Figure 4.15(b) show the same behavior as the

simulation results of scenario 5. Higher mobility speed requires more frequent reconfigura-

tions in mobile sensor networks in GeoCHT. Therefore, ER of GeoCHT is less than ER of

GEAR due to the tree-based structure used by GeoCHT, but the difference is very small. FIR

results of GEAR and GeoCHT in scenario 6 are also very similar to the results in scenario 5.

Figure 4.16(a) presents the query delivery delays of both protocols when we increase

the speed of mobile sensors. The query delay of both protocols is affected very little by the

increase on nodes speed. GeoCHT is outperforming GEAR considerably. Figure 4.16(b)

shows the effect of nodes speed on the network load. GeoCHT network load is unaffected by

the change in mobile nodes speed. It is again much lower than the network load of GEAR.
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Figure 4.15: Scenario 6 – Routing accuracy performance of varying mobility speed scenario
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Figure 4.16: Scenario 6 – Networking performance of varying mobility speed scenario
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4.7 Local Updates to Handle Mobility of Sensors

Global updates periodically rebuild all routing trees rooted at the sinks and the local convex

hulls of all the subtrees. This approach updates even the tree branches which are not affected

by the mobile nodes. In this section, we introduce local updates initiated by the mobile

sensors to update only the branches affected by mobility of nodes.

When a mobile node (MN) moves from one location to another, it may change its neigh-

borhood, including its parent and child nodes. As result of mobility, the child nodes of the

MN may need to re-associate themselves to another parent node and/or the MN may need to

re-associate itself to a new parent node. Figure 4.17 shows which nodes and local convex

hulls are affected by the mobility of a node. MN and one of the child nodes (i.e. C2) have to

associate themselves with new parent nodes (i.e. PNew and PCnew) after the movement of MN.

Also, the convex hulls of new parent nodes (i.e. PNew and PCnew), and old parent nodes (i.e.

Pold and MN) change due to mobility. In the following we explain how to detect these changes

by the neighbors of MN and how to update accordingly the convex hulls of the affected nodes.

As shown in Figure 4.18, the neighbor list of a MN consists of the child nodes (i.e. Node

C1 and C2) and a parent node (i.e. Node P) of MN and the other close-by nodes (e.g., Node N).

In our local updating approach, to inform its neighbors about its movement, MN periodically

broadcasts beacon packets called MN BEACON. The frequency of MN beaconing depends on

the transmission range, speed of MN, and a constant, k (i.e. beaconing constant) defined

by the network. The following equation shows how the frequency of MN beacon packets is

calculated:

MN BEACON INTERVAL =
RTX

VMN

× k (4.6)

Figure 4.17: Effects of movement of MN on the routing tree and convex hulls
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where 0 < k ≤ 1. VMN and RTX denote the maximum mobile node speed (m/s) and the

maximum radio range (m). RTX

VMN
is the time to leave the transmission range. The constant

k helps to determine how often a MN BEACON packet should be sent. It can be designated

based on the network characteristics such as node density. We assume that the radio range

shown in Figure 4.18 is the same for both sinks and sensor nodes. It is important to note that

MN BEACON INTERVAL is the local update rate since it is determined by the speed of MN.

Figure 4.18 shows the content of a MN beacon packet. A MN BEACON packet contains the ID

of MN, frequency of the beaconing, and parent ID of MN.

Messaging during the local updates is illustrated in Figure 4.19. In the figure, MN broad-

casts a MN BEACON packet at time t0. The receivers of a beacon packet first check who sent

the beacon. The receiver node can be (i) the parent node P of MN, or (ii) a regular neighboring

node N of MN, or (iii) a child node C of MN. Every node that receives a MN BEACON packet

sends an acknowledgement (i.e.ACK) message back to MN initiating the beaconing as shown

in Figure 4.18. However, the content of the acknowledgement message is determined by the

relationship between MN and the receiver node:

• When a regular neighboring node N or the parent node P of MN receives a MN BEACON

packet, the receiver node sends an ACK BEACON packet back to MN. Figure 4.19 shows

that the parent node P and the neighbor node N send ACK BEACON packets back to MN

at times t1 and t2, respectively. An ACK BEACON packet includes the ID of the node,

the sink ID which this node is connected to, and the number of hops to the sink as

shown in Figure 4.18.

• When one of the child nodes of MN receives a beacon from MN, the child node sends an
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Figure 4.18: Beaconing to handle mobility of MN in the routing tree
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PC1N

t0:MN_BEACON

C2

Figure 4.19: Messaging during local updates

ACK CHILD packet back to MN. Figure 4.19 shows that the child nodes C1 and C2 send

ACK CHILD packets back to MN at times t4 and t5, respectively. An ACK CHILD

message includes the convex hull (i.e. coordinates of convex hull) of the child node as

shown in Figure 4.18.

It is also important to point out that when the parent node or a child node of MN receives

a beacon, it starts to wait for another beacon from MN (at times t01 and t02 in Figure 4.19).

After the beacon interval passes, MN sends another MN BEACON packet at time t10 as shown

in Figure 4.19. If the child node of MN does not get another beacon (since MN moves out

of communication range of the child node) in the time period (beacon interval) specified in

the MN BEACON packet, it starts to search for another parent at time t11 (details in Sec-

tion 4.7.5). If the parent node of MN does not receive another beacon within the beacon

interval (since MN moves out of communication range of the parent node), it removes the

convex hull of MN form its local convex hull at time t12 (details in Section 4.7.4).

After receiving ACK packets from its neighbors, MN executes the following actions if

needed: (1) Updating the convex hull and propagating the changes up on the tree if MN does

not get an ACK from a child node, (2) New parent selection if MN does not get an ACK from

the parent node, and (3) Propagation of the convex hull and the new hop count level after MN

selects a new parent.
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4.7.1 Updating the convex hull of MN and propagation of changes

If a child node of a MN is not in the communication range of MN anymore, MN does not receive

ACK packets from this child node. Therefore, the convex hull of this child node should be

removed for the convex hull of MN. For a MN to maintain its convex hull, it calculates its new

convex hull after it receives new ACK CHILD messages from its child nodes which are still

connected to MN (at times t6 and t16 in Figure 4.19). There are two options for updating MN’s

convex hull: (i) MN can use a timeout mechanism by utilizing ACK CHILD packets; if there is

no ACK CHILD for a given interval from a specific child, MN removes the convex hull of this

child (a similar approach explained in Section 4.3.2), or (ii) it can wait for a predefined time

interval and then calculates its convex hull from the received ACK CHILD packets. If MN’s

convex hull is changed‡, MN sends a convex hull update message (i.e. HELLO TO PARENT)

to its parent to inform the parent about its new convex hull as shown in Figure 4.19 at time

t17. Any node receiving a convex hull update message first checks if the aggregated (local)

convex hull is changed. If the node’s convex hull is also changed, then it sends also an update

message (at time t18 in the figure) to its parent until the update message reaches to the root

of the tree, the sink node.

4.7.2 New parent node selection of MN

If MN receives an ACK BEACON packet from its parent, MN concludes that it is still in the

communication range of its parent. Although MN is still in the communication range of the

current parent node, it may change its hop count level (HCL) due to its mobility, e.g. comes

closer to the sink. However, as long as the current parent of MN is in the communication

range, MN keeps the same parent node although there exist other parent candidates having

shorter distances to the sink. With this approach, it is possible to avoid sending of extra HCL

update messages (i.e. HCL UPDATE) to the child nodes of MN after changing the parent and

HCL of MN. Also, MN still remains connected to the tree.

If MN does not receive an ACK BEACON packet from its parent, MN concludes that it is

not in the communication range of its parent anymore. Therefore, MN checks the HCLs (i.e.

hops to sink entries in ACK packets) of other ACK BEACON packets sent by other neighbor

nodes. When MN receives an ACK BEACON, it records the sender node as a candidate for the

parent node. After the predefined time interval expires, MN checks its candidate parents list.

Since its current parent is not in the list, it chooses the node which has the smallest HCL to

the sink from the candidate parents list as the new parent node. In Figure 4.19 at time t14,

MN chooses node N as the new parent.

4.7.3 Convex hull and HCL propagation after MN changes its parent

If the hop count level (HCL) of MN changes after the new parent selection, MN sends its

new HCL (in HCL UPDATE message at time t20 in Figure 4.19) to its current child nodes.

Therefore, the child nodes can also update their HCLs to the sink. This HCL update message

is propagated (at time t21 in the figure) until it reaches to the leaf nodes of the branch.

Also, MN sends a HELLO TO PARENT message including it convex hull to its new parent.

The parent node receiving a HELLO TO PARENT message recalculates its convex hull. The

convex hull changes are propagated until the changes reach to the sink.

‡To check if its convex hull is changed, MN stores the previous convex hull. After comparison, it deletes the old

convex hull.
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After receiving the first beacon packets from MN, child nodes and the parent node of MN

start to wait for another MN beacon packet for a beacon interval. In the following, we explain

the actions executed by the parent and child nodes of MN when there is no other beacon from

MN.

4.7.4 Removing MN’s convex hull from its previous parent node

If the parent node of a MN does not receive another beacon packet from its mobile child

after the beacon interval defined in the previous MN BEACON packet, it concludes that it is

not in the communication range of its mobile child anymore. Therefore, the convex hull

of the mobile child should be removed form the convex hull of the previous parent of MN

as illustrated in Figure 4.19 at time t12. The timeout mechanism for removing coordinates

from local coverage areas is also executed here to remove MN’s convex hull from the convex

hull of its previous parent. It is important to point out that the timeout interval should not be

shorter than the beaconing interval (i.e. MN BEACON INTERVAL) to ensure not to remove

MN’s convex hull before it is reinforced.

4.7.5 Parent invalidation for child nodes of MN

If a child node of MN does not receive another beacon packet from its mobile parent af-

ter the beacon interval defined in the previous MN BEACON packet, it concludes that it is

not in the communication range of its parent anymore. Therefore, it searches for another

parent. For this purpose, it broadcasts a PARENT REQUEST message. The child node C2

does not receive another beacon from MN and at time t19 it starts to search for another

parent by sending a PARENT REQUEST message in Figure 4.19. All nodes receiving a

PARENT REQUEST message reply a PARENT REPLY message back to the initiator of the

parent request message. After the node receives PARENT REPLY messages, it chooses the

node which has the smallest HCL to the sink (at time t22 in the figure). Then, the child node

sends a HELLO TO PARENT message to its new parent to inform about its convex hull (at

time t23 in the figure). The new parent receiving a HELLO TO PARENT combines its convex

hull with its new child node’s convex hull and propagates its new convex hull to upper nodes

in the tree if the aggregated convex hull is changed. After the new parent selection, if the

current HCL of the child node is different than its previous HCL, it should also propagate its

new HCL to its child nodes (at time t24 in the figure) and the whole branch down in the tree.

4.8 Performance Evaluations of Local Updating

In order to evaluate the performance of global and local updates described above, we used

the open source network simulator NS-2 [15] version 2.33. We have added a new routing

agent (i.e. geocast) into NS-2 over the currently implemented network stack.

In the following, we provide first the descriptions of the scenarios and the metrics for

evaluating the performance of the proposed mobility handling methods and for evaluating

the routing accuracy and networking performance of the convex hull based geocasting. After

that, we present the scenarios characteristics of mobility handling simulations. Finally, we

analyze the simulation results we obtained.
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4.8.1 Evaluation Scenarios and Metrics

The proposedmobility handling method (i.e. local updates) for our geographical routing pro-

tocol is evaluated in terms of routing accuracy i.e. how well the proposedmechanism delivers

messages to the region of interest defined in a query, and in terms of communication over-

head. The performance of two methods (i.e. global updates and local updates) for handling

mobility in geocasting has been evaluated by varying the number of nodes, number of mobile

nodes and speed of the mobile nodes with the following scenarios:

• Scenario 1 – We vary the number of nodes from 60 to 360, where 10% of the nodes

are moving with a speed of around 10m/s.

• Scenario 2 – We vary the number of mobile nodes from 10 to 50 in a network having

200 nodes. The speed of the mobile nodes is around 10m/s.

• Scenario 3 – We vary the speed of mobile nodes from 1 to 17m/s in a network having

200 nodes with 20 mobile nodes.

We have measured two metrics to evaluate the mobility handling mechanism for routing

of queries towards a specific region in these multi-sink WSN scenarios:

• Execution ratio (ER) – ER is explained in Section 4.6.1.

• CommunicationOverhead (CO) – The total number of packets that are sent to construct

and maintain the structure. It includes hello packets sent from sinks, beacon packets

sent from mobile nodes and convex hull definition update messages. If more messages

need to be transmitted to keep the geocast structure up-to-date, the energy consumption

in the WSN is likely to increase. We measure this effect with the overall network load.

False injection ratio (FIR), False execution ratio (FER), Average query delay (AQD),

Network load (NL) are used to evaluate the performance of convex hull based geocasting in

Section 4.6. These metrics are not much affected by mobility. Since our aim is to evaluate

the performance of discussed mobility handling techniques in a tree-based network, in this

section we are mostly interested in ER and CO which are directly related with mobility

handling.

4.8.2 Scenario Characteristics for Mobility Handling Simulations

In the simulations, the sensor nodes are uniformly deployed in a rectangular deployment

area of 1800x1800m2 where we have 3 sinks. Every sensor node has a transmission range

of 250m. We use Random Waypoint movement model to simulate sensor node mobility.

The speed of mobile nodes varies from low mobility (i.e. 4-5 km/h for walking humans) to

high mobility (e.g., 40-60 km/h for UAVs§) scenarios. A simulation run lasts 100 simulation

seconds. For a given simulation run, results are averaged over all the queries sent during

the simulation. The averaged values are calculated over 10 different deployments with a

fixed number of sensor nodes. For each deployment, we randomly select 5 different center

points for disjoint target regions which are circular areas. Assuming to divide the deployment

§The typical UAV speed is taken from the specification document of EU project AWARE (IST-2006-33579,

http://www.aware-project.net) and were used in the field experiments of AWARE in May 2009 in Seville, Spain.
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Figure 4.20: An example topology with coverage areas of sinks and target regions

Table 4.3: Simulation Parameters

Simulation time 100s

Simulation area 1800x1800m2

MAC protocol IEEE 802.11 DCF

Transmission range 250m

Number of sinks 3

Number of sensor nodes 60 to 360

Number of mobile nodes 10 to 50

Mobile node speed 1 to 17 m/s (4 to 60 km/h)

Mobility model RandomWaypoint

Global update frequency, f 3s to 25s

Mobile node beacon constant, k 0.05, 0.10, 0.20

Target region Circle, radius 250m

Target region selection 5 random center points

Query sending frequency 10s for local update simulations

100ms before global updates

area into 4 sub-rectangles from the center, one of the target region is at the middle of the

network and the other four are in one of the sub-rectangles. Figure 4.20 illustrates an example

simulation topology with convex hulls of sinks and target regions. The target regions are

created in a way that they cover all the directions in the deployment area.The simulation

parameters are given in Table 4.3.

We compare the performance of our geocasting protocol when we have only global up-

dates started by sinks periodically and local updates triggered by mobile sensors. Global

updates are sent from sinks with a frequency varying from 3 to 25 seconds. In simulations

with only global updates, the queries are sent 100ms before the next global update starts. In
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simulations with construction of geocast structure followed by only local updates, the queries

are sent every 10 seconds. As described in Section 4.7, mobile nodes send beacon packets

periodically having a frequency based on the speed of the node and the mobile node beacon

constant, k, which varies from 0.05 to 0.20.

4.8.3 Effect of Frequency of Global Updates

To estimate the most efficient global update frequency, we test different frequency values

(i.e. f ) varying from 3 to 25s. In this set of simulations, sinks perform periodically global

updates to update the routing tree and local convex hulls. There is no local update during

the simulations, i.e. mobile nodes do not sent local update messages to their neighbors.

Higher frequency of global updates means that the routing trees of sinks will be updated

more frequently resulting in fresh geocast structure most of the time. The queries are sent

just before the next global update starts to see the worst case behavior of different update

frequency values.

In Figure 4.21(a), we evaluate ERs of different f values when we increase the number of

nodes and the number of mobile nodes in the network. We observe that increase in number

of nodes and number of mobile nodes in the network results in decreases of ERs for different

global update frequencies. The best ER is obtained when f = 5. Although global updating

every 3 seconds refreshes the tree structure more frequently, the drop in the ER of f = 3 is

very large when we increase the number of nodes. This is mainly due to the overlapping of

global updates. Overlapping means that before finishing one global updating, the next one

starts. The overlapping time gets longer when we havemore nodes in the network. Therefore,

for bigger network sizes 3 seconds is not enough to finish one global updating. For instance,

for a network having 360 nodes, it takes around 3.75 seconds to finish one global update.

For other f values bigger than 5, ER is worse than ER of f = 5 for the given network sizes.

It is important to point out that for networks bigger than 360 nodes, 5 seconds may also

not enough to finish one global updating. However, it is the best frequency for the range of

network sizes we consider here.

In Figure 4.21(b), which reflects the results of Scenario 2, we plot the dependency bet-

ween ER and the number of mobile nodes. While in Scenario 1 (Figure 4.21(a)), the ratio of

mobile nodes to the number of nodes in the network is constant, here we vary the number of

mobile nodes in the network and keep the total number of nodes fixed. ER of f = 5 is also

the best in this scenario. In general, when we have higher mobility (i.e. more mobile nodes)

in the network, the ER decreases for all values of f .

Finally, in Figure 4.21(c), we explore the influence of speed of mobile nodes on ERs

of different update frequencies. The frequency f = 5 again achieves the best performance.

However, different than the other scenarios, ERs first slightly decrease when we increase

the speed of mobile node up to 9m/s, then ERs stay more or less stable or slightly increase

for the speeds higher than 9m/s in this scenario. This behavior is due to the adaptation of

timeout mechanism (i.e. timeout interval is calculated by Equation (4.2)) according to speed

of mobile nodes. For higher speeds, timeout interval is shorter; hence, up-to-date convex hull

descriptions can be obtained quicker. Since the geocast structure is updated more frequently

for higher speeds by the timeout mechanism, ER results are the same or better for higher

speeds.

Maintaining up-to-date convex hull information by exchanging control packets evokes
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Figure 4.21: Execution Ratio for different frequencies of global updates

89



Query Dissemination in Multi-Sink Mobile Wireless Sensor Networks

 0

 20000

 40000

 60000

 80000

 100000

 120000

 140000

 50  100  150  200  250  300  350

C
O
 
(
#
 
o
f
 
p
a
c
k
e
t
s
)

Number of nodes

Global Updates - f=3
Global Updates - f=5
Global Updates - f=10
Global Updates - f=15
Global Updates - f=20
Global Updates - f=25

(a) Scenario 1: Impact of Number of Nodes

 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 80000

 90000

 10  15  20  25  30  35  40  45  50

C
O
 
(
#
 
o
f
 
p
a
c
k
e
t
s
)

Number of mobile nodes out of 200 nodes

Global Updates - f=3
Global Updates - f=5
Global Updates - f=10
Global Updates - f=15
Global Updates - f=20
Global Updates - f=25

(b) Scenario 2: Impact of Number of Mobile Nodes

 0

 10000

 20000

 30000

 40000

 50000

 60000

 70000

 80000

 90000

 0  2  4  6  8  10  12  14  16  18

C
O
 
(
#
 
o
f
 
p
a
c
k
e
t
s
)

Speed of mobile nodes (20 nodes out of 200 nodes moving)

Global Updates - f=3
Global Updates - f=5
Global Updates - f=10
Global Updates - f=15
Global Updates - f=20
Global Updates - f=25

(c) Scenario 3: Impact of Mobile Node Speed

Figure 4.22: Communication Overhead for different frequencies of global updates
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control overhead. Possessing the most up-to-date tree structure provides better chance to

build a more efficient query dissemination solution. However, there is a trade-off with the

update interval: if trees are updated too often, the benefit of having current state information

diminishes and most of the energy will be consumed exchanging control packets (i.e. hello,

convex hull update messages). In what follows, we investigate the communication overhead

of different update frequencies in the three scenarios.

