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ABSTRACT 

I n mobile sensor networks, node mobility can be wisely used to improve coverage. There 

are two approaches, sensor self-deployment and sensor relocation, which aim respectively 

at achieving maximized hole-free coverage from a randomized node dropping and at main

taining constant coverage in face of node failure. In this thesis, we study in depth existing 

sensor self-deployment algorithms and sensor relocation protocols. We pinpoint a new prob

lem offocusedcoverage formation around a Point of Interest (POI) and formalize an emerging 

distance-sensitive service discovery problem. 

For the first problem, we devise two solutions, GA and GRG, which are the first localized 

sensor self-deployment algorithms that provide coverage guarantee. They drive sensors to 

move along a triangle tessellation to surround the POI. In GA, sensors greedily proceed as 

close to the POI as they can; in GRG, when their greedy advance is blocked, they rotate 

around the POI to a vertex where greedy advance can resume. For the second problem, we 

devise a localized solution iMesh, where service providers construct a novel planar structure, 

information mesh, with good proximity property; service consumers conduct a lookup process 

restricted within their home mesh cells to discover nearby services. 

Last but not least, we also develop two localized sensor relocation protocols, ZONER and 

MSRP, both of which have significant advantages over previous similar algorithms. 
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CHAPTER 1 

INTRODUCTION 

I n recent years, a new paradigm of sensor networks, mobile sensor networks (MSNs), are 

emerging. They inherit all the properties from static wireless sensor networks (WSNs) and 

meanwhile have their own uniqueness - node mobility. This powerful locomotion capability 

enables sensors to act in a much intelligent way, e.g., escape from dangerous situations or 

physically respond to important events, and renders MSNs more flexible and adaptive to un

known and/or hazardous environment than WSNs. An increasing amount of research attention 

is currently drawn to MSNs. 

Throughout the thesis, we use the following conventional notations: rs represents a sen

sor's sensing radius; rc stands for a sensor's communication radius. In this introductory chap

ter, we first give a general view of sensor networks in Section 1.1.1 and then introduce the 

focus of the thesis, i.e., improving area coverage by MSNs, in Section 1.2. Thereafter, we 

present the motivation of this thesis in Section 1.3 and summarize its contributions in Section 

1.4. 
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1.1. Sensor networks in a nutshell 2 

figure credit: Internet resource 

Figure 1.1: An example of WSN 

1.1 Sensor networks in a nutshell 

1.1.1 Wireless sensor networks (WSNs) 

Wireless sensors are micro-sized sensing devices that are equipped with radio transceivers 

and powered by low-energy batteries. They are able to respond to physical stimulus, e.g., 

temperature, light, vibration, humidity, etc., by producing radio signals and to communicate 

via radio frequency (RF). Wireless sensor networks (WSNs) [7,53] are networks composed 

of such wireless sensors. They are often randomly deployed, e.g., by aircraft, for surveillance 

applications in unknown and/or hazardous environments, where physical dynamics and spatio-

temporal irregularities prevail. In WSNs, sensors sample their surroundings and report through 

multi-hop communication paths to predefined data sinks, where raw sensor data are integrated 

to determine environmental changes or detect interesting events. WSNs are known as 

• large-scale infrastructureless network: a WSN usually contains hundreds, or even thou

sands, of sensor nodes, which are densely scattered in the monitored area and share 

network control with each other because of the absence of centralized administration; 

• resource-constrained network: for cheap and mass production, sensors are built with 

low-energy batteries, constrained computation resources (e.g., storage space and CPU 
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cycle) and limited communication capabilities (e.g., short transmission range, low trans

mission rate and narrow bandwidth); 

• unattended failure-prone network: a WSN is administrated without human intervention 

as manual configuration is usually impractical or infeasible due to operational factors, 

and it suffers from various unpredictable node failures for power exhaust, software er

rors, hardware defects, external attacks and harsh environmental conditions. 

Figure 1.1 shows an application example of WSN, where thunder storm and residence 

fire are detected and reported to data sinks. As a bridge between human and the physical 

world [21], WSNs hold the promise of revolutionizing our daily life on the one hand. On 

the other hand, their realization confronts many challenges ranging from physical layer to 

application layer, e.g., localization [10], media access control [17], routing [26], data diffusion 

[19], topology control [66], time synchronization [71] and coverage [55], just to name a few. 