Figure 4.22(a) presents the results in terms of communication overhead when we vary

the number of nodes. CO values of global updating with f = 10, 15, and 20 are very close

to each other. On the other hand, when we increase frequency to 5 and 3, the increase in

the communication overhead is very large with increasing number of nodes. The trend in

Figure 4.22(a) is steeper when we increase the number of nodes; on the other hand, in Fi-

gure 4.22(b) and Figure 4.22(c), the graphs increase gradually. In Figure 4.22(b), we observe

that COs of all frequencies slightly increase when we increase the number of mobile nodes

in the network. The reason for this behavior is that more convex hull update messages are

generated due to higher mobility rate. Figure 4.22(c) shows the CO results with increasing

mobility speed. The figure has a very similar shape with the varying number of mobile nodes

graph in Figure 4.22(b). Again, due to adaptation of timeout interval (i.e. Equation (4.2)) ac-

cording to the speed of MN, higher speed results in more convex hull update messages in the

network. However, increasing network size is problematic in terms of CO of global updates,

whereas mobility rate and speed are not.

4.8.4 Comparison of Global and Local Updates Performance

In this set of simulations, only one global update (i.e. sinks helloing) is performed at the

beginning of the simulation to build a full geocast structure (i.e. the routing trees and convex

hulls) in the network. Then, only local updates from mobile nodes are sent in their neigh-

borhoods to keep geocast structure up-to-date during the simulation. Performance of local

updating with different k values are compared. Local updating is also compared with the

best frequency of global updating. The parameter k affects the frequency of local updates

performed by MNs. A small k results in triggering local updates more frequently. Assuming

a mobility speed of 10m/s and 250m transmission range, when we have k = 0.10, MN sends

a beacon packet for every 25m displacement.

In Figure 4.23(a) we compare the local updates with different MN beacon constant, k, val-

ues and global updating with a frequency of 5 seconds which achieves the best performance

as shown in the previous set of simulations. It is observed that ER of all local updates with

different k values is better than the best global update. When we increase the number of

nodes in the network by keeping the deployment area fixed, the density of the network also

increases. This increase results in shorter distances between parent and child nodes. Hence,

as observed in the figure, for bigger number of nodes, the ER values are very close to each

other for different values of k because longer MN beacon intervals still achieve on-time up-

dating of geocast structure in dense networks. With this observation, we can redefine k as

density factor since it should be determined by the density of the network. In Figure 4.24(a),

we compare the communication overhead of local and global updating. When sensor nodes

are more densely deployed in the sensor field, the CO increases for both global and local up-

dating. However, the CO of local updating with different k values is always lower than that

of global updating. This is an expected results since local updates only reshape the branches
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Figure 4.24: Comparison of local and global updates in terms of Communication Overhead
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affected by mobile nodes so the messaging is reduced in the local updating.

Figure 4.23(b) plots the ERs of local and global updating when we increase the number

of mobile nodes in the network. Local updating with k = 0.05 gives the best results of ER.

While ERs of local updating with k = 0.05 are very close to local updating with k = 0.10

and k = 0.20 for networks having less than 35 mobile nodes, this behavior changes for

networks having more mobile nodes. Results show that when we have more mobile nodes,

more frequent updates are needed to reflect the actual geocast structure. For any k value of

local updating, global updating gives worse ER results than local updating. Figure 4.24(b)

presents the results in terms of communication overhead when we vary the number of mobile

nodes. As expected if we have more number of mobile nodes, messaging, so communication

overhead increases for local updating. On the other hand, CO slightly increases for global

updating when we increase the number of mobile nodes since communication overhead of

global updating mainly depends on the number of nodes in the network and some convex hull

update messages due to timeout mechanism. However, as we observed from Figure 4.23(b)

and Figure 4.24(b), it is possible to determine a k value for local updating which results in

less CO and still performs better than global updating in terms of ER. If we compare the COs

of local and global updating, for example for k = 0.20, when we have 40 mobile nodes in the

network, COs of local and global updates are more or less the same. This number is getting

smaller for smaller k values (i.e. COs of local and global updates are similar when we have

25 nodes for k = 0.05 and 30 nodes for k = 0.10) of local updating because smaller k values

create more beacon and update messages in the network.

In Figure 4.23(c), we evaluate ERs of local and global updating when we increase mo-

bility speed. ERs of local updating with different k values first slightly decrease when we in-

crease the speed of mobile node upto 9m/s, then ERs slightly increase or stay unchanged for

the speeds higher than 9m/s. For higher speeds of mobile nodes, MN BEACON INTERVAL

gets shorter and mobile nodes become the leaf nodes of the trees more quickly since they

send leave messages to their child nodes quickly after they start to move. In Figure 4.24(c),

we explore the influence of speed of mobile nodes on COs of local and global updates. When

we increase the speed of mobile nodes, COs of local updates with different k values increase.

This is due to the fact that higher speed means shorter MN BEACON INTERVAL; thus, more

MN beacon and convex hull update messages for local updating mechanism. On the other

hand, CO of global updating slightly increase with increasing speed. CO of local updat-

ing with k = 0.20 is always smaller than CO of global updating; however, when we assign

k = 0.10, the COs of local and global updating are very similar for the speed of 15m/s (i.e.

around 55km/h).

4.8.5 Discussion of Simulation Results

As we observed from the simulation results, local updates perform very well in terms of

ER; on the other hand, local updating is much more energy efficient than global updating

in networks having any number of nodes, but, small number of mobile nodes (i.e. around

10-15% of the number of nodes) moving with a speed varying from low to high (i.e. around

1-20m/s). This specification is very much valid for mostly static sensor network scenarios

in which most of the sensors are static and some sensors are attached to people or vehicles

such as firefighters or firetrucks, unmanned aerial vehicles (UAVs) moving at low or medium

velocities in an Emergency Response Application.
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It is possible to apply some improvements to local updating mechanism if we assume that

the mobile nodes are aware of their direction of movement. Some of the acknowledgement

packets can be eliminated when a mobile node knows whether it moves towards the sink of

the tree or in the opposite direction. If mobile node moves towards sink, there is no need

to have acknowledgements from the neighbor nodes in the same hop count level. Since

the number of acknowledgement packets increases as the network size gets bigger (i.e. the

number of neighbors increases), reducing unnecessary acknowledgement packets will have a

positive impact on the overall communication overhead. Mobile nodes can easily determine

their movement direction, if they are aware of the position of the sink node.

4.9 Conclusion

We presented a protocol for routing of queries in a region of interest in this chapter. The

protocol relies on a structure that consists of routing trees and convex hulls of tree branches

and the full trees, which represent the respective coverage areas. This structure is used for

an efficient routing of queries. We compared our geocasting protocol, namely GeoCHT, with

GEAR. The comparison was done for both static and mobile scenarios in terms of routing

accuracy and on networking. In static scenarios, the execution ratios of both protocols are

very close to each other and change between 90% and 100%. GEAR has a slightly better

execution ratio than GeoCHT, while GeoCHT outperformsGEAR in the other metrics. False

execution ratio is zero for both protocols. False injection ratio of GeoCHT is more or less

constant and lower than GEAR for most of network configurations. The query delay and

network load of GeoCHT are much lower than in GEAR. There are similar results from the

mobile scenarios. The execution ratio of GEAR is slightly better than of GeoCHT, both

staying in the range of 90% and 100%. GeoCHT outperforms GEAR considerably in the

other metrics, false injection ratio, query delay and network load, for all the considered

mobility scenarios. False execution ratio is again zero for both protocols. Since both GEAR

and GeoCHT assume that nodes have an estimate of their positions, we have also tested and

compared the two protocols to observe the effect of positioning error. The execution ratios

of both protocols decrease with a very similar slope when we increase the localization error.

The query delay and network load of GeoCHT are unaffected by the positioning error. They

are both lower than in GEAR, where we also see that the delay increases with the increase of

the positioning error.

In the second part of the chapter, we focus on handling mobility where several sensors

move in the sensor field. The mobility imposes high needs in the updating of the geocast

structure. We proposed a local update mechanism, where updates are triggered by moving

sensor nodes, and are kept constrained only to the parts of the structure affected by those

nodes. We compared the performance of local updates with global updates of the struc-

ture in terms of query execution ratio and the communication overhead caused by the two

types of updates. The proposed local updating mechanism is designed for coping well with

such dynamic environments, by using distributed local link reversal. The simulation results

demonstrate that geocasting with local updating performs a better query dissemination in

terms of execution ratio with relatively low communication overhead, compared to geocast-

ing with global updating. Although increasing number and speed of mobile nodes results

in increase in the overall communication overhead on the network, local updating still per-

forms better than global updating in terms of execution ratio. This is due to the fact that
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local updating performs continuous updating of the tree branches which are affected by the

mobile nodes. The most critical issue is the mobility rate (i.e. number of mobile nodes / total

number of nodes) to decide which approach performs better. Indeed, if the network under

consideration is highly mobile where most of the nodes are moving, tree based routing ap-

proaches becomes very costly to maintain the routing structure. Although tree based routing

protocols can tolerate topology changes in mostly static sensor network deployments, they

cannot survive excessive topology changes in highly mobile deployments.
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CHAPTERV ∗

Data Dissemination in Mobile Multi-sink Wireless Sensor

Networks

A new category of intelligent sensor network applications emerges where motion is a funda-

mental characteristic of the system under consideration. In such applications sensors are at-

tached to vehicles, animals or people that move around large geographic areas. For instance,

in mission critical applications of wireless sensor networks, sinks can be associated to first

responders such as firefighters, but also to vehicles like unmanned aerial vehicles (UAVs), or

in a road safety application, sensors are carried by cars in cities. In such scenarios, reli-

able data dissemination of events is very important, as well as the efficiency in handling the

mobility of both sinks and event sources. In this chapter we propose a virtual infrastructure

and a data dissemination protocol exploiting this infrastructure, which considers dynamic

conditions of multiple sinks and sources. The architecture consists of ‘highways’ in a honey-

comb tessellation, which are the three main diagonals of the honeycomb where the data flow

is directed and event data is cached. The highways act as rendezvous regions of the events

and queries. Once a query is issued, it is sent to one of the highways and searches relevant

data stored in the highway. When the data is found, it is sent to the sink which has issued the

query. Our protocol, Hexagonal cell-based Data Dissemination (HexDD) is fault-tolerant,

meaning it can bypass holes in the network. We analytically evaluate the communication cost

and hot region traffic cost of HexDD and compare it with other approaches.

∗This chapter is a minor revision of the paper with the title “A virtual infrastructure based on honeycomb tes-

sellation for data dissemination in multi-sink mobile wireless sensor networks” In EURASIP Journal on Wireless

Communications and Networking, Submitted in April 2011 [6] and some parts of the chapter also appear in papers

published with the titles “Data dissemination of emergency messages in mobile multi-sink wireless sensor net-

works” In the Proceedings of the 9th IFIP Annual Mediterranean Ad Hoc Networking Workshop (Med-Hoc-Net),

June 2010 [1], and “A fault-tolerant data dissemination based on Honeycomb Architecture for Mobile Multi-Sink

wireless sensor networks” In the Proceedings of 6th International Conference on Intelligent Sensors, Sensor Net-

works and Information Processing (ISSNIP), December 2010 [5].
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5.1 Introduction

In all applications of wireless sensor networks, the primary goal is to collect useful infor-

mation by monitoring phenomena in the surrounding environment. Common sensing tasks

are heat, pressure, light, sound, vibration, presence of objects, etc. In WSNs, each sensor

individually senses the local environment, but collaboratively achieves complex information

gathering and dissemination tasks. Typically a WSN follows the communication pattern of

convergecast, where sensors -source nodes- generate data about a phenomenon and relay

streams of data to a more resource rich device called sink. This procedure is called data

dissemination, which is a preplanned way of distributing data and queries of sinks among the

sensors. In this chapter, we focus on data dissemination in mobile multi-sink deployments of

WSNs.

The work presented in this chapter is mainly motivated by disaster management scenar-

ios (see Chapter 2.4) where we have a mobile multi-sink wireless sensor network in which

the deployment of sensors is performed in a random fashion, e.g., dropping sensors from

helicopters flying above the field [3]. As shown in Figure 2.3, in this mobile multi-sink

WSN, UAVs, emergency responders, e.g. firefighters, or vehicles, e.g. firetrucks, carry sink

nodes on-board. These mobile sinks are used to collect more reliable data about the event in

the dangerous/inaccessible regions. In this scenario, both the number of sources and that of

mobile sinks may vary over time. The speed of sources and sinks also vary from a typical

pedestrian to a flying UAV.

Sink mobility brings new challenges to data dissemination in wireless sensor networks.

Figure 5.1 shows the movement trace† of a UAV carrying a sink on-board. Since the loca-

tion of the sink changes in time, as shown in the figure, the difficulty for sensor nodes is to

efficiently track the location of the mobile sink to report the collected measurements about

the event. Although several data dissemination protocols have been proposed for sensor

networks, e.g. Directed Diffusion [85], they all suggest that each mobile sink needs to peri-

odically flood its location information through the sensor field, so that each sensor is aware

of the sink location for sending future events and measurements. However, such a strategy

leads to increased congestion and collisions in the wireless transmission and is thus mainly

suited for (semi) static setups.

As flat networks and flooding-based protocols do not scale due to frequent location up-

dates from multiple sinks, overlaying a virtual infrastructure over the physical network has

been investigated as an efficient strategy for data dissemination towards mobile sinks [76]. In

this chapter, we investigate the use of virtual infrastructures to support mobile sinks in WSNs.

Once a virtual infrastructure is overlaid over the physical network, it acts as a rendezvous

region for storing and retrieving collected measurements. Sensor nodes in the rendezvous

region store the generated data during the absence of the sink. When the mobile sink crosses

the network, the sensors in the rendezvous region are queried to notify of the event data.

We first present the advantages and challenges of using mobile sinks in WSNs. Next,

we introduce the Honeycomb Architecture and the protocol based on it, Hexagonal cell-

based Data Dissemination (HexDD). HexDD is a geographical routing protocol based on this

virtual infrastructure concept, proposing rendezvous regions for events (data caching) and

queries (look-up). It is designed to improve network performance in terms of data delivery

†The movement trace data collected in the real-world AWARE experiments in May 2009 in Utrera, Spain.
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Figure 5.1: UAV mobility trace from AWARE experiments

ratio and latency, besides meeting the traditional requirements of WSNs, such as energy

efficiency.

Our contribution is a data dissemination protocol with a fault-tolerance mechanism that

does not require additional networking overhead, such as extra messaging to find alternative

paths. In contrast to the rich literature on virtual infrastructure based data dissemination,

especially those using greedy forwarding to send data from sources to rendezvous region,

data sent by sources is forwarded along predefined regions called highways, which are the

rendezvous regions in HexDD. The followings are some of the other key highlights of this

work:

(i) We discuss the advantages and challenges of mobile sinks and present a review of

existing virtual infrastructure based data dissemination protocols for mobile multi-sink

WSNs.

(ii) We propose HexDD protocol to accommodate the dynamics of the WSN due to stim-

ulus and sink mobility, in such a way that it avoids excessive updates caused by a

frequently changing environment. HexDD also provides a fault-tolerance mechanism

that detects routing holes and establishes alternative forwarding paths.

(iii) We analytically evaluate the communication cost and hot region traffic cost of HexDD

and compare it with other approaches.

(iv) We evaluate the performance of HexDDwith extensive simulations in NS2, and present

a large study of comparisons with two other virtual infrastructure based protocols (see

Chapter 6.1.2). The protocols with different virtual infrastructures allow us to study

the effects of the virtual infrastructure shape and the data dissemination strategy on the

networking performance.

(v) We show the hot spot regions (i.e., heavily loaded nodes around rendezvous areas) that

are created by different virtual infrastructure based protocols. We present a method for
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resizing of rendezvous region in HexDD to alleviate hot spot problem in the network

(see Chapter 6.1.2).

The rest of this chapter is organized as follows: The related works are introduced with

their strengths and weaknesses in Section 5.2. Section 5.3 introduces the honeycomb archi-

tecture and HexDD protocol. Section 5.4 provides analytical studies of communication cost

and hot spot traffic cost of HexDD. Finally, Section 5.5 draws the conclusions. Besides the

analytical evaluation of HexDD protocol in this chapter, in Chapter 6 we perform an exten-

sive comparative simulation study of HexDD protocol in two differentWSN applications, i.e.

mostly static and highly mobile.

5.2 Related Work

5.2.1 Mobility patterns and data collection strategies

Sink mobility can be classified as uncontrollable or controllable in general as we discussed

in Chapter 2.2. The former is obtained by attaching a sink node on a mobile entity such as

an animal or a shuttle bus, which already exists in the deployment environment and is out of

control of the network. The latter is achieved by intentionally adding a mobile entity e.g., a

mobile robot, into the network to carry the sink node. In this case, the mobile entity is an

integral part of the network itself and thus can be fully controlled [102].

Different sink mobility patterns provide different data gathering mechanisms ranging

from single hop passive communication (i.e., direct-contact data collection), which require

controllable sink mobility, to multi-hop source to sink solutions, which can be achieved by

uncontrollable or controllable sink mobility.

Direct-contact data collection has great advantage for energy savings. That is, sinks visit

(possibly at slow speed) all data sources one by one and obtain data directly from them. This

data collection strategy needs intelligent sink movement computed as the best sink trajectory

that covers all data sources and minimizes data collection delay [142]. With this approach,

maximum energy efficiency and longest network lifetime is achieved at the expense of very

long delays. This mobility scheme is feasible for delay tolerant applications.

Rendezvous-based data collection is proposed to achieve a good trade off between energy

consumption and time delay. Sensors send their measurement to a subset of sensors called

rendezvous points (RPs) by multi-hop communication; a sink moves around the network and

retrieves data from encountered RPs. The use of RPs enables the sink to collect a large vol-

ume of data at energy cost of multi-hop data communication at a time without traveling a

long distance and thus greatly decreases data collection delay. If the virtual infrastructure

of rendezvous-based protocol is well designed, one can achieve scalability and energy effi-

ciency. Rendezvous-based data collection can be used when we have uncontrollable (e.g.,

random or fixed-track) sink movement in a WSN.

5.2.2 Data dissemination protocols

Several data dissemination protocols have been proposed for WSNs with mobile sinks. The

proposed protocols fall in two major categories: (i) Flooding based and (ii) Virtual infras-

tructure based. In general, virtual infrastructure-based protocols can be divided into (i)

backbone-based approaches (e.g. [47]), and (ii) rendezvous-based approaches (e.g. [150])
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depending on how the virtual infrastructure is formed by the set of potential storing nodes.

All protocols discussed in this section assume uncontrolled mobility in the network.

Directed Diffusion [85] is a flooding-based approach introducing data-centric routing for

sensor networks. In this approach, each sink must periodically flood its location information

through the sensor field. This procedure sets up a gradient from a sensor node to the sink

node so that each sensor becomes aware of the sink’s location for sending future data. Al-

though directed diffusion solves the problem of energy-efficiency by using several heuristics

to achieve optimized paths, its flooding-based approach does not scale with the network size

and increases the network congestion.

PEG (Pursuit-Evasion Games) [149] is a sensor network system that detects an uncoop-

erative mobile agent, evader, and assists an autonomous mobile robot called the pursuer in

capturing the evader. The routing mechanism used in PEG, namely landmark routing, uses

the node at the center of the network as landmark (i.e. only one rendezvous point) to route

packets from many sources to a few sinks. It constructs a spanning tree having the landmark

node as the root of the tree. For a node in the spanning tree to route an event to a pursuer, it

first sends the data up to the root, the landmark. The landmark, then, forwards the data to the

pursuer. The pursuer periodically informs the network of its position by picking a node in its

proximity to route a query to the landmark. Since data dissemination used in PEG is a combi-

nation of directed diffusion [85] towards the landmark and central re-dissemination, in order

to build the gradients from sensors to landmark node (i.e. spanning tree), it uses flooding-

based approach (i.e. each node sends a beacon packet which is further re-broadcasted by all

the neighbors of the node) which results in broadcast storm problem increasing the conges-

tion.

As the flat networks and flooding-based protocols do not scale, overlaying a virtual in-

frastructure over the physical network often has been investigated as an efficient strategy for

data dissemination in mobile WSNs [76]. This strategy uses the concept of virtual infrastruc-

ture, which acts as a rendezvous area for storing and retrieving the collected measurements.

The sensor nodes belonging to the rendezvous area are designated to store the generated

measurements during the absence of the sink. After the mobile sink crosses the network, the

designated nodes are queried to report the sensory input. The concept of overlaying a virtual

infrastructure over the physical network has several advantages. The infrastructure acts as

a rendezvous region for the queries and the generated data. Therefore, it enables the gath-

ering of all of the generated data in the network and permits the performing of certain data

optimizations (e.g. data aggregation) before sending the data to the destination sink [76].

Secondly, in WSNs deployed in harsh environments, source nodes can be affected by several

environmental conditions (e.g., wildfire, etc.), and therefore, the risk of losing important data

is high. To ensure the persistence of the generated data, the source node can disseminate the

data towards the rendezvous area instead of storing it locally. Thus, the virtual infrastructure

enables data persistence against node failures. Main disadvantage of using a virtual infras-

tructure is the creation of hotspot regions in the network. However, it is possible to solve

this problem by adjusting the size of rendezvous regions. Several protocols that implement

a rendezvous-based virtual infrastructure have been proposed in the literature. They vary in

the way they construct the virtual infrastructure. In the rest of this subsection we summarize

these protocols.

The Geographic Hash Table (GHT) [139], which is illustrated in Figure 5.2(a), introduces
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(a) (b) (c)

(d) (e) (f)

Sensor node Rendezvous node Sink node Source node

Figure 5.2: Virtual infrastructure-based data dissemination protocols: (a) GHT (hashed location), (b)

TTDD (grid structure), (c) QDD (quad-tree structure), (d) LBDD (line-based structure), (e) RailRoad

(rail structure), (f) GCA (hexagonal clustering)

the concept of data-centric routing and storage. GHT hashes keys into geographic coordi-

nates, and stores a key-value pair at the sensor node geographically nearest the hash of its

key. In GHT, the data report type is hashed into geographic coordinates, and the correspond-

ing data reports are stored in the sensor node, called home-node, which is the closest to these

coordinates. This home-node acts as a rendezvous node for storing the generated data reports

of a given type. There are as many home nodes as data types. The main drawback of this

approach is the hotspot problem because all data reports and queries for the same meta-data

are concentrated on the same home node. This may restrict the scalability and the network

lifetime.

In Two-tier Data Dissemination (TTDD) [173], each source node proactively builds a

uniform virtual grid structure throughout the sensor field, as shown in Figure 5.2(b). A sink

floods a query within its local grid cell. The query packet then propagates along the grid

to reach the source node. While the query is disseminated over the grid, a reverse path is

established towards sink and data is sent to the sink via this reverse path. If the stimulus is

mobile, number of sources and grids increase. This situation can lead to excessive energy

drain, and therefore, limit the network lifetime.

Quadtree-based Data Dissemination (QDD) [120] protocol defines a common hierarchy

of data forwarding nodes created by a Quadtree-based partitioning of the physical network

into successive quadrants, as shown on Figure 5.2(c). In this approach, when a source node

detects a new event, it calculates a set of rendezvous points by successively partitioning the

sensor field into four quadrants, and the data reports are sent to the nodes which are closer

to the centroid of each successive partition. The mobile sink follows the same strategy for
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the query packet transmission. The main drawback of this approach is that few static nodes

will be selected as rendezvous points inducing a hot spot problem which may decrease the

network lifetime and reliability.

Line-based Data Dissemination (LBDD) [75], which is proposed for mobility of sink and

source nodes, defines a vertical line or strip that divides the sensor field into two equal sized

parts, as shown in Figure 5.2(d). Nodes within the boundaries of this wide line are called

inline nodes. This virtual line acts as a rendezvous area for data storage and look-up. When

a sensor detects a new event, it transmits a data report towards the nodes in the virtual line.

This data is stored on the first inline node encountered. To collect the generated data reports,

the sink sends its query toward the rendezvous area. This query is flooded along the virtual

line until it arrives to the inline node that owns the requested data. From there the data report

is sent directly to the sink using greedy forwarding. However, using a line as rendezvous area

at the middle of the network can results in high latency for the nodes near the boundary of

the network.

RailRoad [150] places a virtual rail in the middle of the deployment area, as shown in

Figure 5.2(e). When the source node generates data, the generated data is still stored locally,

but corresponding meta-data (i.e. event notification) is also forwarded to the nearest node

inside the rail. When a sink node wants to collect the generated data, a query message is sent

into the rail region. This message travels around the rail. When it reaches the rail node that

stores the relevant event notification, the rail node sends a query notification message to the

source node. Finally, source node sends data directly to the sink using greedy forwarding.

Geographical Cellular-like Architecture (GCA) [47], which is a backbone-based ap-

proach, defines a hierarchical hexagonal cluster architecture that basically adopts the concept

of home-agent used in cellular networks. Each cluster is composed of a header positioned

at the center of the hexagonal cell and member sensors, as presented in Figure 5.2(f). The

mobile sink sends its query to the cell header that sink belongs to. The query packet then

is propagated to all cell headers. When the sink moves to another cell, it registers to the

new cell’s header and also informs its old cell header (home-agent) about its new header’s

position. The data packets still are propagated towards the home-agent, which further for-

wards the packet to the sink’s new header. In case of sink mobility, GCA results in inefficient

(non-optimal) routing path which may increase the data delivery latency.

The hierarchical cluster-based data dissemination protocol (HCDD) [106] defines a hier-

archical cluster architecture to maintain the location of mobile sinks and find paths for the

data dissemination from the sensors to the sink. Unlike GCA, HCDD does not require pow-

erful position aware nodes. Each cluster is composed of a cluster head, several gateways, and

ordinary sensors. When a mobile sink crosses the network, it registers itself to the nearest

cluster head. Then a notification message is propagated to all cluster heads. During this

procedure, each cluster head records the sink ID and its sender such that the transmission of

future data reports can be performed easily from sources to sink.

Table 5.1 shows a classification of the existing data dissemination protocols, which sup-

portmultiple, mobile sinks and howHexDDdiffers from these existingworks. All rendezvous-

based approaches use greedy geographic routing (i.e. greedy forwarding, GF). Greedy geo-

graphic routing is attractive in wireless sensor networks due to its efficiency and scalability.

However, greedy geographic routing may incur long routing paths, and even fail due to rout-

ing holes on random network topologies. Most of the previous works do not discuss how
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Table 5.1: Comparisons of virtual infrastructure based data dissemination protocols for WSNs with

mobile sinks

GHT TTDD QDD LBDD RailRoad GCA HCDD HexDD

Year (2002) (2002) (2006) (2008) (2005) (2005) (2006) (2010)

Position awareness + + + + + + - +

Virtual hashed grid quad-tree line/strip rail clusters clusters highways

infrastructure location

Disseminated data data data data meta-data data data data

information

Data reports location 1 node 1 node 1 out of N

nodes

1 out of N

nodes

1 out of N

nodes

1 node 1 out of N

nodes

1 out of N

nodes

Routing GF GF GF GF GF GF tree-based cell-address

towards RPs routing based routing

Routing hole - - - - + - - +

recovery

Metric of interest energy energy energy energy energy energy energy reliability

reliability latency

energy

to maintain the virtual infrastructure if there are holes, a large space without active sensors,

which is a common behavior in any real WSN deployment. To recover from the local min-

ima, where a node does not have a neighbor closer than itself to the destination, GPSR [89]

and GOAFR [97] route a packet around the faces of a planar subgraph extracted from the

original network, while limited flooding is used in [155] to circumvent the routing hole. Un-

fortunately, the recovery mode inevitably introduces additional overhead and complexity to

geographic routing algorithms. The main problem of the backbone-based approach is the

need to maintain the structure. In addition, the hotspot problem may occur as the traffic is

concentrated over a group of cluster headers.

Since the previous works do not provide efficient fault-tolerant data dissemination for

emergency response scenarios, we propose a novel rendezvous-based data dissemination pro-

tocol which uses hexagonal cells for geographic routing to support sink mobility. To bypass

routing holes, we present a simple hole recovery mechanism which avoids to flood any other

control message to find new bridge nodes. The hole recovery mechanism tries to find the

shortest path to recover holes; therefore, it decreases latency and increases reliability of the

data dissemination. Also, in WSNs where there is no hole, the proposed protocol achieves a

high data delivery ratio and low data delivery delay and energy consumption.

5.3 Honeycomb Architecture and Dissemination Protocol

In this section we describe how the physical network is partitioned into virtual hexagonal

cells by the Honeycomb Architecture (see Figure 5.5), and how this architecture is employed

by the geographical routingHexDD. Individual sensor nodes in the network are bound to cells

of the virtual hexagonal tessellation based on their geographic locations. The architecture

also defines three principle diagonal lines – highways (or border lines) – which divide the

sensor field into six parts. The lines, which intersect at the center of the network, constitute

the rendezvous region for queries and data.

Division of the sensor field into a regular tessellation is energy efficient compared to other
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schemes such as Voronoi diagram division [126]. The construction of a Voronoi diagram

consumes high energy in resource constrained sensor nodes. Instead of square tessellation,

which is used in many protocols [173], [170], we use a honeycomb tessellation for the ho-

mogeneous neighborhood it provides, i.e. all neighbors of a cell share an edge with the cell,

no neighboring cells that share only a corner.

Hexagonal cells are used in literature for various applications [47, 148, 107]. Cellular

phone station placement is one of the very well known applications of hexagonal tessellation.

It is important to point out that in this chapter we do not use the concept of cellular networks.

In cellular networks, a land area is divided into hexagonal cells having a base station located

in middle to provide non-overlapping service to the entire network. In our proposal, we do

not assume a clusterhead (i.e. data collector) at the middle of a cell. Here, we use hexagonal

cells only for the purpose of geographical routing towards a region. Differently from [148],

where the hexagonal grid defines the topology of the network, meaning a sensor node in each

corner of the grid, we do not assume a regular topology but a random deployment.

Creating of the architecture and our routing protocol require knowledge of location. We

assume that sensor nodes are location-aware and also know the network boundaries, as it

is also assumed in [47]-[75]. The location information can be obtained either by GPS-free

localization mechanisms [48, 59] or by means of a virtual coordinate system [138] during the

network initialization phase. Two sensors can communicate when they are within a distance

R of each other, called the communicable distance. We assume that the minimum radio range

Rmin is the same for all nodes. Through periodic interactions (beacon packets), a sensor node

can learn the location and cell of its neighbors. Sensor nodes are mainly static, and there are

multiple sinks moving randomly in the sensor field. Sinks are equal from the information

point of view; it does not matter to which sink a data packet is sent.

In the following we introduce the operations of HexDD protocol. The first phase is Hexa-

gonal Cell-Based Network Partitioning, which establishes the architecture, i.e. honeycomb

cells and rendezvous areas are formed. This phase is performed in the network setup. After

this setup, the network becomes ready to execute the Hexagonal cell-based Data Dissemina-

tion (HexDD) protocol.

5.3.1 Hexagonal Cell-Based Network Partitioning

Honeycomb Architecture overlays a virtual honeycomb over the sensor field as shown in

Figure 5.3(a). In the honeycomb tessellation, each cell has six neighbors covering the sur-

roundings from all directions. For two adjacent cells, every sensor node in one cell can com-

municate with all the nodes in the other cell. This defines the edge length of the hexagonal

cell.

As illustrated in Figure 5.3(b), the longest distance between two adjacent cells is l|AB| =√
13r, where r is the edge length of the hexagon. In order for all nodes in two adjacent cells to

be able to communicate with each other, the longest length must satisfy l|AB| =
√
13r ≤ Rmin

where Rmin is the transmission range. Therefore, we choose the edge length of the hexagon,

r = Rmin/
√
13, such that sensors in adjacent cells are within communicable distance of each

other.
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Figure 5.3: (a) Hexagonal tessellation of the deployment area, (b) Cell structure, (c) Node-cell associ-

ation, and (d) Cell Naming

Node-Cell Association and Cell Naming

In the honeycomb architecture, a hexagonal cell placement and node association scheme

need to be established. In this scheme, hexagonal virtual cells’ central points are positioned

according to Figure 5.3(c). Apparently, d = 3
2
r and h =

√
3
2
r, where r is the edge size of the

hexagonal cell. Each virtual cell center is located at (id, jh) where i and j are integers. A

virtual cell centered at (id, jh) is named as the cell [i, j]. Figure 5.3(c) show the cell [i, j] and

its neighboring cells with their associated names in the XY coordinate system. Figure 5.3(d)

shows the cell naming in honeycomb architecture.

At the first step, with the given hexagonal edge length, r, each sensor node uses its loca-

tion information to associate itself with a virtual cell having a name of [i, j]. For the node-cell

association algorithm (see Algorithm 2), we have used a similar geometrical approach as in

[107]. For a node positioned at point (x, y), let i = ⌊x/h⌋ and j = ⌊y/d⌋. If i + j is even

(i.e. the node is in the yellow rectangle in Figure 5.3(c)), the node is either in cell [i, j] or in

cell [i + 1, j + 1]; if i + j is odd (i.e. the node is in the blue rectangle in Figure 5.3(c)), the

node is either in cell [i + 1, j] or in cell [i, j + 1] depending on which center is closer. With
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Algorithm 2 Node-Cell Association

1: Input: r: edge size of the hexagonal cell, (x, y): coordinates of the node

2: Output: [i, j] be the cell name assigned to the node at (x, y)

3: I. Calculate distance between (x,y) and candidate cells’ centers

4: d = 3 ∗ r/2; h = sqrt(3) ∗ r/2;
5: i = int(x/h); j = int(y/d);

6: a = x − (i ∗ h); b = y − ( j ∗ d);
7: II. Check which center is closer

8: if (i + j)%2 == 0 then

9: if a2 + b2 ≤ (d − b)2 + (h − a)2 then
10: [i, j]⇐ [i, j]

11: else

12: [i, j]⇐ [i + 1, j + 1]

13: end if

14: else

15: if b2 + (h − a)2 ≤ (d − b)2 + a2 then
16: [i, j]⇐ [i + 1, j]

17: else

18: [i, j]⇐ [i, j + 1]

19: end if

20: end if

this algorithm each sensor node uses its coordinates to associate itself with a hexagonal cell.

The algorithm is lightweight in computing: It has a total of 16 lines of code. A typical node

would need to go through only 9 lines of code to find its cell. There is no communication

overhead. Each node executes the algorithm locally.

Cell Addressing

Next, we transform the cell names of the form [i, j] into special cell addresses of the form

[H, I]. This addressing is used in the data dissemination.

Figure 5.4 shows the cell addressing in honeycomb architecture. We assign addresses of

the form [H, I] to each sensor in the same cell, where H is the shortest cell-count of the node

from the origin cell and I denotes the index of the hop-H hexagonal cell. The index starts at

the right side of line b in Figure 5.4 and increases in the counter-clockwise direction. Hence,

the nodes in the first-hop cells are addressed as [1, 0], [1, 1],..., [1, 5]. Observe that nodes of

the form [H, .] are all located on the same hexagonal ring at distance H form the center cell.

Since the number of cells on Hth hop hexagonal ring is 6 · H, the cell addresses range from

[H, 0] to [H, 6H − 1].
With the diagonal lines l, b, and r in Figure 5.4, the area is divided into six slices called

hextants (marked with roman numerals in the figure). To build [H, I] addresses from [i, j]

naming, we use the transformation rules of Table 5.2. H is equal to absolute value of j in the

second and fifth hextants, and (|i| + | j|)/2 in the other hextants. I is calculated based on the

hextant and the value of H. This special addressing has some useful properties which allows

simple calculations for the packet flow towards the rendezvous regions.
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Figure 5.4: Cell Addressing in Honeycomb Architecture

Table 5.2: Transformation rules from cell name [i, j] to cell address [H, I]

Hextant Condition Transformation

1 i > j, j ≥ 0 [i, j]⇒ [(|i| + | j|)/2, j]
2 |i| ≤ | j|, j > 0 [i, j]⇒ [| j|, 2H − (i + j)/2]

3 |i| ≥ | j|, j > 0 [i, j]⇒ [(|i| + | j|)/2, 3H − j]

4 |i| > | j|, j ≤ 0 [i, j]⇒ [(|i| + | j|)/2, 3H + | j|]
5 |i| ≤ | j|, j < 0 [i, j]⇒ [| j|, 5H + (i + j)/2]

6 i > j, j < 0 [i, j]⇒ [(|i| + | j|)/2, 6H − | j|]

In the honeycomb architecture, we classify the sensor nodes into two groups; (i) border

nodes and (ii) regular nodes, according to their positions on the honeycomb tessellation.

Definition 1: All the cells addressed as [H, I] are ‘border cells’ and fall on the diagonal

lines if I = (k − 1) ·H, where integer k ∈ {1, .., 6}. The nodes associated with border cells are
called ‘border nodes’. All the other nodes are called ‘regular nodes’.

Figure 5.5 shows all the steps of the virtual cell formation and addressing in a 2000x2000

m2 network having transmission range of 250 m. In the figure, some of the nodes are marked

and their locations, cell names and cell addresses are given for illustration. The construction

of this virtual infrastructure is carried out only once at the network setup stage.

Construction of Border Lines and Hextants

The honeycomb architecture defines three principle diagonal lines labeled as l, b, and r which

are drawn through the origin of center cell, as illustrated in Figure 5.4. These lines divide

the sensor field into six regions, called hextants. Each of six hextants is marked with roman

numerals in the figure. More formally, all cells such that (k − 1) · H ≤ I < k · H belong to

hextant k. A ring segment on Hth hop hexagonal ring in a hextant contains H cells.

All hexagonal cells on diagonal lines l, b, and r are borders of hextants, so called as
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border cells. These three diagonal lines act as rendezvous regions for data storage and look-

up. Each half line, which starts from the origin, is the rendezvous area for the hextant which

starts at this border line, assuming a counter-clockwise direction.

a) Network topology

b) Virtual Hexagonal Cell Formation

c) Hextant (Border Line) Formation and Cell Addressing
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Figure 5.5: Honeycomb cell and rendezvous region formation of Honeycomb Architecture in the net-

work setup phase
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Algorithm 3 Hexagonal Cell-based Data Dissemination

1: Input: [H, I], address of the current cell

2: Input: [Hs, Is], address of the sink’s current cell

3: Output: [Ho, Io], address of next hop cell

4: I. Find next hop cell towards center

5: k = ⌈I/H⌉
6: [Ho, Io]⇐ [H − 1, I − k]
7: II. Find next hop cell towards sink

8: k = ⌈Is/Hs⌉
9: Ho ⇐ H + 1

10: if Ho <= kHs − Is then

11: Io ⇐ I + k − 1 // In the border line
12: else

13: Io ⇐ I + k // within the hextant

14: end if

5.3.2 Hexagonal Cell-Based Data Dissemination

In the proposed data dissemination protocol, we use the concept of central re-dissemination

in which the packets flow towards the center cells following previously selected directions.

Instead of sending packets directly to the center cell by using a simple geographic routing, we

send data through border lines towards the center cell. The aim is to store the generated data

reports in the border lines so that the mobile sinks can easily collect them using a query-based

data reporting method. However, our approach is purely geographical, which means that we

do not use flooding for route setup. The only required information is the node position which

is associated with a hexagonal cell in the honeycomb architecture. With the given virtual

infrastructure, we propose Hexagonal cell-based Data Dissemination (HexDD) having the

steps of (i) event data forwarding from sources, (ii) querying, and (iii) event data delivery to

sinks, which are explained in the following.