The difficulties are even augmented by the above three negative properties of WSNs. After 

almost a decade of investigation, many of these problems have been well understood; some 

others still remain in doubt, rendering the research on WSNs reach a semi-mature state [50]. 

1.1.2 Mobile sensor networks (MSNs) 

Mobile sensor networks (MSNs) are a new paradigm of WSNs that emerged a few years 

ago. They inherit all the properties from static WSNs and meanwhile featured with their own 

particularity, node mobility. In MSNs, nodes are attached to certain mobile platforms and 

therefore obtain the ability to geographically relocate themselves as needed. Note that, unlike 

another mobility-enriched type of wireless networks, mobile ad hoc networks (MANETs) 

[12], where node mobility is a uncontrolled interferential factor, MSNs have it as a controllable 

asset, by which they can be tuned more intelligent and more flexible and adaptive to their 

monitored environments than static WSNs. In MSNs, there are two mobility models: 



1.1. Sensor networks in a nutshell 4 

(a) A hopping sensor (IMLM unit [1]) (b) A running sensor (Robomot [20]) 

Figure 1.2: Mobile sensors 

• hopping model: Sensors are driven by propellers such as piston [1] or coiled spring [18]. 

They are able to hop step by step, each step up to a certain maximum distance. Propeller 

dynamics and natural conditions (e.g., wind and heavy rain) may affect their hopping 

performance, leading to errors in both direction and distance. 

• running model: Sensors are mounted on mini mobile robots [14,20,54] that are able to 

move continuously and accurately to a designated location. 

Figure 1.2 shows two example types of mobile sensors corresponding to the above two 

mobility models. Leveraged by controlled node mobility, many design challenges of WSNs 

mentioned in Section 1.1.1 are now encompassing a whole new set of possibilities and ideas. 

For example, by autonomous geographic relocation, mobile nodes may improve coverage 

to provide quality sensing service [33], build routes to facilitate date communication [49], 

harvest energy before their battery power is depleted [63], avoid and fix network partition 

to assure message transmission [70], achieve desired node density to avoid energy hole and 

increase network lifetime [85], and many more. Among these interesting research issues is 

the mobility-controlled coverage improvement problem constitutes the focus of this thesis. 
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Figure 1.3: Two different sensing models 

1.1.3 Sensing models and area coverage 

Consider a sensor i and a point x. Denote by dE(i, x) the Euclidean distance from / to x and 

by pi(x) the probability that / detects a concerned event occurring at x. There are two different 

sensing models: binary model and probabilistic model. The former is an ideal one that has 

been widely adopted in the literature. By this model, sensor i either detects or does not detect 

the event without uncertainty, depending on whether or not the event location x is within its 

sensing range rs (the range of its sensing capability). Formally, it defines that 

Pi(x) 
1, 

0, 

for dE(i, x) < rs 

for dE(i, x) > rs 

The latter is a more realistic model where /?;(x) follows certain probability distribution, reflect

ing the gradual degradation of physical signals in practice. The definition of pt{x) is subject to 

the material and the hardware technology that a sensor uses. For example, in [34,88], it is 

P>(x) 
1, for dE{i,x)<rs 

e-a{dE(i,x)-rs)^ for dE{i,x)>rs 
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where or is a factor that describes how fast the sensing capacity of / fades with distance; this 

exponential model reflects the behavior of range sensing devices like infrared and ultrasound 

sensors in reality. Figure 1.3 illustrates the binary model and the exponential model. Some 

other probabilistic sensing models can be found in [4,47]. 

Consider an area &{. In the binary model, it is said to be covered by n sensors if it is within 

the n sensors' sensing range; in the probabilistic model, it is said to be probabilistically covered 

by n sensors with a given threshold value 9 (0 < 9 < 1) if P(&) = 1 - 0"=i(l - />/(*)) ^ e 

for every point x in 3K [34]. The coverage region of a sensor network is the region enclosed 

by the outer boundary of the network. A sensing hole is a closed area, where no point is 

covered (probabilistically with threshold 9) by any sensor, inside the coverage region. The 

area coverage (or simply coverage) of a sensor network is defined as the subtraction of the 

total area of sensing holes from the area of the coverage region. Size (i.e., area) and hole are 

the two key evaluation metrics for area coverage. 