Event Data Forwarding

Event data forwarding in HexDD is done through border nodes towards center region accord-

ing to Algorithm 3-I starting at line 4 of Algorithm 3. Line 5 of Algorithm 3 calculates the

hextant number k of the current cell of the node which has the data packet. Line 6, then,

determines the next cell to forward the data packet. To find next hop, H of current cell is

reduced by one because packet will be forwarded to the cell which is 1-hop closer to the cen-

ter and I is reduced by k since the difference between Is of two adjacent cells on the packet

forwarding direction (see Figure 5.6) of a hextant is equal to k for all hextants. As shown in

Figure 5.6(a) with arrows, sensors route the packets to border cells in the first line segment

of the hextant, e.g. line r for hextant II, following a direction parallel to the second border

line of the hextant, e.g. line l for hextant II. When the data reaches one of the diagonal lines,

it is forwarded along the border line towards the center cell.

Sensors in the border lines act as rendezvous points for data storage and look-up which

means border nodes have a replica of data in their cache. When a sensor on the border line

receives a new data packet from a source node, it updates its record with the new data so
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Figure 5.6: HexDD in Honeycomb Tessellation

it keeps the most up-to-date data packet. Another option can be logging all the data in the

border nodes from the beginning of the event; however, this requires a lot of memory.

To facilitate the data lookup process, two replication schemes are possible in the border

lines: the data can be either stored in all nodes of hexagonal cells or just in the cell-leader of

each cell. The first scheme needs a fine-tuning of border line width, w, to prevent an increase

of congestion under high traffic load conditions, while the second one requires a periodic

cell-leader election and a replication mechanism. As in [75] and [151], we disregard the

lines’ width w. We assume that each border line covers only one cell (see Figure 5.6(a)).
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The HexDD keeps the traffic flow in all regions of the network nearly balanced because

honeycomb architecture divides the network space into six partitions and each partition uses

a different border line segment for data dissemination; therefore, the traffic is spread among

the different border lines.

Querying

In order to retrieve specific data, a sink sends a query towards the center by usingAlgorithm 3-

I. The data and query packets are sent towards the center by using the same forwarding

directions which are shown in Figure 5.6(a). The first border node which receives the query

forwards it towards the center cell. Each node in the border cells checks its cache when it

receives a query. If the data requested is in the cache of a border node, it sends data back to

the sink. Replicating data on the border cells can decrease the cost of data look-up and the

data delivery latency.

Event Data Delivery to Sink

To send data towards the sink, the reverse path of the sink’s query forwarding path can be

calculated by using the cell address of the sink as given in the Algorithm 3-II starting at line

7 of Algorithm 3, or can be stored in the query packet. The forwarding directions of the data

packets from center to the sinks are exactly the opposite directions of the arrows shown in

Figure 5.6(a). Line 8 of the Algorithm 3 calculates the hextant number of the sink’s current

cell. Line 9 increases the H by one to get to the next hexagonal ring which is 1-hop closer to

the hexagonal ring of the sink’s cell. The data first travels in one of the border lines according

to hextant number of sink’s cell. In line 10, H is compared with kHs − Is to determine the

number of hops that the packet should be forwarded along the border line. Indeed, this check

helps to find the turning point of the message towards the sink’s cell. If the packet is still on

the border line, I is increased by k − 1 in line 11. When the packet reaches the cell which is

on the same line (i.e. line s parallel to line r in Figure 5.6(b)) where sink’s cell is also located,

the packet is forwarded towards the inside of the hextant. Within the hextant, I of the current

cell is increased by k in line 13 until the packet reaches the cell of sink.

Before sending data to a regular node, the algorithm always checks if there is a sink node

in the next hop cell. If so, the data is sent to the sink in the next cell. Otherwise, it sends the

data packet to a sensor node in the next cell until the packet reaches to a sink.

Figure 5.6(b) shows the data and query dissemination in HexDD. If there is no neighbor

node to forward the packet (i.e. query or data packet) in the next 2-hop cells calculated by

the Algorithm 3, the protocol switches to route recovery procedure explained in the following

section.

5.3.3 Fault tolerance

Algorithm 3 assumes that there is at least one node which will perform multi-hop routing

within each cell. However, this may not be always the case. Sometimes an area of the

network can be lost for different reasons, e.g., environmental reasons such as fire. Holes are

created where there is a group of cells that do not have any active node inside. We propose

a hole detection and bypassing mechanism, which is one of the most important features that

shows how we maintain the honeycomb architecture even if a part of the network is lost.

A sensor can easily detect the hole region by checking its neighbor table, which is updated

by periodic beacon packets. If the sensor has no neighbor on the next 2-hop cells in its radio
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Algorithm 4 HexDD with Hole Recovery

1: Input: [H, I], address of the current cell

2: [Hs, Is], address of the sink’s current cell

3: N = {n1, ..., nm}, list of neighbors
4: Na = {[H1, I1], ..., [Hm, Im]}, list of cell addresses of neighbors, where node nm is in

cell [Hm, Im]

5: Output: n, next hop neighbor to forward the packet

6: I. Find next hop neighbor towards center

7: [Hc, Ic]⇐ Find next hop cell towards center (Alg. 3-I)

8: if [Hc, Ic] = [Hi, Ii] ∈ Na then

9: n⇐ ni {forward data to neighbor in next cell}
10: else {there is a hole, enter route recovery}
11: n⇐ n j with H j the smallest H in Na

12: end if

13: II. Find next hop neighbor towards sink

14: k = ⌈Is/Hs⌉
15: p = Is − (k − 1)Hs

16: if [H, I] in the regular path (Alg. 5) then

17: [Hc, Ic]⇐ Find next hop cell towards sink (Alg. 3-II)

18: if [Hc, Ic] = [Hi, Ii] ∈ Na then

19: n⇐ ni {forward data to neighbor in next cell}
20: else {there is a hole, enter route recovery}
21: n⇐ n j with [H j, I j] where |Hs − H j| + |I j − (k − 1)H j − p| is the minimum in Na

22: end if

23: else {packet is already in the route recovery}
24: n⇐ n j with [H j, I j] where |Hs − H j| + |I j − (k − 1)H j − p| is the minimum in Na

25: end if

range, it concludes that there is a hole at that area of the network. Algorithm 4∗ gives the
details of HexDD with hole recovery.

Algorithm 4-I explains the route recovery when sending packets towards the center. Line

7 calculates the next hop cell using Algorithm 3-I and line 8 checks if there is a neighbor in

the next cell. If there is no neighbor in the next cell, the algorithm enters route recovery in

line 10. To find an alternative path, in line 11, the sensor sending its packet (i.e. data or query)

towards center checks its neighbors and chooses the neighbor having the smallest H, which

shows the shortest cell-count of the node from the origin cell (see node C in Figure 5.7).

Algorithm 4-II explains the route recovery when the data is being sent from the center to

the sink. In line 15, p, the maximum number of hops between the cell of the sink and the

first border line, is calculated. That is the number of hops between lines s and b (i.e. first

border line of the hextant) in Figure 5.7. Line 16 checks if the current node is in the regular

path of the packet according to Algorithm 5 to know if the packet is already in the route

recovery or not. If the packet is in the regular path, in line 17, the next hop cell is calculated

∗For simplicity in Algorithm 4 we show neighbor checking for only next 1-hop cell.
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Figure 5.7: Fault tolerance mechanism in HexDD

Algorithm 5 Regular Path Check

1: Input: [H, I], address of the current cell

2: [Hs, Is], address of the sink’s current cell

3: p, the maximum number of hops between the cell of the sink and the first border line

4: Output: true (i.e. in the regular path) or f alse (i.e. off the regular path)

5: if [H <= Hs − p ∧ I = Hk − (Hs − p)] ∨ [H > Hs − p ∧ I = (Hs − H)k] then

6: return true;

7: else

8: return f alse;

9: end if

based on Algorithm 3-II. If there is no neighbor in the next hop cell, the packet enters route

recovery at line 20. In line 21, the packet is forwarded to the neighbor n j within cell [H j, I j]

where H j is the closest to Hs and I j is the closest to p + (k − 1)H j in neighbor list, Na. This

approach achieves to forward the data packet to the cell which is on the hexagonal ring that

is the closest to the hexagonal ring of the sink. At the same time, it tries to keep the same

distance from the second border line (i.e. line r) as sink. In Figure 5.7, where both the sink

and the node E are located on the line s, node E in cell [2, 0] forwards the packet to the cell

[4, 1] according to the rule in line 21. If packet is already in the route recovery, it applies the

same rule in line 24.

This mechanism is simple and efficient since it avoids to flood any other control message

to inform other nodes about the hole, which is required to find new bridge nodes. This is

mainly the advantage of using honeycomb tessellation. It is important to point out that in

HexDD, if a hole happens at the center of the network, the crossing area of the border lines
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at the central region should be shifted to a closer location which is not affected by the hole,

or the first possible hexagonal ring which excludes the hole can become the central region.

Instead of calculating forwarding path between the center and a sink by Algorithm 4-II,

the reverse path can be stored in the query. Since the sink sends a new query whenever

it changes its cell, saving the path in the query is also efficient. The reverse path in the

query recovers the hole at the path back to sink (i.e. assuming communication links are

bidirectional) because when the query is being sent towards the center, the alternative path is

calculated and stored in the query. However, if a new hole is formed on the path back to the

sink, the reverse path stored in the query packet will not be valid anymore.

5.3.4 Resiliency to localization errors

The hexagonal tessellation and geographic forwarding protocol rely on each node being able

to estimate its own coordinates. These estimates are highly likely affected by a non-negligible

error, which in turn affects the calculated cell addressing [H, I] used for packet forwarding.

We use a kind of polar coordinate system to address the cells of the tessellation. This address-

ing scheme serves as a positioning (coordinate) system that is rougher than the coordinates

of the sensor nodes, with a precision appropriate for the transition range. A localization esti-

mate with an error err < r, where r is the edge length of a hexagonal cell, will result in the

same cell address [H, I]. Therefore, the packet forwarding mechanism will not be affected

by the localization errors. If a given node, which is close to the boundary of its hexagonal

cell, calculates a wrong cell address due to localization error, the erroneous cell address will

be one of the neighbor cells of its real cell. If there is no other node in the real cell, the

fault-tolerance mechanism can easily find another cell to forward the packets.

5.3.5 Mobility Support

The mobility of WSN, where most of the sensors are stationary, can be divided into the

stimulus mobility and sink mobility. The impact of stimulus mobility on the dissemination

scheme is very small because when stimulus moves to another cell, a sensor that captures
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the stimulus sends the data towards the center. Also, if the sink moves inside its current cell,

there is no need for another process since the data will be forwarded to the same neighboring

cell until the sink leaves its cell. When the sink moves to another cell, it needs to send a new

query message towards the center to inform the center nodes about its new cell. If any border

node has the requested data in its cache (see node A in Figure 5.8), it directly sends data to

the new cell of the sink.

Although it is assumed that sensor nodes are stationary in our work, HexDD can also

handle mobility of sensor nodes. Sensors can easily recalculate their new hexagonal cells by

using Algorithm 2 while they are moving. However, the uniform deployment of the sensor

network should not be affected by the mobility of sensors. Thus, HexDD allows for a limited

mobility of sensor nodes, meaning the number of mobile nodes is low in a high density

network so that the risk of changing the uniform distribution of network coverage is low.

5.4 Performance Analysis

This section provides an analytical study of communication cost and hotspot traffic cost of

HexDD and other protocols given in Section 5.2. The communication cost represent the total

amount of messages generated in the network during the data dissemination and look up

process. It is important to estimate communication cost since it has a direct influence on the

network lifetime. The hotspot traffic cost is the total energy consumption of one single node

located at hot regions. It is also important because it restricts the network scalability and

lifetime.

5.4.1 Analysis Model and Assumptions

We consider a network with large number of nodes being deployed uniformly and distributed

over a unit area. We use the function H(l) as the number of hops on a path between two

arbitrary nodes x and y such that |x, y| = l is the euclidean distance between these two nodes.

According to [54], given a geographical routing protocol, we have H(l) = ζ l
r
where r is the

communication range and ζ ≥ 1 is a scaling factor which depends on the spatial node density

λ. For simplicity in our analytical analysis, we assume that ζ = 1.

For conformity with the analysis in [150], we consider four types of messages: event no-

tification, query, data, and control messages, whose sizes are pe, pq, pd, and pc respectively.

We consider m sinks moving randomly in the sensor field as well as n sources. Each sink

generates a number of queries equal to q̄ and each source generates a number of events equal

to ē. Thus, the total number of queries and events can be written as mq̄ and nē.

5.4.2 Communication Cost

The total communication cost is the sum of the communication cost brought by all control

messages, event notification messages, queries, and data messages. In other words, it repre-

sents the total number of messages generated in the network during the data reporting, data

lookup and data collection processes. The total communication cost is the summation of

three components:

(i) CDD: cost of data reporting to the rendezvous region

(ii) CDL: cost of data lookup (query dissemination) to the rendezvous region
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(iii) CDT : cost of transferring data from the rendezvous region to a sink

Therefore, the total communication cost of a given protocol is Cprotocol = CDD + CDL +

CDT . We use the following metrics in the calculations: (i) Dsrc,rdv – the distance between

the source node and the rendezvous region, (ii) Dsink,rdv – the distance between sink and

the rendezvous region, (iii) Drdv,sink – the distance between the rendezvous region and sink.

In what follows, we compare the HexDD, LBDD, TTDD, GHT and RailRoad protocols.

Figure 5.9 shows the worst case scenarios for each protocol, which is considered in the

calculations.

HexDD: In case of HexDD, upon the detection of a new event, the sensor node sends the

sensor reading towards one of the border lines and then to the central region. We assume that

there is at least one node in each cell. In the worst case, this message travels the path from

source to rendezvous point (RP), Dsrc,rdv =
1
2
+
√
3
6
≈ 0.79, in Figure 5.9(a) and meets about

H(0.79) nodes. To retrieve data, a mobile sink sends a query message which is forwarded

towards one of the border lines and then forwarded to the center. In worst case, the query

travels the path from sink to RP, Dsink,rdv =
1
2
+
√
3
6
≈ 0.79, in Figure 5.9(a) and meets about

H(0.79) nodes. After query and data meet at the central region, data packet is transferred

from the RP to the sink, Drdv,sink =
1
2
+
√
3
6
≈ 0.79, and meets in the worst-case H(0.79)

nodes. Therefore, the total communication cost of HexDD is

CHexDD = nēpdH(0.79) + mq̄pqH(0.79)+ nēpdH(0.79).

LBDD: In the case of LBDD, upon the detection of a new event, the sensor node sends

the measured data towards the line. In the worst case, this message travels Dsrc,rdv = 0.5 in

Figure 5.9(b) and meets about H(0.5) nodes. To retrieve the data, a mobile sink sends a query

message which is forwarded greedily towards the line. This message is then propagated

along the line until it is received by the corresponding inline-node. In the worst case, the

query travels Dsink,rdv = 0.5 + 1 and meets about H(1.5) nodes. Then, the data is transferred

from the inline-node to the sink, traveling Drdv,sink =
√
5/2 ≈ 1.12 and meets in the worst-

case H(1.12) nodes (diagonal of a half square). To avoid the transfer of duplicated data, we

suppose that a sink receives a response to its query only if the inline-node owns a new data.

The total communication cost of LBDD in the worst case is then

CLBDD = nēpdH(0.5) + mq̄pqH(1.5) + nēpdH(1.12).

GHT, TTDD, and RailRoad: The total communication cost of GHT, TTDD, and Rail-

Road are calculated in a similar way. As show in Figure 5.9(c), for GHT, Dsrc,rdv = Dsink,rdv =

Drdv,sink =
√
2 ≈ 1.41. For TTDD calculation, each term indicates the communication costs

of grid construction, query forwarding, and data forwarding, respectively. As show in Fi-

gure 5.9(e), in RailRoad, Dsrc,rdv = Dsink,rdv =
√
2/4 ≈ 0.35, and the perimeter of the Rail is

2. Each term indicates the communication cost of event notification, query forwarding, query

circulation, query notification and data dissemination (for further details, refer to [150]).

CGHT = nēpdH(1.41)+ mq̄pqH(1.41) + nēpdH(1.41);

CTTDD = n
4λ

H( 1
c
)
pc + mq̄[λc

2 + H(2)]pq + nē[H(2) + H(
√
2/(2c))]pd;
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Figure 5.9: Worst case scenarios for (a) HexDD: Hexagonal cell-based Data Dissemination, (b) LBDD:

Line-based Data Dissemination, (c) GHT: Geographic Hash Table, (d) TTDD: Two-tier Data Dissem-

ination, (e) RailRoad

CRailRoad = nēpeH(0.35)+mq̄pqH(0.35)+mq̄pqH(2
√
2)+ nēpqH(0.35)+ nēpdH(

√
2).

Figure 5.10 shows the comparison of the worst-case communication costs of all ap-

proaches for two scenarios. We consider 1000 sensor nodes deployed on a square sensor

field of size 1×1. The sensor coverage area radius is r = 0.1 and we suppose that c = 0.25

(the size of a TTDD cell). The first scenario considers a fixed number of queries per sink

(q̄ = 50) with a varying number of data reports per source node. The results for the first

scenario are shown in Figure 5.10(a). In the second scenario, we consider a fixed number of

data reports per source (ē = 50) for a varying number of queries per sink. Results for the

second scenario are shown in Figure 5.10(b).

We notice that TTDD presents a rather high communication cost in both scenarios re-

sulting from its need to build grids and its routing strategy along the grid. RailRoad and

LBDD, which implement a large virtual infrastructure, are more suitable for scenarios with

a high number of data reports as show in Figure 5.10(a). The reason is that the infrastructure

reduces the communication path and thus the cost between the source and the node having

the disseminated data. On the other hand, the protocols GHT and LBDD are more suitable

for scenarios with a large number of queries because these protocols propose a low look-up

cost as shown in Figure 5.10(b). Finally, HexDD, which combines a large infrastructure with

a central re-dissemination strategy reducing the data look-up cost, presents a lower commu-

118



5.4 Performance Analysis

 0

 50000

 100000

 150000

 200000

 250000

 0  50  100  150  200  250

W
o
r
s
t
 
c
a
s
e
 
c
o
m
m
u
n
i
c
a
t
i
o
n
 
c
o
s
t

Number of data reports per source

HexDD
LBDD
TTDD
GHT

RailRoad

(a) q̄ = 50

 0

 20000

 40000

 60000

 80000

 100000

 120000

 140000

 160000

 180000

 200000

 0  50  100  150  200  250

W
o
r
s
t
 
c
a
s
e
 
c
o
m
m
u
n
i
c
a
t
i
o
n
 
c
o
s
t

Number of queries per sink

HexDD
LBDD
TTDD
GHT

RailRoad

(b) ē = 50

Figure 5.10: Worst case communication costs (m = 5 sinks, n = 10 sources)

nication cost in both scenarios.

5.4.3 Hot Region Traffic Cost

In rendezvous-based protocols it is important to estimate how densely messages are concen-

trated on the rendezvous area. Hot region traffic cost is the average energy spent by a hotspot

region node. In data-centric storage such as GHT, all messages are directed to several home

nodes. To prevent home nodes from being exhausted due to heavy traffic, replicas of home

nodes are chosen. This approach, however, increases the total energy consumption and the

replication cost of home nodes. In Railroad, every query and event summary is sent to the

Rail, which can be the bottleneck that limits the network lifetime. Also, in HexDD queries

and data packets are forwarded toward border lines, which are becoming hot regions in the

network. In this section we analyze the hot region traffic cost of GHT, RailRoad, LBDD and

our approach HexDD. In the following calculations, T is the amount of energy for a node to

transmit a single bit, and R is the energy needed to receive a bit.

In data-centric storage, the home nodes can be hot spots, and the hotspot traffic cost can
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be written as follows [151]:

EHGHT = R[
nē

s
pd +

1

γ

mq̄

s
pq] + T [

1

γ

nē

s
pd]

where γ is the number of nodes in a replica set including the home node. It means a home

node has γ − 1 replicas. When γ is set to 1, there exists no replica nodes but the home nodes.

There are s different event types in the network. We assume that there is only one event type

(s = 1) in the network for the calculations. All data and query packets coming from sources

and sinks are received by the home node (i.e. R(nēpd +
1
γ
mq̄pq)). The home node, then,

transmits the data packet to the sinks (i.e. T ( 1
γ
nēpd)).

The hotspot traffic cost of Railroad can be written as follows [151]:

EHRR =
1

NR

[
RnēpeNST + Rmq̄pqNRT + Tnēpe + Tnēpq + Tmq̄pqNRT

]

where NR, NST , and NRT stand for the number of the rail nodes, the number of rail nodes

in a station† , and the number of nodes that a query stays in a single tour around virtual

rail, respectively. In the event notification process, one node out of NST nodes transmits the

event notification packet (i.e. Tnēpe) sent by a source node and NST nodes receive this event

notification packet (i.e. RnēpeNST ). For query flooding in the rail, NRT nodes out of NR

nodes receive a query packet (i.e. Rmq̄pqNRT ) sent by a sink and NRT nodes out of NR nodes

transmit the query packet (i.e. Tmq̄pqNRT ). Finally, one node out of NRT nodes transmits the

query packet to the source node (i.e. Tnēpq). The data is directly sent from source to sink

with greedy forwarding.

The hotspot traffic cost of LBDD can be written as follows:

EHLBDD =
1

NL

[
RnēpdNST + Rmq̄pqNL + Tnēpd + Tmq̄pqNL

]

where NL is number of inline nodes and NST is the number of inline nodes in a station which

is a small group of nodes in the virtual line. In the data dissemination process, NST nodes out

of NL nodes receive a data packet (i.e. RnēpdNST ) sent by a source node. For query flooding

in the line/strip, NL nodes receive the query packet (i.e. Rmq̄pqNL) sent by a sink and NL

nodes transmit the query packet (i.e. Tmq̄pqNL). Finally, one node out of NST nodes sends

the data packet to the sink (i.e. Tnēpd). Greedy forwarding is used to send data to the sink.

The hotspot traffic cost of HexDD is as follows,

EHHexDD =
1

3NBL

[
2Rnēpd

NBL

2NC

+ Rmq̄pq
NBL

2NC

+ 2Tnēpd
NBL

2NC

+ Tmq̄pq
NBL

2NC

]

where NBL is the number of border nodes in a diagonal line, and NC is the average number

of nodes in a cell. NBL/2NC is the number of cells on a border line‡. Since one node per cell
transmit or receive the packets, it is the number of nodes having the packets on a border line.

†In RailRoad and LBDD, the rendezvous region is divided into smaller subregions called station. All the nodes

in a station are informed about the data but one of them forwards data towards sink.
‡Border line is the half of a diagonal line.
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In data dissemination and data transfer process, a node in each cell receives and transmits the

data packet along the diagonal line (i.e. 2Rnēpd
NBL

2NC
+ 2Tnēpd

NBL

2NC
). The sink’s query travels

the border line (i.e. Rmq̄pq
NBL

2NC
+ Tmq̄pq

NBL

2NC
). The simplified version of the hotspot traffic

cost of HexDD is:

EHHexDD =
1

3NC

[
Rnēpd + (0.5)Rmq̄pq + Tnēpd + (0.5)Tmq̄pq

]

The EHHexDD calculated above is the average energy spent by a border node. However,

the most critical region of the hexagonal architecture is the center cell. The hotspot traffic

cost of HexDD at the center cell is:

EHHexDDC
=

1

NC

[
Rnēpd + Rmq̄pq + Tnēpd

]

The nodes at the center cell receive all events (i.e. Rnēpd) and all queries (i.e. Rmq̄pq), also

transmit all events to the sinks (i.e. Tnēpd). When we compare EHHexDD and EHHexDDC
, we

observe that a node at the center cell processes around 6 times more traffic§ than a node on

a border line. This is an expected result since each border line processes the traffic which

comes from one of the six hextants while the center is processing the traffic coming from all

hextants.

To calculate the hotspot traffic costs of the protocols, the number of sources n and number

of sinks m vary between 1 to 18 in the first set of analysis. In the second set of analysis, we

set n to 5 and m to 15. Total number of nodes N in a sensor field of 1000m × 1000m is set to

10000. NR is 8% of total nodes and NRT is 480. In the analysis, we use the same values used

in [151] for NST , and R/T which are taken as 16 and 3/8, respectively. Both the width of the

Rail and the station are set to 40 m, that is the radio range of the sensor nodes. Hence, the

average number of nodes in a cell, NC , is 3. The width of the rendezvous region of LBDD

and RailRoad affects the number of rendezvous nodes. Larger rendezvous area results in

higher energy consumption inside the rendezvous area and also higher hotspot traffic costs.

We set pe = pc = pq and pd = 2 × pq.

In Figure 5.11, 5.12, and 5.13 we show the hotspot traffic cost of HexDD compared with

other protocols. In the first graphs of the figures x axes are the number of sinks (m) and y

axes are the number of sources (n). In the second graphs of the figures x axes are the total

number of queries (mq̄) and y axes are the total number of events (nē). Finally, the z axes are

the ratio between the hotspot traffic cost of HexDD (EHHexDD) and the hotspot traffic cost of

another protocol (EHprotocol). A border node in HexDD processes less data than a rendezvous

node in the other protocol if the ratio EHHexDD/EHprotocol < 1.0. In the first set of graphs,

the aim is to see the effect of varying number of sinks and sources on the hotspot traffic costs

of the protocols. The second set of graphs shows the hotspot traffic costs in the event-driven

scenario, where the number of event messages per source (ē) is larger than the number of

queries per sink (q̄), and in the query-based scenario, where the number of queries per sink

is larger than the number of event messages per source.

Figure 5.11(a) shows the hot region traffic cost of HexDD compared with the data-centric

storage GHT with varying number of sinks and sources. The result shows that a home node

§Indeed, it is less than 6 times since center nodes do not transmit queries.

121



Data Dissemination in Mobile Multi-sink Wireless Sensor Networks

in a data-centric storage has to process much more requests than a border node in HexDD

protocol. This is more remarkable as the number of sources increases and the number of sinks

decreases. In Figure 5.11(b), where we vary the number of queries per sink and the number of

data reports per source, the same behavior is observed as the total number of events increases

and the total number of queries decreases. Both graphs show that the hotspot traffic cost of

HexDD is much less than that of a data-centric storage.

In Figure 5.12 we compare the hot region traffic costs of HexDD and RailRoad. The

results in Figure 5.12(a) show that when we have many event sources but a couple of sinks in

the network (i.e. see n = 15, m = 3, and EHHexDD/EHRR = 1.8 in the figure), a border node

in HexDD processes much more requests than a rail node in RailRoad. This is due to the fact

that RailRoad does not process/forward data reports in the Rail region; on the other hand, in

HexDD diagonal lines are also used for data forwarding to cache data on the border nodes

for sink queries. This is an expected result because HexDD is designed for networks where

the difference between the number of sinks and sources is not very high. For instance, when

n = 15 and m = 6, the ratio EHHexDD/EHRR = 0.98 so HexDD is still better than RailRoad.

As observed in the figure, when the number of sinks is greater than or equal to the number of

sources, the hotspot traffic cost of HexDD is much less than that of RailRoad. Figure 5.12(b)

presents the results of a scenario having 15 sinks and 5 sources in the network. Apparently,

HexDD becomes advantageous over RailRoad in terms of hotspot traffic cost in the query-

driven scenarios, where the query generation rate is higher than the event generation rate.

Also, when the total number of queries is close to the total number of events, HexDD still

processes less requests on the rendezvous lines than RailRoad.

Figure 5.13, where the hot region traffic costs of HexDD and LBDD are compared,

has a similar behavior of the previous graphs for RailRoad comparison because the ratio

EHRR/EHLBDD ≃ 0.6 for the given network. That means an inline node of LBDD already

processes more requests in the line-based rendezvous region than a rail node in RailRoad.

Also, as shown in Figure 5.13(a) and (b), an inline node of LBDD processes much more

requests than a border node of HexDD in most of the cases. The same observations previ-

ously discussed for RailRoad comparison are also valid for LBDD comparison. Only the

ratio EHHexDD/EHLBDD is smaller than the ratio EHHexDD/EHRR for the same inputs. For

instance, when n = 15 and m = 6, the ratio EHHexDD/EHLBDD = 0.59.
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Figure 5.11: Analysis of hotspot traffic cost of HexDD compared with GHT
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Figure 5.12: Analysis of hotspot traffic cost of HexDD compared with RailRoad

124



5.4 Performance Analysis

0

3

6

9

12

15

18

0

3

6

9

12

15

18
0.0

0.2

0.4

0.6

0.8

1.0

1.2

m (number of sinks) n 
(n
um
be
r 
of
 s
ou
rc
es
)

E
H
H
e
x
D
D
/
E
H
L
B
D
D
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Figure 5.13: Analysis of hotspot traffic cost of HexDD compared with LBDD
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5.5 Conclusions

In this chapter, our goal was designing a routing protocol that supports mobility of sink and

source by keeping the data delivery ratio as high as possible and energy consumption and

delivery delay as low as possible. We proposed a virtual infrastructure called honeycomb tes-

sellation which allows an efficient geographical routing of event messages, namely HexDD.

The HexDD uses the concept of rendezvous region for events and queries. The highways,

which lie on three main directions of the network, are used as rendezvous areas. They make

it faster for sinks to access data. Honeycomb tessellation offers advantages in terms of algo-

rithmic simplicity in routing and fault tolerance against node failures. The HexDD protocol

utilizes these properties of honeycomb tessellation for quick routing and hole recovery, as-

suring high data delivery ratio and low latency.

We have analytically evaluated the communication cost and hot region traffic cost of

HexDD, comparing it with other protocols. We conclude that HexDD is a very suitable

protocol for applications, where we have many mobile sinks and sources in the network.

In the next chapter, we investigate the performance of HexDD in two different scenarios:

(1) Emergency Response which incorporates a moderate mobility, and (2) Vehicular Sensor

Networks which incorporate high mobility.
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CHAPTERVI ∗

Data Dissemination in Different Applications of Mobile

Multi-sink WSN

In this chapter we focus on the performance evaluation of Hexagonal Cell-based Data Dis-

semination (HexDD) protocol described in Chapter 5 in different applications. We consider

two different classes of mobile wireless sensor networks with mobile sinks: mostly static and

highly mobile networks. To be more specific, these applications are defined as follows: (i)

Emergency Response Application – mostly static, which contains scenarios in which most of

the sensors are static and some sensors are attached to people or vehicles such as firefighters

or unmanned aerial vehicles moving at low or medium velocities, and (ii) Vehicular Sensor

Network Application – highly mobile, which contains scenarios in which many sensors are

attached to devices that move at high velocities such as cars. We evaluate and compare the

performance of the HexDD protocol with other application-specific data dissemination pro-

tocols in terms of data delivery ratio, latency and energy efficiency. In addition, we analyze

the effect of the hotspot zones on the performance of various protocols. Through extensive

simulations, we also investigate the efficiency of our fault tolerance mechanism, which is

proposed as a supporting method to recover from routing holes in the network.

∗Some parts of this chapter appear in the book chapter with the title “Infrastructure Assisted Data Dissemina-

tion for Vehicular Sensor Networks in Metropolitan Areas” In Roadside Networks for Vehicular Communications:

Architectures, Applications and Test Fields, IGI-Global, Submitted in April 2011 [8] and some parts of the chapter

also is submitted in the journal paper [6].
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6.1 Wireless Sensor Networks in Emergency Response

We described the emergency response application in Chapter 2.4. In this section, we further

discuss the characteristics of a wireless sensor network designed for an emergency response

scenario and evaluate the performance of the HexDD protocol in this scenario.

6.1.1 Motivating Scenario

The sink mobility assumption may be useful for numerous applications. A typical application

is emergency response. As shown in Figure 2.3, sensors are randomly deployed by UAVs to

monitor the area of interest, e.g., a forest in a fire fighting scenario, and detect dangerous

events, e.g., fire in forest. Detection of such events is realized by event-detection algorithms,

e.g. [34]. Sensors report an alarm (including data about the current situation of the event)

to mobile sinks. Mobile sinks monitor the progression of the event and take the appropriate

actions (e.g., sending location of the fire to the mission coordinators via a satellite). There-

fore, the sink represents an important component of a wireless sensor network as it acts as a

gateway between the sensor network and the end-users.

The sink mobility assumption can be enforced by the nature of the employed application.

For example, in the fire fighting scenario, the mobile entities (e.g., firefighters, firetrucks,

UAVs, etc.) of the network have primary tasks, whereas data collection is a secondary task.

For example, firefighters fight cooperatively to eliminate fire in the field while UAVs are

responsible for transporting load (e.g. water) near the fire field or deploy sensors to inac-

cessible areas of the network. Their mobility is regulated according to their primary tasks.

In the meanwhile, they are informed by the source nodes about the current situation of the

event as they carry sink nodes onboard. The firefighters are warned about the dangerous sit-

uation around them in time, for example, the spread of the fire, i.e., where it is spreading and

how quickly. Therefore, from data collection point of view, the sink mobility is uncontrol-

lable. Sinks move randomly around the network and get data from the sources. Moreover,

in emergency response scenarios, the use of mobile objects for data collection makes harder

the damage of such component. Indeed, if a static sink is located in the area of interest, it

can be damaged by the dangerous event such as fire, thus making the sensors disconnected

from the end-users. The mobile sinks enable a more reliable data collection in the danger-

ous/inaccessible regions.

6.1.2 Performance Evaluation in Emergency Response Applications

For the purpose of performance evaluation, we have compared the proposed protocol HexDD

with two other rendezvous-based approaches, LBDD and TTDD. We choose TTDD and

LBDD for the comparison since we would like to investigate the effect of using hexagonal

tessellation instead of rectangular grids and using three diagonal lines acting as rendezvous

area instead of only one line-based region. The simulations have been carried out to evaluate

routing performance and the fault-tolerance performance of the protocols. We also investi-

gate the effect of central region size on the HexDD protocol.

For this purpose, firstly, we analyze the protocols with varying number of sink-source

pairs. Secondly, we explore the impact of sink mobility (i.e. sink’s maximum speed) on the

performance of these protocols. We then analyze the fault-tolerance performance and vary

the total number of holes and the size of holes in the network. We also analyze the protocols’

energy distribution maps which are important to see hotspot regions created by each protocol
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in the network. Indeed, since all data reports and queries are concentrated over the central

region in HexDD protocol, the hotspot problem can arise, limiting the network lifetime and

the scalability. To prevent the central cell from being a bottleneck, it is possible to design a

larger central region, including the first hexagonal ring, to better distribute the load among

its nodes. Therefore, we, finally, test the routing performance of HexDD with different size

of central region (i.e. center with one cell or center with the first hexagonal ring) to see if

we can reduce energy consumption per node at the center with a larger central rendezvous

region.

Simulation Environment

HexDD protocol is implemented and tested in NS2. To guarantee a fair comparison between

TTDD and HexDD, we set simulation parameters comparable to those used in [173]. This

includes simulation of IEEE 802.11 DCF as the underlying MAC and an energy model in

which a sensor’s transmitting, receiving and idling power consumptions are set to 0.66W,

0.395W and 0.035W, respectively. Although IEEE 802.15.4 is a standard developed to meet

the needs for low-power and low-cost wireless communication, we prefer to use the IEEE

802.11 standard in our simulations to be comparable with previous works. A comparative

performance study of IEEE 802.15.4 and IEEE 802.11 can be found in [178]. The cell size

in TTDD is set to 600m. In LBDD, width of the virtual line is set to 250m. Each node has

a transmission range of 250m. For routing performance simulations, 250 sensor nodes are

randomly distributed on a 2000×2000m2 field. For fault-tolerance performance simulations,

210 nodes are randomly distributed on a 1500×1500 m2 field. Each simulation run lasts for

200 seconds. Results are averaged over six random network topologies. A source generates

one data packet per second, so there are in total 200 data packets/source sent. The sinks’

mobility follows the standard Linear Mobility model. Mobile sinks could attain a maximum

speed up to 14 m/s with 5 seconds pause time. The stimuli remain static during the simulation

time. For different sets of simulations, speed and pause times of sinks are varied.

We use the following metrics to evaluate the performance of the protocols: (i) Data

Delivery Ratio: defined as the ratio between the total number of data packets received by

the sinks and the total number of data generated by the sources; (ii) Data Delivery Delay:

defined as the total time elapsed between the data generation by a source and its reception by

a sink, also averaged over all source-sink pairs; and (iii) Energy Consumption: defined as the

communication (transmitting and receiving) energy the network consumes; the idle energy is

not counted since it depends largely on the data generation interval and does not indicate the

efficiency of the data dissemination protocol.

Simulation Results

Impact of the number of sink-source pairs: For the first set of simulations, the number of

sink-source pairs is varied. Mobile sinks could attain a maximum speed up to 10 m/s with 5

seconds pause time. The stimuli remain static during the simulation time.

Figure 6.1(a) shows the data delivery ratio for the three protocols. We observe that the

success rate slightly decreases as the number of sink-source pairs increases because of the

congestion in the network. Although the results of HexDD, LBDD and TTDD are close,

HexDD has the highest delivery ratio benefiting from the use of a virtual infrastructure of

three border lines, which allow to better distribute the load among the nodes inside the ren-

dezvous area. The delivery ratio of TTDD scheme falls more consistently as the number of
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Figure 6.1: Impact of the number of sink-source pairs

sink-source pairs grows.

Figure 6.1(b) presents the data delivery delay in seconds. We notice that in all protocols,

the delay increases with the increase in number of sink-source pairs. However, the increase in

the delay of TTDD is very large due to the time spent for the creation and the propagation of

the grid for each source. Also, more sources generate more data packets, and more sinks need

more local query flooding. Both increase the traffic volume and lead to longer delivery time.

In HexDD, on the other hand, since all sources and sinks use the same common hexagonal

architecture for data storage and look up, there is no need for a flooding mechanism to track

sink mobility and neither for an infrastructure setup. Therefore, the incurred delay slightly

increases as the number of sink-source pair increases. The delay of LBDD and HexDD

are very close to each other; however, while the number of sink-source pairs increases the

difference between delay values of LBDD and HexDD gets larger since in LBDD, more sinks

mean more flooding in the virtual-line resulting in increase in the traffic volume and lead to

longer delivery time. In addition, greedy forwarding in LBDD may take time to find paths,

more than HexDD addressing based forwarding.

Figure 6.1(c) shows energy consumption of the whole network under each protocol. For

all protocols, it is observed that the energy consumption is mainly linearly increasing with

the number of sink-source pairs. TTDD presents a rather higher communication cost since

there is no global virtual infrastructure in TTDD. In TTDD, every source node sends data

packets to four different corners to construct its own grid structure. As the number of source

node increases, a separate grid construction and maintenance on per source basis results in
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Figure 6.2: Impact of sink speed

higher cost, both in terms of packets and energy overhead. Also, the local query flooding

mechanism in TTDD contributes significantly to overall energy consumption. Therefore,

there is a big gap between plots of HexDD and TTDD in the figure, especially for higher

number of sink-source pairs. The global virtual hexagonal infrastructure of HexDD results

in lower energy consumptions since data packets are required to be sent only to rendezvous

nodes (i.e. nodes in border cells). Although LBDD also uses a virtual infrastructure, it suffers

from congestion and retransmissions during the flooding of queries through the rendezvous

line.