Lemma 1.1. [11, 87] Under the binary sensing model, for a given number of nodes, an 

equilateral triangle tessellation node arrangement with separation y3rsproduces maximized 

coverage with no sensing hole . 

Lemma 1.2. [34] Under the exponential sensing model, for a given number of nodes, an 

equilateral triangle tessellation node arrangement with separation y/3(rs- "̂  ~e') produces 

maximized coverage with no sensing hole. 

1.2 Improve coverage in MSN 

The objective of a sensor network is to monitor its surroundings for event detection and 

object tracking [7,53]. Thus coverage is a functional basis of any sensor network. In order 

to well fulfill its assigned surveillance tasks, a sensor network should be deployed in the right 

region where concerned events may occur, and it should also cover the region of interest (ROI) 

continuously and maximally. In order to provide consistent sensing service without quality 
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degradation, it should maintain a constant coverage over the ROI throughout its lifetime. 

For static WSNs where there is no control on sensor placement, it is practically not possible 

to obtain and maintain a maximized hole-free coverage in face of stochastic node dropping 

and unpredictable node failure. Relevant research usually assume a large number of densely 

distrusted sensors and concentrates mainly on how to schedule sensor activities to save energy 

without jeopardizing existing coverage [29, 81]. However, it may not be the case in MSNs 

where node mobility can be exploited to improve coverage, giving rise to the problem of 

mobility-controlled coverage improvement. 

Mobility-controlled coverage improvement is a fundamental research problem in MSNs. It 

addresses how to achieve a maximized hole-free coverage out of a randomized node distribu

tion and how to maintain existing coverage in presence of unpredictable node failures. There 

are two streams of solution approaches, i.e., sensor self-deployment and sensor relocation, 

which answer the two questions respectively. 

We notice that there are algorithms that rely on a small number of mobile robots for mass 

node distribution [13] or individual node repairment [56] and emphasize on robot coordi

nation. But these algorithms are not MSN-based coverage improvement algorithms. They in 

fact fall in a close but different research field, wireless sensor and actor networks (WSAN) [6], 

which is out of the scope of this thesis. 

1.2.1 Two streams of solution algorithms 

Sensor self-deployment 

As senors are often dropped at random in an inaccessible terrain, we certainly can not as

sume that they have an optimal or desired placement at initiation. For instance, an emergency 

relief team use sensors to identify the leak source of noxious material in a reported factory; 

they compactly place sensors at the entrance without entering the factory so as not to risk 

being poisoned. Another example is that geologists airdrop sensors around the mouth of an 

active volcano to collect data like smoke, temperature change and earth vibration for eruption 
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prediction; airdropping however causes a large degree of sensing range overlapping and even 

misplacement. In the cases of such compact or stochastic initial node distribution, sensors are 

expected to have the ability to self-deploy for hole elimination and coverage maximization. 

Sensor self-deployment targets at the achievement of a desired overall node distribution 

without human assistance and often requires network-wide node reorganization. It is rec-

ognizedly related to the classic art gallery problem [60] in computation geometry and the 

robot exploration and mapping problem [16,51,83,86] as well as the pattern formation prob

lem [25, 69,76, 82] in mobile robots. It was formally introduced by Howard, Mataric and 

Sukhatme [37,38] in 2002. Thereafter, it quickly grew to an important research subject and 

has been attracting an increasing amount of research attention. So far a number of sensor 

self-deployment algorithms have been proposed. Later, in Chapter 2, we will present a com

prehensive survey of these algorithms. 

From different perspectives, sensor self-deployment can be modeled as different problems 

and solved by different approaches. At the time of writing, there exist mainly eight different 

sensor self-deployment approaches as listed below: 

• incremental approach [37], by which sensors are deployed incrementally, i.e., one at a 

time, base on the information gathered from previously deployed sensors; 

• maximum-flow approach [18], by which sensors deployment is modeled as a minimum 

cost maximum flow problem from source regions to hole regions in a partitioned field; 

• Genetic Algorithm approach [64], by which the final sensor movement plan is generated 

by multi-round plan selection and reproduction simulating genes and nature selection; 

• Voronoi-based approach [36, 78], by which sensors adjust their location to reduce un

covered local area in its Voronoi polygon possibly in multiple rounds; 

• load-balancing approach [84], by which the number of sensors in the regions of a par

titioned sensor field is balanced through multiple rounds of scans; 
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• vector-based approach [33,36,38,52,62,78,88], by which sensors move according to a 

movement vector computed using the relative position of their neighbors; 

• stochastic approach [59], by which sensors spread out through guided random walk; 

• point-coverage approach [59], by which the area coverage problem is converted to a 

point coverage problem over certain geographic graph. 