Impact of sink mobility: We have tested the performance of HexDD, LBDD and TTDD

protocols under both low mobility (i.e. 4-5 km/h for walking humans) and high mobility

(e.g., 50-60 km/h for UAVs) scenarios. The sinks’ speeds are set to 0, 5, 10, 15, and 20 m/s

(0 to 72km/h) with a pause time of 5 seconds, where the speed of 0 m/s means a static sink,

obviously. The speed 20 m/s means that a sink crosses the border of a cell approximately

every 7 seconds (i.e. 2r = 138.5m which is the longest distance in a hexagon, 138.5/20 �

7seconds) in HexDD. There are 6 sink-source pairs in this scenario.

Data delivery rate (see Figure 6.2(a)) decreases as the moving sinks’ speeds increase.

However, for all protocols, the success rate remains within the range of 98% to 87%. Even

though there is no explicit mobility tracking scheme in HexDD, it functionswell under higher

mobility. HexDD performs better than the two others.

Figure 6.2(b) shows the data delivery delay vs. sinks speed. The data delivery latencies

in HexDD and LBDD are lower than the delay in TTDD. Sink mobility causes the recon-

131



Data Dissemination in Different Applications of Mobile Multi-sink WSN

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 0.9

 0.95

 1

 0  1  2  3  4  5  6

D
a
t
a
 
D
e
l
i
v
e
r
y
 
R
a
t
i
o
 
(
%
)

Number of Holes

HEXDD
LBDD
TTDD

(a) Data Delivery Ratio (%)

 10

 15

 20

 25

 30

 35

 40

 0  1  2  3  4  5  6

D
a
t
a
 
D
e
l
i
v
e
r
y
 
D
e
l
a
y
 
(
m
s
e
c
)

Number of Holes

HEXDD
LBDD
TTDD

(b) Data Delivery Delay (msec)

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 0  1  2  3  4  5  6

E
n
e
r
g
y
 
C
o
n
s
u
m
p
t
i
o
n
 
(
W
)

Number of Holes

HEXDD
LBDD
TTDD

(c) Energy Consumption (W)

Figure 6.3: Impact of increasing number of holes in the network

struction of a new path between the sink and the dissemination point on the grid every time

the sink changes its local cell. This results in higher delays for higher speeds of the sink due

to frequent path updates. A sink can access data cached in border nodes in a short time in

HexDD even while it is moving around the network. In LBDD, it has to search for data in

the inline region. Therefore, LBDD has higher delay than HexDD.

Figure 6.2(c) shows that the energy consumption of TTDD is higher than HexDD and

LBDD, since as the sink moves faster it tends to frequently change cells. The mobile sink

renews its entire path to the dissemination point on the grid whenever it moves out of range

in the local cell. Frequent renewal of the entire path to the sink increases energy consumption

(see Figure 6.2(c)) and the connection loss ratio (see Figure 6.2(a)). In HexDD, the reason of

slightly increasing energy consumption is also the frequent change of sinks’ cell and border

node which forwards the data. Due to the same reason, LBDD also does more flooding of

the query for its location updates.

Impact of the number of holes in the network: Each different shaped and middle sized

hole covering 5 cells in the network is randomly generated and positioned on a hextant or on

the border lines. The number of sources is equal to the number of holes in the network. Each

source is placed on a location where it is affected by at least one hole. Three destination sinks

are chosen randomly in the network.

Figure 6.3(a) shows the impact of increasing number of holes on the data delivery ratio.

We observe that for all protocols when we increase the number of holes in the network,

the delivery ratio decreases. In TTDD, routing crosses over the holes for most of the data
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packets. TTDD does not have a specific hole recovery mechanism; however, it builds grids

and its routing strategy is along the grid so if some part of the grid is missing, there are still

alternative paths on the grid to forward packets towards sinks. In LBDD, on the other hand,

more packets get stuck in holes when we increase the number of holes. The packets in LBDD

are always directed to one single strip vertically positioned at the center of the network and

for packets coming across holes, greedy forwarding sometimes fails to route across the holes.

The special hole recovery mechanism in HexDD can also achive a high DDR.

Figure 6.3(b) presents the data delivery delay. TTDD has the highest delay since the

alternative paths along the grids to bypass holes are in most of the cases longer than the

possible shortest path between a source and a sink. Since a data packet is forwarded along

the boundary of a hole in LBDD until greedy forwarding becomes possible again, it has the

lowest delay. We also observe a slight decrease in the delay of LBDD between number of

hole 2 and 5 on the x axis since when we increase the number of holes, the number of packets

routed across the holes decreases. HexDD also tries to forward packets along the boundary

of a hole via the shortest possible path so it also has a low delay.

Energy consumption vs. number of holes graph is shown in Figure 6.3(c). The increase

in energy consumption of TTDD is very high due to long data forwarding paths on the grid

between sources and sinks to evade holes. The energy consumption of LBDD is more or

less same when we increase the number of holes in the network because the protocol always

tries to find a path on the border of a hole and it forwards data packet until it gets stuck at

some point. Therefore, it still consumes energy on the same level although it has a lower data

delivery ratio when we increase the number of holes in the network. The energy consumption

of HexDD, on the other hand, increases when we have 0 to 3 holes in the network since it

achieves to find paths between sources and sinks. After that point, the energy consumption

decreases slightly because the data delivery ratio of HexDD also decreases slightly. Less data

forwarding results in less energy consumption.

Impact of the size of holes in the network: In this set of simulations, there are one

source-sink pair and one hole in the network. The size and the shape of a hole is changed for

different runs. The size of the hole is represented as the number of cells that it covers.

Figure 6.4(a) shows the data delivery ratio vs. increasing hole size. The grid structure of

TTDD allows the data packets to find other paths to bypass a hole even when we have a large

hole in the network, thus success ratio of TTDD is the highest. When we have larger holes,

the delivery ratio of LBDD rapidly decreases since it is getting harder for greedy forwarding

to find a path along the boundary of a large hole. More packets get stuck in the hole, e.g., 26%

of the packets get lost in the hole covering 10 cells as shown in Figure 6.4(a). Simulations

show that the hole recovery mechanism in HexDD works efficiently since the data delivery

ratio of HexDD is high.

Figure 6.4(b) presents the data delivery delay. The delay of TTDD is again the highest,

because the alternative paths along the grid maybe much more longer when passing along

the boundary of a hole. Since more packets get stuck in the holes and the lost packets are

not included in the delay results, the delay of LBDD is the lowest. The data delivery delay

of HexDD is much more shorter than that of TTDD because HexDD tries to go along the

boundary of the hole finding a shorter path.

The energy consumptions of the protocols are shown in Figure 6.4(c). The energy con-

sumption of TTDD is the highest. The energy consumption of LBDD is very close to that
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Figure 6.4: Impact of increasing size of the hole in the network

of TTDD although its data delivery ratio is lower than TTDD and HexDD. HexDD has the

lowest energy consumption which slightly decreases due to decrease in its data delivery ratio.

Hotspot regions: The use of a virtual infrastructure for the data dissemination can lead

to the hotspot problem. Indeed, as all data reports and queries are concentrated over the

rendezvous area, the hotspot problem can arise, limiting thus the network lifetime and the

scalability. In this set of simulations, we analyze hotspot region in a network having 6 sources

and 1 sink, which is located at different locations for three different scenarios. The simulation

run lasts for 600 seconds. Figure 6.5 shows the distribution map of energy consumption for

the protocols. Energy consumptions in hello packet transmissions and idle mode are not

shown in the maps since it depends largely on the data generation interval and does not

indicate the efficiency of the protocol. Although energy consumption is highly variable and

depends on the current location of the sink and source, an important observation about our

approach is that nodes in the border lines experience a higher energy consumption which

shows that energy consumption is distributed among the nodes in the rendezvous region. On

the other hand, the nodes close to the center of the network consume the highest energy, as

expected. It is, therefore, observed that in HexDD the network lifetime is defined by a few

nodes that are at the center of the network (see Figure 6.5(c)). Concerning LBDD, we notice

that energy consumption is also distributed among the nodes in the rendezvous region, which

is the central strip in the network. However, LBDD also has the highest energy consumption

at the center of the network (see Figure 6.5(b)). In TTDD, since a separate grid structure is

constructed by each individual source, the energy consumption is equally high throughout
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Figure 6.5: Impact of rendezvous-based data dissemination protocols on the energy consumption dis-

tribution

Table 6.1: Energy Consumptions (W) of the three protocols

HexDD HexDD LBDD TTDD

(with one cell) (with one ring)

Overall 1611 1728 2872 9468

Maximum/node 1200 600 900 1000

the network (see Figure 6.5(a)). This increases the probability to exhaust the battery energy

of the majority of nodes, leading to network partitioning and reduced network lifetime.

The overall energy consumptions of the protocols are shown in Table 6.1. The energy

consumption of TTDD is higher than HexDD and LBDD, since as the sink moves it tends to

reconstruct a new path to a dissemination node on the grid by local query flooding and agent

updates. Also, LBDD floods the query of the sink in the inline region for its location updates.

HexDD has the smallest overall energy consumption.

Impact of central rendezvous region size adjustment: In this section we investigate the

effect of central region size adjustment on the energy distribution in the network and the
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network lifetime. We change the size of the central rendezvous region. Instead of having

one cell at the center, we have extended the center with the first hexagonal ring as shown in

Figure 6.6(a). Yellow cells are the rendezvous regions in the virtual infrastructure, and the

pink cells are the central cells.

(1) Energy map of central region with one hexagonal ring: Figure 6.5(d) shows the energy

distribution of HexDD with one ring approach. In this approach, the load of the central cell

in HexDD with one cell approach is distributed among all the nodes in the first hexagonal

ring as shown in the figure. The energy consumptions of the nodes in the first hexagonal

ring cells (see Figure 6.5(d) and Table 6.1), which is around 600W, is less than the energy

consumptions of the nodes in the central cell (see Figure 6.5(c)), which is around 1200W.

As shown in Table 6.1, HexDD with one central cell approach consumes an overall energy

of 1611W; on the other hand, the overall energy consumption of HexDD with one hexagonal

ring approach, which is 1728W, is slightly higher than that of HexDD with one central cell.

(2) Network lifetime: Several definitions of network lifetime can be found in literature.

In this work, we define the network lifetime from an application point of view as the time

the application stops being operational, which in our case is the time corresponding to the

last report received by a sink. In other words, when the sink is no longer able to receive a

report from the sensors, the sink is said to be disconnected from the sensors, and the network

is non-functional. To analyze the network lifetime, in Figure 6.6(b) we plot the average

application success ratio. This ratio is defined as the ratio between the total number of data

reports received by the sink and the total number of reports generated by the sensors since

the start of the simulation, averaged over six random network topologies.

The first phase occurs up to a duration of 200s. This phase represents the normal behavior

of the network when all the sensor nodes are active. HexDD with one cell at the center

presents a higher average success ratio compared to LBDD and HexDD with one ring at the

center during this phase. Because LBDD and HexDD with one ring at the center have to

flood the sink queries within the virtual infrastructure (i.e. line strip in LBDD and hexagonal

ring in HexDD) to reach the node storing the requested data, the probability of collision is

thus higher and the application is less reliable. This is why their obtained average success

ratios are slightly lower than HexDD with one cell at the center. In the second phase, which

occurs at an instant around 200s and the nodes start to die, LBDD and HexDD with one

ring present a higher average success ratio compared to HexDD with one cell. Since they

have a larger virtual infrastructure, the energy consumption of LBDD and HexDD with one

ring is distributed over the entire rendezvous area, avoiding thus the hot spot problem and

the existence of critical nodes such as the nodes of the center cell of HexDD with one cell

at the center. Larger infrastructure introduces more redundancy between nodes, increasing

the protocol robustness. This directly impacts the application success ratio which remains

higher with LBDD and HexDD with one ring than with HexDD with one cell. With the

above chosen metric for the network lifetime, we see that HexDD with the first-ring center

lasts longer than LBDD. HexDDwith larger rings can further improve the application success

ratio and the network lifetime.

In the HexDD protocol, according to the network traffic, the size of the central region

can be adjusted. For instance, while there is only one sink and one source in the network,

only one center cell can be enough to avoid congestion at the central region. On the other

hand, for larger number of sinks and sources, the central region can be extended to include
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the cells at the first and/or second hexagonal rings. For this adaptive mechanism, HexDD

can simple check the queue sizes of the nodes in the central region. If the queue sizes of the

central nodes are above a certain threshold, one more hexagonal ring joins the central region

to serve as rendezvous area. When a larger central region is used, HexDD algorithm needs a

small extension which enables the nodes inside the hexagonal ring to forward their packets

towards the ring. This forwarding is indeed done by increasing the H until H equals to the

Hc of the central ring and increasing I by k, the hextant number.

HexDD with one cell HexDD with one ring

(a) Central rendezvous region size adjustment
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6.2 Vehicular Sensor Networks in Metropolitan Areas

Vehicular Sensor Networks (VSNs) are an emerging area of research that combines technolo-

gies developed in the domains of Intelligent Transport Systems (ITS) and Wireless Sensor

Networks. Data dissemination is an important aspect of these networks. It enables vehicles

to share relevant sensor data about accidents, traffic load, or pollution. Several protocols

are proposed for vehicle to vehicle (V2V) communication, but they are prone to intermittent

connectivity. In this part of the chapter we propose a roadside infrastructure to ensure sta-

ble connectivity by adding vehicle to infrastructure to the V2V communication. We adapt

Hexagonal cell based Data Dissemination (HexDD) for VSNs within a metropolitan area.

The virtual architecture of the proposed data dissemination protocol exploits the typical ra-

dial configuration of main roads in a city, and uses them as the basis for the communication

infrastructure where data and queries are stored. The design of the communication infras-

tructure in accordance with the road infrastructure distributes the network data in locations

that are close or easily reachable by most of the vehicles. In this section we also evaluate

the performance of HexDD protocol in a vehicular sensor network scenario. The simulation

results show that HexDD significantly improves the data delivery ratio in VSNs.

6.2.1 Motivating Scenario

Traditionally, towns were built in a very specific fashion. In the center would be the church

or town hall and a market square, surrounded by one or more circular roads. A number of

radial roads would allow visitors to travel from the city gates in the outer wall to the center.

Many modern European cities reflect this old city plan in their current street layout. And still

the old circular and radial roads are the main traffic arteries in the city. Figure 6.7 shows the

map of the city of Enschede in the Netherlands that clearly illustrates these characteristics.

If one had to choose where to build a communication infrastructure in support of vehicular

networks in metropolitan areas, these roads would be the prime candidates.

In the following we adapt the HexDD protocol which provides a sensing and communica-

tion infrastructure, in support of a data dissemination protocol for vehicular sensor networks

(VSNs). The main motivation is using roadside infrastructure for reliable data dissemina-

tion in VSNs. The roadside wireless sensors form a typical static Wireless Sensor Network

(WSN) which provides a full and stable coverage of a city area. This WSN has advantages

compared to a vehicular network whose coverage depends on the traffic situation and is usu-

ally unevenly distributed over a city. Vehicles together with roadside sensor nodes form a

hybrid network that can serve many applications, such as traffic monitoring and control, en-

vironmental monitoring, and safety applications. The proposed data dissemination protocol,

HexDD, can be used by these applications. We adapt the protocol for the hybrid WSN and

vehicular network. In this hybrid network, thousands of vehicles are used as sensors col-

lecting data. Data is collected in places where previously no measurements were taken, thus

broadening the scale and scope of information gathering considerably. A vehicle sensor net-

work alone has a drawback though. Dissemination of the sensor data is only possible when

other cars are in communication range. If no car is in range, the data must be stored to be

offloaded at a later time. The network becomes a delay tolerant network in which time bet-

ween sensing the data and its dissemination can be considerable. During this period the data

can become stale and not valid anymore. The use of a fixed infrastructure to offload the data
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Figure 6.7: OpenStreetMap of Enschede centre overlaid with a hexagonal tessellation of cell size

around 70 meters

to – and to get the data from as well – will improve timeliness of data dissemination.

It is tempting to demonstrate the potential of infrastructure-assisted vehicular sensor net-

works and HexDD with an elaborate though realistic scenario taken from one of the ap-

plication areas mentioned in the following. However, for the sake of clarity we constrain

ourselves in the following to a simple scenario where one vehicle provides data and another

vehicle requests data.

Possible applications

Vehicular sensor networks serve as means for effectivelymonitoring the physical world [101].

Vehicles continuously gather, process, and disseminate relevant sensor data. Such networks

allow for the emergence of several new applications. Among potential applications are:

• Traffic Monitoring and Control: Sensors deployed in both vehicles and roadside units

can be used to gather information such as the speed and position of vehicles to accu-

rately estimate the current traffic condition. Such traffic information can be combined

and sent to a central authority point such as the city hall whenever requested. In addi-

tion, traffic lights equipped with sensors nodes can request live traffic information from

vehicles to control the time duration of each light adaptively to the current traffic.

• Environment Monitoring: A central point can send a query for data obtained from

chemical sensors, installed both in vehicles and in roadside units. Such data, combined,
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can provide a global estimate of the level of pollution in different regions of the city.

Furthermore, sensors that are able to detect vibrations during the ride can generate

estimates about the conditions of the road.

• Safety Warnings: Vehicle communication has the potential to complement internal on-

board sensors (cameras or radars) to detect and warn drivers about hazardous situations

when a vision beyond what sensors can provide is required. When a radio gap is

present, roadside units can be used to store and later forward the corresponding data to

potential interested vehicles and authorities.

6.2.2 Related Work

Vehicular Ad Hoc Networks (VANETs) are a type of Mobile Ad Hoc Networks (MANETs)

used for communication among vehicles and between vehicles and roadside units (RSUs).

Since the operational principles of MANETs and VANETs resemble, most of the routing

algorithms that were applicable to MANETs have been considered from VANETs, and mod-

ified for their high speed mobility and the unpredictable nature of their movement. In a

general context, routing protocols proposed for MANETs can be classified into two main cat-

egories: topology-based and geographical routing protocols [121]. Topology-based routing

protocols exploit topological connectivity information about the network links to establish

and maintain source-destination paths. In this category, protocols are mostly classified as

being either proactive or reactive.

In networks utilizing a proactive routing protocol, every nodemaintains one or more rout-

ing tables representing the entire topology of the network. These tables are updated regularly

by means of data exchange between nodes to maintain up-to-date routing information. This

process can lead to a high overhead on the network. One example of a proactive protocol is

the Destination-Sequenced Distance-Vector routing (DSDV) [130]. DSDV is based on the

Bellman-Ford algorithm, however, with several modifications to make it suitable for a dy-

namic and self-starting network mechanism. In particular, it solves the routing loop problem.

In the protocol, each entry in the routing table contains a sequence number generated by the

destination, and the emitter needs to send out the next update with this number. Routing

information is distributed between nodes by sending full dumps infrequently, and smaller

incremental updates more frequently.

In contrast, reactive routing protocols only initiate a route discovery process when a route

to a destination is required. This leads to a higher latency compared with proactive protocols,

however, with the benefit of a lower overhead. One example of protocols in this class is the

Ad Hoc On-Demand Distance Vector Routing (AODV) [131]. In AODV, a route is created

on demand when a source node wants to communicate with a destination node. The route

creation involves flooding a route request message and establishing, at each hop, a backward

pointer (the last transmitter of the request) to the source. A reply is unicast along this path by

using the backward pointers while establishing forward pointers to the destination.

In the second class of MANET protocols are the geographical routing protocols. Geo-

graphical routing relies on the geographical position of nodes to forward a packet to its des-

tination. Because only local information is required, they do not require the establishment

or maintenance of end-to-end path. In this class is the Greedy Perimeter Stateless Routing

(GPSR) [89]. GPSR uses greedy geographical forwarding from the source node to the des-
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tination node. When a node cannot find a neighbor node that is closer to the destination

position than itself, a recovery strategy based on planar graph traversal is applied.