Sensor relocation 

Sensor relocation concentrates on timely patching of each individual sensing hole without 

changing network topology. It can be used as a fault-tolerance technique to prevent coverage 

loss caused by node failures and thus keep coverage constant. Generally speaking, a sensor 

relocation protocol fulfills two tasks: replacement discovery, i.e., finding a pre-deployed/pre-

determined redundant sensor as the replacement of a failed one, and replacement migration, 

i.e., migrating the discovered replacement to the position of the failed sensor. 

To minimize migration distance, the replacement should intuitively be a redundant node 

geographically closest to the failed node. In this case, replacement discovery is actually a 

distance-sensitive service discovery problem, which has not yet be addressed for WSNs/MSNs 

in the literature. Nevertheless, many generic service discovery algorithms have been proposed 

for wireless ad hoc networks. These algorithms can be categorized as directory-based ap

proach and directory-less approach. The former, e.g. [39-41], use a well structured service 

directory to store service provider information and to facilitate service lookup. They usually 

require global computation such as clustering and dominating set formation for service direc

tory construction and maintenance. The latter e.g. [24,30,35], do not maintain any special 

component but rely on periodical service advertisement and multicasting-/anycasting- based 

service lookup. Their execution often involves (range-limited) flooding operations. These al

gorithms generate large message overhead and/or inconstant per node storage load and there

fore are not suitable for WSNs/MSNs. A survey of service discovery algorithms in wireless 

ad hoc networks is beyond the scope of this thesis; yet it can be found in [32,58]. 
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Figure 1.4: Shifted migration 

Replacement migration can be accomplished either in a direct manner or in a shifted fash

ion. In direct migration, the replacement moves all the way to the position of the failed node. 

Due to the potentially long moving distance (which could be as bad as the spatial diameter 

of the network), this simple method may cause large migration delay and over-consume the 

battery power of the replacement node. In shifted migration, a multi-hop migration path is es

tablished between the replacement and the failed node, and every nodes along this path shifts 

its position towards the failed node, as shown in Figure 1.4. Compared with direct migration, 

this method may generate longer total moving distance and a larger number of moves, because 

the migration path is usually not shortest and often composed of multiple nodes. However, in

stead of punishing only one node, it distributes energy consumption for geographic migration 

among all the nodes along the path, prolonging network lifetime as a whole. In addition, it 

renders relocation latency subject to the longest hop (which is always less than the commu

nication radius rc) rather than the Euclidean distance between the replacement and the failed 

node. Under these circumstances, the shifted migration method is more desirable than the di

rect one, and the key of replacement migration then becomes energy-efficient migration path 

discovery, which is in fact a routing problem. Many good surveys of ad hoc routing protocols 

can be found in the literature [5,8,26]. 
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1.2.2 A general algorithm classification 

By the extent of its required/computed knowledge of the underlying network, a mobility-

controlled coverage improvement scheme (i.e., a sensor self-deployment algorithm or a sensor 

relocation protocol) can be classified as centralized, distributed or localized. 

Centralized algorithm 

In a centralized scheme [18,37,64], a pre-defined or elected central controller collects the 

information such as location and residual energy of all the nodes to build a global view of the 

network, and it outputs, based on this view, a motion plan for every node in the network. After 

its initial placement, each sensor node sends its information to, and then acquires and follows 

a motion plan from, the central controller. 

Centralized algorithms have serious scalability problem and are also energy-consuming, 

especially in multi-hop networks like MSNs. It is because they generate large message over

head for building the global view and impose inconstant (usually very large) storage load on 

the central controller. Because every node has to access the central controller to retrieve its 

motion plan, these algorithms can generate communication bottleneck and may suffer from 

single point failure. Besides, they are not adaptive to node failures unless the global view is 

refreshed in a timely manner (frequent refreshment will however bring larger or even unac

ceptable message overhead). In these cases, centralized algorithms are not suitable for MSNs. 