Although VANETs are a special case of MANETs, the solutions proposed for MANETs

do not take into account specific characteristics of vehicular environments such as inter-

mittent connectivity and the high mobility of nodes. For these reasons, several data dis-

semination solutions have been proposed specifically for vehicular environments. In the

remainder of this section, we review the current state-of-the-art of data dissemination pro-

tocols in VANETs by organizing recent works in two categories: infrastructure-less and

infrastructure-assisted. The former comprises solutions that deal purely with vehicle-to-

vehicle (V2V) communication while the latter includes solutions that make use of both

vehicle-to-vehicle and vehicle-to-infrastructure (V2I) communication. Since we adapt our

protocol for the hybrid of roadside wireless sensors and vehicular network, we focus on

infrastructure-assisted protocols.

Infrastructure-assisted Data Dissemination in VANETs

The quality of services relying on vehicle-to-vehicle communication will largely depend on

the available network connectivity. Therefore, especially at an initial stage of vehicular tech-

nology deployment, infrastructure will play an important role in improving the delivery ratio

in sparse networks. At the time of writing of this thesis, just a few solutions have proposed

the use of infrastructure to assist vehicular network protocols. In the following, we describe

some of these efforts.

The use of infrastructure to improve reliability in multi-hop routing in vehicular networks

was proposed in [37, 77, 152]. The work presented in [37] introduces a simple and new graph

representation of the road-topology map. It takes into account the relaying capabilities of

roadside units for multi-hop vehicular communications, and that can be applied to existing

topology-aware routing protocols. Rather than proposing a routing protocol, authors focus on

the assistance of geo-routing protocols by considering roadside units with high bandwidth,

high transmission range, and all interconnected through a backbone. In [77], two novel no-

tions are introduced to cope with link failures in vehicular networks: virtual equivalent node

and differentiated reliable path. These notions are used to design the on-demand differen-

tiated reliable routing (DRR) protocol. DRR relies on both roadside units and vehicle-to-

vehicle communication to adaptively discover a sufficient number of link-disjoint paths to

meet the application’s specific reliability. To cope with frequent disconnections in vehicular

networks, the work in [152] presents a multi-hop vehicle-to-infrastructure routing protocol,

named Vertex-Based Predictive Greedy Routing (VPGR). VPGR predicts a sequence of valid

vertices leveraging contextual information to forward data from a source vehicle to the in-

frastructure.

Also with the focus on routing, authors in [105, 129, 132] aim to improve efficiency in

terms of amount of data exchanged, overhead, and energy, respectively. In [105], authors

propose the multi-hop data harvesting (MDH). MDH is a data-harvesting scheme that fo-

cuses on supporting applications that require multi-hop communication, such as real-time

applications. In this scheme, vehicles make use of roadside sensors to send data requests and

to receive data from multiple sensors. Furthermore, a data aggregation technique is used to

cope with a high amount of data when using geocasting. In [129], a novel routing approach,

called RAR (Roadside-Aided Routing), is introduced. The proposed approach affiliates each
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vehicle to a sector, defined as the affiliation unit that is a road area bounded by neighboring

roadside units (RSUs). This can reduce significantly the affiliation overhead compared to

other methods that use the concept of clusters. The protocol is also based on a single-phase

routing scheme. Basically, two vehicles close to each other tend to communicate directly via

ad hoc networks, whereas two vehicles close to RSUs or in different sectors tend to commu-

nicate via RSUs. The roadside units are assumed to be connected with each other by wired

links or any links with high bandwidth, low delay, and low bit error rate. Therefore, the

routing performance is improved by limiting ad hoc routing in a small scope, and utilizing a

wired backbone network.

In contrast to routing, several works have been presented with solutions for disseminating

data to multiple vehicles. In [177], a data pouring and buffering paradigm for data dissem-

ination in VANETs is proposed. Two schemes are introduced: data pouring (DP) and DP

with intersection buffering (DP-IB). In DP, a data center in the infrastructure periodically

broadcasts data to be disseminated and relayed by moving vehicles to pour the desired area.

In DP-IB, the data poured from the source are buffered and rebroadcast at intersections. Au-

thors in [160] consider the problem of deploying a given number of infrastructure nodes for

disseminating information to vehicles in an urban area. The problem is formulated as a Max-

imum Coverage Problem (MCP) having as objective maximizing the number of vehicles in

contact with infrastructure nodes. To provide a treatable solution, authors propose heuristic

algorithms, which present different levels of complexity and knowledge.

To increase network connectivity in sparse networks, authors in [43, 110] proposed sc-

hemes with dropboxes. In [43], authors address the problem of disseminating data in sparse

vehicular networks by using dead drops (dead letter boxes). Dead drops are wireless trans-

ceivers with storage capability that are not interconnected or connected to other network

infrastructure. Such boxes, also known as dropboxes, can be used to both send and receive

data to vehicles, in order to improve the overall network connectivity. This work presents a

study of the optimum placement of dead drops in road intersections, and introduces an effi-

cient greedy approximation algorithm called MCDD as a solution for such placement. The

use of dropboxes is also discussed in [110]. Authors present a study of the impact of the

following parameters when disseminating data with the help of dropboxes: end-to-end delay

and packet dropping probability (PDP), by varying the number of vehicles. In the same area

of research, in [109] authors tackle both the problems of limited bandwidth and minimal ini-

tial deployment. An aggregation scheme is introduced to cope with the limited bandwidth.

On the other hand, by means of a genetic algorithm, the positions for placing static roadside

units are identified.

A general discussion on using sensors in vehicular environments was presented in [101,

123]. In [123], authors discuss unique features and challenges that distinguish vehicular sen-

sor networks from other types of ad hoc sensor networks. In addition, possible applications

of wireless grids in addressing data aggregation and processing challenges are considered.

In [101], authors survey the recent vehicular sensor network developments and identify new

trends. Aspects such as how sensor information is collected, stored and harvested are evalu-

ated considering both uses of V2V and V2I communications.

Network architectures for VSNs were subject of study in [68, 70]. The use of a hybrid ITS

safety architecture is proposed in [68]. The architecture combines both vehicle-to-vehicle

and vehicle-to-infrastructure sensor communication. Roadside units are connected to wire-
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less sensor networks, thereby reducing deployment costs compared to installing dedicated

roadside units. Among potential services of the hybrid communication system, the work

introduces accident prevention and post-accident investigation. In addition, the main com-

ponents of the system, namely, radio, networking and services, and security are described.

Likewise, in [70] a similar architecture is proposed with sensor nodes deployed along the

roadside to collect environmental data such as data on highway conditions (e.g. potholes,

cracks on the road, ice on the road and blind spots ahead). However, the focus is on a secure

data collection of such data. To achieve security, a secure symmetric key based protocol is de-

signed and validated with real trace data through a real implementation. The work described

in [143] focuses on an architecture where an ad hoc network is operated by a telecommuni-

cation provider. The goal is to combine non-valuable individual data sensed by each vehicle,

in order to obtain an overview about road conditions in a certain geographical area. The

aggregated information is then sent back to a roadside unit owned by the operator via a non-

free frequency (WiMax or 2.5/3G). To reduce the use of high-cost links, authors present the

Clustered Gathering Protocol (CGP).

With the goal of monitoring the condition of road networks, the work described in [57]

presents BusNet, which is a public transport system (i.e. buses) equipped with acceleration

sensors to monitor the road surface. The same application is proposed in [66]. A system

referred to as the Pothole Patrol (P2) exploits the mobility of vehicles to opportunistically

gather data from vibration and GPS sensors, and process the data to assess road surface

conditions. By using a machine-learning approach, authors study the viability of the system

to identify potholes and other road surface anomalies from accelerometer data. Related to

this works is the research presented in [168]. Authors use wireless vehicular sensor networks

for environmental monitoring. Experiments carried out with a sensor platform for air-quality

monitoring demonstrate an improved spatial coverage when using vehicular sensors over

static sensors. In [122], an open urban-scale testbed is introduced, in the effort to support

novel research and application developments in wireless and vehicular sensor networks. The

testbed called CitySense consists of several Linux-based embedded PCs outfitted with dual

802.11 a/b/g radios and various sensors, mounted on buildings and streetlights across the city

of Cambridge.

Comparisons

Table 6.2 gives an overview of the above-mentioned works that are more similar to our pro-

posal in this chapter. From this overview, we can outline that existing approaches propose

either a routing strategy or architecture for VANET applications. There is only one combined

effort of routing and infrastructure (i.e. RAR) which assumes wired links between RSUs of

the backbone network. As it can be observed from the table, we can classify the routing

protocols into two subclasses: (i) Geocasting, and (ii) Unicasting. In this chapter, we adopt

HexDD protocol, which is a unicast routing based on location information of the vehicles

and RSUs, for VSNs.

The HexDD protocol has the following advantages over the existing works for data dis-

semination in VSNs:

(i) It proposes the use of an inexpensive network composed of small sensor nodes to be

deployed in already existing infrastructure. Such approach can decrease deployment

costs compared to installing a fixed powered roadside infrastructure as proposed, for
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Table 6.2: Overview of the related works on infrastructure-assisted data dissemination in VANETs

Name of the work Type Goal

DRR Unicast routing Multiple-path routing to meet services’

reliability requirements

VPGR Unicast routing Context-based routing

MDH Unicast routing & Data-harvesting to support applications’

Geocasting requirements, e.g., real-time

RAR Unicast routing Routing with reduced overhead by

relying on a wired backbone network

DP and DP-IB Geocasting Dissemination to an area of interest

MCDD Infrastructure Optimization of the placement of

deployment dead drops in road intersections

Festag et al., 2008 [68] Architecture Connect roadside units to wireless sensor

networks to reduce deployment costs

CGP Architecture & Obtain an overview about road conditions

data aggregation in a certain geographical area

BusNet Opportunistic sensing Road surface monitoring

Pothole Patrol Opportunistic sensing Road surface monitoring

instance, in [37, 129]. Although the use of wireless sensor networks has been proposed

in [68] and [70], these works have focused on different aspects, namely, architecture

and security. In contrast, HexDD focuses on routing efficiency and robustness.

(ii) Considering the advantages of using an infrastructure-assisted approach, HexDD relies

on a virtual infrastructure built upon a hexagonal tessellation. Due to its optimized

topology, hexagonal tessellation allows for an efficient geographical routing of event

messages to any vehicle in the network.

(iii) HexDD considers end-to-end wireless communication. RSUs also communicate wire-

lessly via sensors attached to them.

(iv) HexDD makes the system resistant to node failures in the virtual infrastructure and

supports quick routing around holes in the network.

(v) HexDD has the unique feature of leveraging the original layout of the city to build its

virtual infrastructure. This allows for an improved delivery ratio and end-to-end delay.

In particular, we consider in this work the case of European cities, where circular and

radial roads surrounds the city center. The layout of the virtual infrastructure is a close

approximation of a city street layout, with the main diagonals being the (main) radial roads

of the city and the hexagonal ring defined by the most inner ring of the city. This represents

a very distinct approach when compared to other works in the current literature.

6.2.3 Infrastructure Network with Roadside Units

The vehicular sensor network that we consider is a hybrid between vehicular networks and

WSNs. The network consists of static and mobile nodes. The static nodes are sensors located

along the roads, attached to existing traffic signposts and other infrastructure, such as traffic

lights, bus and tram stops, parking meters, railway stations, and buffer stops. Locating sensor
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Existing infrastructure nodes

Figure 6.8: Virtual infrastructure of the hexagonal tessellation (yellow cells) overlaid on the existing

infrastructure nodes; covered cells are colored in light blue

nodes on this kind of road infrastructure will often result in a network that is not enough dense

or not evenly distributed over a city. Figure 6.8 shows the existing infrastructure nodes, the

blue triangles, in the same city area shown in Figure 6.7. The distribution of these nodes

is not uniform over the whole area. It is dense in some parts of the city, and sparse in

some others, creating also disconnected parts in the network. Additionally, we propose to

deploy small transceivers and sensors on lampposts, assuming they are regularly positioned

along roads in the city, e.g. every 100 meters. Such implementation has many advantages.

The lampposts are already in place and no new mechanical constructions to attach the radio

nodes to are needed. Electricity is present in every lamppost and is available to power up

the transceivers at minimal additional costs. Because existing utilities are used, disruptions

during deployment are kept to a minimum.

These nodes embedded on roadside units (RSUs) serve as sensor and relay nodes. The

network formed by them gives a complete coverage of the city area. The static nodes may be

powered or able to perform energy harvesting, e.g. from sun light, thus not depending only

on battery power. Vehicles moving in the city are the mobile nodes in the network. They send

the information collected by their possibly many sensors to the static nodes in the network.

They also ask for information from the network. Vehicles may also serve as relay nodes,

passing messages from one node to another in the network, but this is more a supporting role

in case holes are created in the infrastructure network.

In Figure 6.7 is shown the centre of the city of Enschede, the Netherlands overlaid with

a hexagonal tessellation assuming a communication range of 250m for RSUs. Figure 6.8

shows the hexagonal tessellation for the same city area, where the light blue cells show the
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coverage that the exiting infrastructure nodes create for the virtual tessellation. The addition

of the intelligent lampposts (iLPs) as RSUs ensures network connectivity and an acceptable

sensor density, i.e. at least one sensor node per hexagonal cell. The yellow cells in Figure 6.8

show the virtual infrastructure defined by our protocol. This consists of three main diagonals

of the tessellation and the n-hop ring around a centre cell (here the 3d-hop ring).

The virtual infrastructure is used by the data dissemination protocol for storing informa-

tion produced by sensors in the network, e.g. detected events. Requests from vehicles are

also sent to this infrastructure, making it a crucial element for the information exchange in

the network. The virtual infrastructure is thus serving as a backbone for the communication.

In a network where a major load of data and queries is coming from vehicles in the roads, it

is reasonable to position the communication backbone in the major roads. These major roads

have a strategic position for the transportation network, with most of the vehicles passing

through them. The layout of our virtual infrastructure shows a strong similarity with the city

street layout. This resemblance allows to use the real road infrastructure as the communica-

tion backbone in our protocol. The approach presented in this chapter is built on the premise

that there is a close fit between the street layout and the virtual infrastructure. When a main

road deviates from our virtual infrastructure, we use roadside units that are within the virtual

infrastructure instead of main road RSUs.

6.2.4 Adaptation of HexDD for Vehicular Sensor Networks

For hexagonal tessellation construction over a city, one reference cell should be determined.

A honeycomb tessellation is completely determined by one reference hexagon because, once

one hexagon is known, the remaining hexagons can be easily positioned. As shown in Fi-

gure 6.9, if the center hexagon is fixed at the center of the city, the whole tessellation is fixed.

In the following discussion, we assume the network has a fixed cell size, r, and network

orientation. A network with a fixed cell size and network orientation is solely determined

by the position of one reference cell. For node-cell association, a node needs to know the

edge length of the hexagon, r, and the center of the city. To let the other far infrastructure

nodes know the center of the city, a static node deployed at the center of the city can broad-

cast its location over the city once at the network setup phase. All the RSUs receiving this

information in the city can easily associate themselves with the hexagonal cell where they

are located. When a vehicle starts to move in the city or enters into a new city, it asks the

network settings (i.e. cell edge size, location of the center) of this city to the nearest RSU.

After getting the settings, it will be able to calculate its cell address.

In hexagonal tessellation, we classify the wireless nodes into three groups; (i) border

nodes, (ii) ring nodes, and (iii) regular nodes, according to their position on the hexagonal

tessellation. The ring cells are selected according to the position of the most inner ring of

the city. If the most inner ring road of the city is covered by the hexagonal ring, g, then

every node on ring g becomes a ‘ring node’. In Figure 6.8, dark yellow cells are the ring

cells assuming g = 3. The nodes associated with border cells, which are shown by light

yellow cells in Figure 6.8, are called ‘border nodes’. The virtual tessellation is partitioned

from border cells into different parts, called ‘city zones’ which are the white and blue regions

in Figure 6.8. All the other nodes located in city zones are called ‘regular nodes’.

The virtual tessellation is partitioned from the main road-lines running through the city

center into different parts (i.e. city zones) as shown in Figure 6.9. These main lines (yellow
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Figure 6.9: Hexagonal tessellation overlaid on a city area (assuming g = 1) and data-query dissemi-

nation

lines in Figure 6.9) together with a hexagonal ring (the most inner ring in a city) constitute

the infrastructure for our protocol. They serve as a storage place for data and a meeting point

for data and queries coming from cars moving in the city. Border nodes cache information

coming from the representative zone according to the forwarding directions, which was ex-

plained in Chapter 5.3. Finally, the central ring caches the information coming from all city

zones.

In the context of vehicular sensor networks, the network we envision consists of vehicles

and wireless nodes located on the fixed infrastructure on the roadside. Vehicles are the mobile

sources (see Car E in Figure 6.9), reporting information from collected or processed data

from their possibly many sensors. They are at the same time the mobile destinations (see

Car A in Figure 6.9), asking information that the driver/owner considers important. Wireless

nodes embedded on roadside units (iLP, parking places (P), and bus stops in Figure 6.9) serve

as sensor and relay nodes.

In the motivating VANET scenario, both the source and destination vehicles are mobile

entities of the network. The impact of destination and source mobility on the dissemination

scheme is very small because when destination or source vehicle moves to another cell, it

only changes its connection point to the static infrastructure. When a source vehicle moves
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to another cell, it sends its data to the nearest RSU to become connected to the infrastruc-

ture. When destination vehicles move between cells, they need to send a new query message

towards the central ring to inform the ring nodes about their new cells. If there is no direct

communication between a destination/source node and a RSU, another vehicle in the next

hop cell can be used as next hop until reaching a RSU. Another option is that the packet is

carried by the destination/source vehicle until it could be forwarded to a node which will

be a RSU, if any exits in the communication range or a vehicle. This ‘carry and forward’

concept [176] can be easily combined with our geographic forwarding protocol, HexDD.

6.2.5 Performance Evaluation in Vehicular Sensor Networks

In order to evaluate the performance of our data dissemination protocol described above,

we used the open source network simulator NS-2 [15] version 2.33. We have added a new

data dissemination agent (i.e. HexDD) into NS-2 over the currently implemented network

stack and added our logic as a routing agent. In the following, we provide first a description

of the simulation environment and scenarios characteristics and then present the evaluation

methodology, the metrics for comparing the protocols. Finally, we analyze the simulation

results we obtained.

Simulation Environment

In our VANET simulation we use three main components: a network component, capable of

simulating the behavior of a wireless network, a vehicular traffic component, able to provide

an accurate mobility model for the nodes of a VANET, and a map component, capable of

creating and providing free geographic data such as street maps. The vehicular mobility and

wireless network models are incorporated in different simulation tools. SUMO Simulation

of Urban MObility [17] implements complex validated vehicular traffic mobility models. It

is used for simulating a traffic scenario and generating an output file with vehicular mobil-

ity traces. The trace generated by SUMO is a mobility log for vehicles moving based on

traffic regulations. It is possible to import different maps to SUMO to generate different test

cases. Realistic urban areas (i.e. Enschede, the Netherlands) extracted from actual street

maps are imported to SUMO. These maps are extracted from free maps available in Open-

StreetMap [16]. After generation of mobility traces, they are fed into the network simulator,

NS-2, as mobility scenario. Also, static road infrastructure points, e.g. traffic lights, trans-

portation points, and parking meters, obtained from OpenStreetMap are used as Road Side

infrastructure Units (RSUs or in other words, fixed infrastructure nodes) in NS-2. We also

generated iLP nodes in NS-2. The simulation is performed by NS-2 to obtain the final results

with the given inputs. Figure 6.10 shows the general view of the simulation environment.

Scenario Characteristics

In the simulations of VSNs, we consider an urban area of 3500x4000m2 that is the downtown

and residential area of the city Enschede in the Netherlands. Vehicles are able to move

freely on the urban graph respecting roads and intersection rules, more specifically, speed

limitations and stops. Vehicles are able to communicate with each other using the IEEE

802.11 DCF MAC layer [46]. The radio transmission range has been deliberately over-

evaluated and set to 250m for VANETs as we wanted to avoid biased performance evaluations

due to disconnected networks. The simulation parameters are given in Table 6.3.
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Figure 6.10: Simulation Environment

Evaluation Methodology

We compare the performance of the HexDD protocol with representatives from two main

classes of ad hoc routing protocols: (i) AODV [131], which is a MANET reactive routing

protocol, and (ii) GPSR [89], which is a MANET geographical routing protocol. AODV and

GPSR protocols use both vehicles and fixed infrastructure nodes for routing, but do not yield

precedence to the fixed infrastructure nodes for routing packets.

Since only a limited work has been done on infrastructure-assisted data dissemination for

vehicular sensor networks inside the city environment, we have chosen two MANET pro-

tocols for comparison. Although the operations of VANET and MANET are the same, due

to the difference in high speed mobility of vehicles, VANET communication requires suit-

able modification in the predefined routing protocols. Some efforts on improving classical

MANET routing protocols to operate efficiently in VANET can be found in [25, 169]. Since

we have no intention of coding these improvements in NS-2 from scratch due to time con-

straints, we use AODV and GPSR implementations in NS-2.33. These protocols are served

as the benchmark to judge the performance of our proposed HexDD.

HexDD, AODV, and GPSR protocols are based on only local knowledge (i.e. one hop

neighbors). Vehicles don’t use any global knowledge such as a digital map of the region to

forward their data packets [108]. In HexDD, AODV, and GPSR, we make use of periodic

“hello” messages to get information from the one-hop neighbors of vehicles and RSUs.

Table 6.3: Overall Energy Consumption (W)

Parameters Values

Simulation time 300s

Simulation area 3500x4000m2

Transmission range 250m

Number of fixed infrastructure nodes 800 (i.e. RSUs)

Number of vehicles 300

Vehicle velocity vmin=0km/h, vmax=100km/h

Source/Destination selection Random

Number of source vehicles 1, 5, 10, 15, 20

Number of destination vehicles 10, 20, 30, 40, 50

MAC Protocol IEEE 802.11 DFC

Hello Interval 1s

Data Interval 1s
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Evaluation Metrics

The performance of the routing protocols has been evaluated by varying the number of des-

tination and source vehicles. We have measured several significant metrics for data dissemi-

nation in VSNs:

• Packet Delivery Ratio to Destinations (PDRD) – It is the ratio between the number

of data packets successfully delivered at destination vehicles and the number of data

requests (i.e. queries) sent by the destination vehicles.

• Packet Delivery Ratio to Infrastructure (PDRI) – It is the ratio between the number of

data packets successfully delivered at the infrastructure and the number of data packets

sent by the source vehicles. The average packet delivery ratios, PDRD and PDRI , show

together the ability of the routing protocol to successfully transfer data on an end-to-

end basis.

• End to End Delay (E2E) – It measures the average end-to-end (i.e. source-to-sink)

transmission delay by taking into account only the successfully received packets. The

average delay characterizes the latency that the routing approach generated.

• Response Time (RT) – It is the average time between sending the request and getting

the data for each vehicle.

Simulation Results

Impact of number of source vehicles: In this set of simulations, we have 30 randomly se-

lected destination vehicles in the VANET. The graph, shown in Figure 6.11(a), demonstrates

the good performance of the proposed HexDD in terms of higher PDRD, compared to the

other two protocols, and that is for varying number of vehicular sources in the VANET. This

is an expected result of using roadside network for vehicular communication. The graph in-

dicates that regardless of the underlying protocol, PDRD generally tends to decrease along

with increase in the number of sources. Indeed, when the number of sources increases, the

packet drops subsequently increase. Since only HexDD proposes a virtual infrastructure in

VANET, we have calculated PDRI only for HexDD in the simualtions. The data packet de-

livery ratio to infrastructure is also very high in HexDD protocol. Results prove that the use

of RSUs and virtual infrastructure in order to cache the data coming from different sources

improves the performance of data dissemination in terms of data delivery ratio.

Figure 6.11(b) shows end to end delay for three protocols and response time for HexDD.

Since we use a pull based approach in HexDD, we have also defined and measured RT, which

is the time elapsed between a destination vehicle sending a query and the time it receives the

data coming from the central ring. As show in the Figure 6.11(b), RT of HexDD is smaller

than E2E delay of the HexDD. The E2E delay of HexDD and GPSR are very close to each

other. The E2E delay of AODV is the smallest when we have 10 or more sources in the

network. The AODV protocol is able to keep the average delay of the transmitted packet in

an implicit control by dropping packets for which it does not have a route.

Impact of number of destination vehicles: Figure 6.12 shows the comparison of three

protocols in terms of data delivery ratio and average delay for varying number of destinations

when we have 20 randomly selected vehicular sources in the VANET. In Figure 6.12(a), when
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Figure 6.11: Performance of three protocols in terms of (a) data packet delivery and (b) average delay

for different numbers of vehicular sources

there are 10 sources in the network, PDRD and PDRI of HexDD are very close to 100%.

Both PDRD and PDRI of HexDD decrease when we increase the number of destinations.

However, decrease in PDRD of HexDD is bigger than decrease in PDRI of HexDD. On

the other hand, AODV and GPSR show the most drastic drops in their delivery ratios, with

a 20-24% decrease from the 10 destinations simulation to the 50 destinations simulation.

Figure 6.12(b) plots the average data delivery delay for all protocols and also response time

for HexDD. E2E delay of AODV is less sensitive to the increase of destinations than the other

protocols. Since GPSR and HexDD are based on geographic routing, their E2E delays are

close to each other. Both have route recovery phases when a packet reaches to a dead end.

The planar graph traversal strategy of GPSR can not always guarantee to recover the route

to the destination; therefore, its data delivery ratio is much smaller than HexDD. However,

although the data delivery ratio of GPSR is much smaller than HexDD, its E2E delay for

successfully received packets at destination vehicles is close to HexDD. This is due to the fact
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Figure 6.12: Performance of three protocols in terms of (a) data packet delivery and (b) average delay

for different numbers of vehicular destinations

that the route recovery strategy of GPSR also results in longer paths than recovery strategy

of HexDD.

6.3 Conclusions

In the first part of this chapter, we evaluated the performance of HexDD protocol described

in Chapter 5, in an emergency response scenario, which includes a mostly static deployment

containing several mobile sensor nodes and mobile sinks. The simulation results demonstrate

that our data dissemination strategy helps to minimize overall energy consumption and keeps

the data delivery ratio high even when routing holes exist in the network. To avoid the hot

region problem, which may be observed in the border lines and the central cells, one solution

is to adjust the size of the border lines and shape of the central region according to the size

of the network and the network traffic. In the simulations, we show the energy distribution

over the network when we have different central regions (i.e. one central cell or one cen-
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tral ring). As recent studies has been exploiting heterogeneity in the WSNs, deployment of

higher energy and communication capacity nodes can be used at the center of the network

to leverage the overall system capability of HexDD. Deploying more nodes to these regions

is also another solution for the hotspot problem. In [165], authors propose to deploy mobile

relay nodes in hot regions. Mobile relays stay closer to the heavily loaded nodes, and take

over the tasks of multiple bottleneck nodes during different network time periods. Mobile

relay approach helps greatly extending the network lifetime. Our dissemination protocol can

be easily incorporated with mobile relay approach.

In the second part of the chapter we adapted HexDD protocol for vehicular sensor net-

works and evaluated its performance in a city scenario. The network we envision consists of

vehicles and roadside units. The RSUs are the lampposts equipped with small transceivers

and sensors, positioned along roads at roughly equal distances, in addition to the existing

communication and traffic control infrastructure. This fixed network is inexpensive, and it

provides a full and stable coverage of a city area. This VSN created in this way has advan-

tages compared to a vehicular network whose coverage depends on the traffic situation and is

usually unevenly distributed over a city. This virtual infrastructure of HexDD fits with main

radial roads and the inner ring of a city, which become the communication backbone for the

protocol. They serve as a storage place for data and queries coming from cars moving in the

city. Data and queries coming from each part of the city are sent to one of the main roads

bordering it. The data is then sent towards the central ring, which has therefore knowledge

about the whole city. Using main radial roads and the inner ring as rendezvous areas for data

and queries, and employing roadside network for vehicular communication help to improve

data delivery ratio while providing fast response in VANETs as shown in the simulations.

The protocol can serve many applications of a VSN, such as traffic monitoring and control,

environmental monitoring, and safety warning.
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CHAPTERVII ∗

Conclusions and Future Work

The new generation of sensor network applications shows a clear trend of converging towards

an inter-operable, heterogeneous, highly dynamic, further miniaturized form. Out of these

evolutionary features, dynamics is an important property, which needs to be considered from

the protocol design phase. The protocols designed for dynamic applications need to be well-

tailored to the specific needs of the mobility of different device classes (e.g. devices of data

requester, data source, data relay) of the network.

The main research focus of this thesis was to investigate how sink-to-node and node-

to-sink communications could be achieved efficiently in a mobile multi-sink wireless sensor

network. The overall objective of the protocols designed in this dissertation was to maximize

the functionality of a mobile multi-sink wireless sensor network through the design of effi-

cient, distributed and scalable algorithms. The term efficient can be interpreted in many ways

depending on the emphasis placed by the application being considered. Although the ma-

jority of WSN-related research focuses primarily on techniques to extend the lifetime of the

network, it is important to keep in mind that network lifetime is not the only issue that is of

concern to the end-user. Service quality requirements, which could refer to parameters such

as packet delivery ratio or latency depending on the application requirements, are definitely

as well important for end-users. Hence, the research approach of this thesis incorporates

the term efficiency with two aspects: quality of service and energy-efficiency. A significant

proportion of this thesis is dedicated to devising strategies that would help to achieve these

aspects in mobile multi-sink wireless sensor networks.

This thesis has taken an multi-pronged approach to address the issue of efficient data

and query dissemination in mobile multi-sink wireless sensor networks. Accordingly, we

provide solutions to overcome the problems brought by mobility of sensor and sink nodes.

The contributions of the thesis are summarized in the following section.

7.1 Contributions Revisited

The contributions of the thesis are revisited in the following:

X Contribution 1: Benefits and challenges of using multiple sinks in static wireless

sensor networks (Chapter 3): There are significant advantages of having multiple

sinks in the network in terms of latency and energy consumption of information ac-

quisition. The multi-sink partitioning of the network should be done by taking load

balancing issues into account to acquire these benefits. We reviewed the state of the art

load balancing methods in wireless sensor networks. We proposed a mechanism for

load balancing between sinks in the network and between sensors in each partition. Al-

though the load in the network is more balanced using the proposed balancing protocol,

the bottleneck nodes near the sinks have great negative influence on the performance

metrics such as data delivery ratio, throughput, and network lifetime.
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X Contribution 2: Design and evaluation of a query dissemination protocol for multi-

sink wireless sensor networks (Chapter 4): To enable sinks to efficiently route queries

that are valid in particular regions of the deployment, we proposed a set of algorithms

that combine coverage area reporting and geographical routing of queries injected by

sinks. Each sink constructs a routing tree and collects coverage areas of itself and

other nodes in the routing tree. This structure of convex hulls is used for geocasting

of queries to the region of interest. Our geocasting protocol, GeoCHT, is designed

for eliminating unnecessary query injections from sinks whose coverage areas do not

intersect with the destination region. With this approach, we aim at decreasing energy

consumption whereas meeting the requirements such as high query delivery ratio and

low delivery delay. We studied the case where sinks are static and sensor nodes may

be mobile. We evaluated the performance of GeoCHT protocol with extensive simu-

lations in both static and mobile scenarios and compared its performance with another

well-known geocasting protocol. Simulation results show that GeoCHT achieves an

execution ratio very close to the other protocol and outperforms it in terms of network

load and query delivery delay.

X Contribution 3: Handling mobility of sensors in the tree-based dissemination proto-

col (Chapter 4): To provide an up-to-date coverage area description to sinks, we have

focused on handling sensor node mobility in the network. We discussed what is the

best method to handle mobility in GeoCHT tree-based routing: (i) periodic global up-

dates initiated by sinks or (ii) local updates triggered by mobile sensors. We proposed

a method to perform local updates in a tree-based network. With the help of exten-

sive simulations we observed that local updates perform very well in terms of query

delivery ratio, and also more energy efficient than global updating in networks having

medium mobility rate and speed, for any size of the network.

X Contribution 4: Design and evaluation of a data dissemination protocol for mo-

bile multi-sink sensor networks (Chapter 5): To achieve reliable data dissemination

of events as well as the efficiency in handling the mobility of multiple sinks and event

sources, we proposed a virtual infrastructure and a data dissemination protocol, namely

HexDD (Hexagonal cell-based Data Dissemination), exploiting this infrastructure. We

analytically evaluated the communication cost and hot region traffic of the data dis-

semination and compared it with other approaches. Analytical comparisons show that

HexDD has the lowest communication cost in both query-driven and event-driven sce-

narios. In addition, in most of the cases, the hot region traffic cost of HexDD is lower

that other alternative approaches.

X Contribution 5: Evaluation of the data dissemination protocol for different WSN

applications (Chapter 6): We have focused on the performance evaluation of HexDD

protocol in two different classes of wireless sensor networks with mobile sinks: (i)

Emergency Response Application – mostly static, containing scenarios in which most

of the sensors are static and some sensors are attached to people or vehicles such as

firefighters or unmanned aerial vehicles moving at low or medium velocities, (ii) Ve-

hicular Sensor Network Application – highly mobile, containing scenarios in which

many sensors are attached to devices that move at high velocities such as cars. We
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compared the performance of HexDD protocol with other application-specific proto-

cols in terms of data delivery ratio, latency and energy efficiency. We investigated the

effects of the number and speed of mobile sinks on the performance of the dissemina-

tion protocol. Moreover, we analyzed the fault tolerance performance of the protocols

by varying the size and the number of holes in the network. Through extensive simula-

tions in different application scenarios, we demonstrated that HexDD protocol provides

an energy-efficient, low latency, high data delivery solution for data dissemination in

mobile multi-sink WSN. On the other hand, HexDD creates hotspot regions near the

center of the network. Possible solutions to the hotspot region problemwere discussed.

Our hypothesis was that addressing dynamics of sink and sensor nodes in multi-sink

deployments requires special attention calling for networking approaches that respond to

specifics of applications. Looking back at our research objective mentioned in Chapter 1.4

and here at our contributions, it can be concluded that we have addressed both effective-

ness and efficiency for routing of messages in mobile multi-sink wireless sensor networks

by putting special attention to mobility handling. Therefore, we have demonstrated, with

the help of several protocols presented in this thesis that our original hypothesis was valid.

Having summarized the contributions, in the next section we provide a list of potential future

research directions.

7.2 Future Research Directions

We believe that presence of mobility in WSNs requires special attention in networking to

enhance the operations of WSNs in different application areas where mobility brings new

challenges. In this thesis, we have illustrated examples of communication protocols that are

designed for mobile multi-sink wireless sensor networks in order to improve the network

performance. There remain some issues such as testing the presented methods on real, large

scale WSN deployments. To integrate these methods with the real world, a larger scale test

of the protocols presented in this thesis is desirable as part of the future work. Moreover,

further improvements can be incorporated to enhance and extend the presented results. In the

following we present a list of possible future directions:

• In-network data aggregation: Data aggregation has been widely adopted by data col-

lection applications to reduce network traffic. In an aggregation model, a node can

aggregate multiple data packets it received into one packet before relaying it. The

virtual infrastructure based protocol presented in Chapter 5 can be cooperated with a

dynamic in-network aggregation scheme. Since the forwarding paths along the diago-

nals of the sensor field are shared among all source-sink pairs in the protocol discussed

in Chapter 5, it provides an opportunity for similar data to meet at some common bor-

der nodes. Data from multiple sources can be aggregated and replaced by a single data

packet and forwarded towards the destined sink. Our proposed scheme can achieve

further performance gain by in-network data aggregation.

• Effects of underlying MAC protocol: Another issue to be considered is the effect of

underlying MAC protocol on the performance of the data/query dissemination. Useful

enhancements for the proposed protocols can be derived by further investigating what

impacts different MAC protocols have on the system. Designing a MAC protocol
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which can cooperate with networking layer can reduce the impact of MAC on the

data/query dissemination protocols.

• Improving efficacy of hexagonal virtual infrastructure in a real deployment: In real

life deployments, a heterogeneous network, where nodes are not the same in terms

of energy, storage, and communication capacity, can improve the performance of the

proposed virtual infrastructure based protocol. Higher energy and storage capacity

nodes can be deployed at border lines and at the center of the network to increase the

overall system capability of the protocol. Fitting of hexagonal virtual infrastructure

with the real deployment area (i.e. city layout) may also improve the performance of

the proposed virtual infrastructure based protocol in particular to Vehicular Sensor

Network applications. A best fit can be reached via transformation of the tessellation,

e.g. rotation, directional scaling, etc. Such transformation would require an adaptation

of the addressing scheme, i.e. the association of a node with the virtual hexagonal cell.

The routing of messages remains the same, requiring no changes.

• Binding multiple applications on a single wireless sensor network: Multiple applica-

tions can be invoked simultaneously on single sensor network. Triggering multiple

applications on sensor networks at a post-deployment stage results into complex in-

teractions between them [27]. Depending on the application, the characteristics of the

network may dramatically change with time or space, either periodically or randomly.

There are specific kinds of sinks associated with every application in a WSN. For in-

stance, mobile and static sinks may coexist in the same network to achieve the goals

of different applications. For such networks, the question ”How can a WSN be made

dynamic such that it optimizes energy-latency-load for applications with differing QoS

requirements?” should be answered to achieve the best performance.

This thesis has proposed a class of protocols and algorithms which are designed for mo-

bile multi-sink sensor networks and are able to disseminate queries and/or data efficiently in

the network with the presence of mobility. We have illustrated how mobility handling may

be achieved at the network layer of the WSN protocol stack. It is hoped that the protocols

designed in this dissertation can be helpful to get a few steps closer to a world where sensor

networks are seamlessly embedded in the fabrics of our everyday lives.
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[4] A. Tüysüz Erman, T. Mutter, L. van Hoesel, and P. Havinga. A cross-layered communication protocol for load balancing in

large scale multi-sink wireless sensor networks. ISADS’09: Proceedings of the 9th International Symposium on Autonomous

Decentralized Systems, pages 1–8, March 2009. doi: 10.1109/ISADS.2009.5207344.
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In pervasive systems, as they are getting smaller and smaller, computers can 
be found just about everywhere, but their presence is not noticed because the 
technologies are often embedded within items. One of the smallest and well-
known embedded computers is a wireless sensor node, which is a passive 
sensing device capable of communicating wirelessly with other devices. Early 
attempts to monitor the physical environment are primarily composed of 
these passive sensing devices which have been succeeded in many 
applications by the development of Wireless Sensor Networks. A wireless 
sensor network is typically composed of many tiny computers, often no bigger 
than a coin or a credit card, that feature a low frequency processor, some 
flash memory for storage, a radio for short-range wireless communication, on-
chip sensors and an energy source such as AA batteries. Applications of 
wireless sensor networks have emerged in many domains ranging from 
environmental monitoring to structural monitoring as well as industry 
manufacturing.

This thesis focuses on the efficient data extraction and dissemination in 
wireless sensor networks by making use of the multiple sinks and by handling 
mobility of sensors and sinks. We start with analyzing the characteristics of 
multi-sink wireless sensor networks. We propose a set of algorithms that 
enable multi-sink wireless sensor network to self-organize efficiently in the 
presence of mobility and adapt to dynamics in order to increase the 
functionality of the network. Our contributions include an algorithm for load 
balancing in multi-sink sensor network, a protocol for query dissemination 
towards an area of interest combined with a set of algorithms that are used to 
handle mobility efficiently in a tree-based routing, and a data dissemination 
protocol that tackles with sink mobility in a wireless sensor network. 
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