Distributed algorithm 

Unlike its centralized counterpart, a distributed scheme [36,59,78,84,88] does not require 

or build a global map. It enables nodes to collaboratively make their movement decisions 

using limited knowledge in a decentralized manner. Oftentimes, it adopts certain distributed 

global structure such as Voronoi diagram or spanning tree, whose construction requires the 

participation of every network node though, to facilitate nodes' decision making. The structure 

is distributed in that each node does not need to know the entire structure but how it is involved 
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in the structure. In particular, if a node's movement decision is made by other nodes rather 

than by itself, the algorithm is called quasi-distributed. 

Distributed algorithms are obviously more advantageous and more desirable than cen

tralized ones for MSNs. Nevertheless, considering the infrastructurelessness network nature 

and unpredictable and incidental node failures, the cost of constructing and maintaining a dis

tributed global structure may still not be acceptable. Specially, in quasi-distributed algorithms, 

tolerating node failures will be a major problem, since nodes' deployment decisions are made 

by some other nodes that could fail at any time. 

Localized algorithm 

A localized scheme [33,36,38,52,59,62], where simple local behaviors achieve a global 

objective, is distributed in nature. It differs from traditional distributed algorithms in that it 

uses no distributed structure and generates no global computation or communication. It has 

inherent advantages in message complexity, scalability and adaptivity to topological change, 

especially in large-scaled failure-prone MSNs. 

In such an algorithm, each node makes its movement decisions independently, merely 

using its &-hop neighborhood information such as neighbors' location and residual energy 

for a constant k. When k = 1, the algorithm is called strictly localized. Among recently 

developed mobility-controlled coverage improvement strategies, localized algorithms hold the 

best prospect for fault-tolerance and energy efficiency. 

1.2.3 Design considerations 

The objective of a sensor self-deployment algorithm (or a sensor relocation protocol) is to 

achieve a maximized hole-free coverage out of a randomized node distribution (resp., to re

place each individual failed sensor with a predefined redundant one without changing network 

topology) through strategic node movement. Additional constrains such as node density [33], 

coverage focus [45], node degree [62] and time delay [80] may however apply, depending on 
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system or application requirements. 

A mobility-controlled coverage improvement scheme (whether a sensor self-deployment 

algorithm or a sensor relocation protocol) should run in an asynchronous and localized man

ner. "Asynchronous" implies that it requires no synchronization for computation, communi

cation, or node movement. Considering sensors' limited storage capacity, it must not generate 

inconstant per node storage load. 

Considering network dynamics, it should not rely on any pre-knowledge of the network 

such as network boundary and network size. As sensors are usually dropped in an unknown 

environment in a random way, any terrain information about the sensory field should not be 

assumed either, and in this case, the scheme is expected to enable sensors to detect and avoid 

physical obstacles during the course of their movement. 

Because sensors' physical movement (including starting their still motors) consumes much 

more energy than their computation and communication behavior, the scheme is expected 

to yield a minimized number of moves and minimized total moving distance while keeping 

communication overhead as low as possible. 

1.3 Motivation 

As a mobility-controlled coverage improvement technique, sensor self-deployment has 

been studied on an on-going basis for several years. A number of solution algorithms, e.g., 

[33,36,38,52,78,84,88], to mention a few, were proposed in the literature. To our knowledge, 

they all emphasize only on coverage formation over a ROI (whereas, other type of coverage 

formation exists, as identified in this thesis); none of them operate in a localized manner and 

yet provide coverage guarantee, i.e., guarantee on maximized hole-free coverage. In addition, 

these algorithms have major drawbacks such as unrealistic assumptions (e.g., initial connec

tivity out of randomized node placement or fixed network size), requirement for global or 

network-wide computation and communication (e.g., for Voronoi diagram construction, clus-
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tering, or tree construction) and thus a large amount of message overhead, and/or vulnerability 

to topological change (e.g., due to node failure or node movement). 

At the time of this writing, only two distributed sensor relocation protocols [79] and [80] 

were proposed for coverage maintenance in MSNs. They are both inferior for possible ap

plications, compared to the protocols proposed in this thesis, for variety of reasons. Both of 

them rely on global/network-wide message transmissions for discovering replacement sensors, 

generating 0(n' yfn) (or even 0(n'n)) messages, where ri and n are respectively the number 

of redundant sensors and the number of non-redundant sensors. They both require inconstant 

per node storage load 0{n'). Further, the first protocol [79] has inconstant migration delay and 

unbalanced energy usage; the second [80] depends on the assumption of the pre-knowledge 

of the border of the coverage region. Both protocols do not address the issue of guaranteed 

discovery of a replacement sensor when one in fact exists and is connected to the area where 

it could move. 

As addressed above, the issue of mobility-controlled coverage improvement has not yet 

been well investigated. Relevant research is still on its initial stage where defining problem, 

completing existing techniques, finding new techniques extendable to future relatively com

plex protocols are the main tasks. The immaturity of the research and the incompleteness of 

previous work spark our interest and motivate this thesis presented here. 

1.4 Contributions 

1.4.1 Literature review 

In Chapter 2, we conduct and present a comprehensive, yet detailed, survey of existing sen

sor self-deployment algorithms and sensor relocation protocols in the literature, highlighting 

their features, strengths and weaknesses. We also review some other previous work relevant 

to this thesis. 
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Relevant publications 

• "Sensor placement in wireless sensor and actuator networks". Chapter 10, Wireless 

Sensor and Actuator Networks: Algorithms and Protocols for Scalable Coordination 

and Data Communication (X. Li, H. Liu, A. Nayak, and I. Stojmenovic). Approved by 

Wiley, 2008. 

• X. Li, K. Lu, N. Santoro, I. Simplot-Ryl, and I. Stojmenovic. "Alternative Data Gath

ering Schemes for Wireless Sensor Networks". In Proceedings of International Confer

ence on Relations, Orders and Graphs: Interaction with Computer Science (ROGICS), 

pp. 577-586, Mahdia, Tunisia, 2008. 

1.4.2 Sensor self-deployment 

In Chapter 3, we formally introduce the problem of focused coverage formation around 

a Point of Interest (POI), and define an evaluation metric, coverage radius. We assume that 

every node knows about its own location and the position of the POI, and that they obtain the 

status information (including position) of their one-hop neighbors from lower layer protocols. 

We devise two solution protocols, Greedy Advance (GA) and Greedy-Rotation-Greedy (GRG), 

which are to our knowledge the first sensor self-deployment algorithms that operate in a purely 

localized manner and yet provide coverage guarantee on size maximization and hole absence. 

The two algorithms both drive sensors to move along a locally-computed equilateral triangle 

tessellation (TT) to surround the POI. In GA, nodes greedily proceed as close to the POI as 

they can; in GRG, when their greedy advance is blocked, nodes rotate around the POI along a 

hexagon to a TT vertex where greedy advance can resume. Thanks to their strictly localized 

nature, the two algorithms work regardless of network disconnectivity and adapt to runtime 

node failure. We prove their correctness and analyzed their coverage radius property. Our 

study shows that GRG guarantees optimal hexagonal coverage radius, and optimal or near 

optimal (with a factor in [0.88,1]) circular coverage radius. Through extensive simulation, we 
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also evaluate their performance on convergence time, energy consumption and node collision 

GRG yields an optimal hexagonal focused coverage, which is however not guaranteed to 

be optimal in terms of circular coverage radius. Hence, In Chapter 4, we optimize GRG to 

achieve guaranteed circular coverage radius maximization. The optimized version of GRG is 

called GRG*. It follows the same combined greedy-rotation idea as GRG. It differs from GRG 

in that it guides sensors to rotate along, rather than hexagons, polygons that best approximates 

circles over the TT graph. We evaluate GRG* comparatively with GRG through an extensive 

set of simulation. 

Relevant publications 

• X. Li, H. Frey, N. Santoro, and I. Stojmenovic. "Sensor Self-deployment for Guaranteed 

Circular Coverage Radius Maximization". Submitted for conference publication, 2008. 

• X. Li, H. Frey, N. Santoro, and I. Stojmenovic. "Focused Coverage by Mobile Sensor 

Networks". Submitted for conference publication, 2008. 

• X. Li, H. Frey, N. Santoro, and I. Stojmenovic. "Localized Sensor Self-Deployment 

with Coverage Guarantee". ACM SIGMOBILE Mobile Computing and Communica

tions Review (MC2R), 12(2):50-52, 2008. 

• X. Li, H. Frey, N. Santoro, and I. Stojmenovic. "Localized Self-Deployment of Mobile 

Sensors for Optimal Focused-Coverage Formation". Technical Report, TR-2007-13, 

SITE, University of Ottawa, December 2007. 

1.4.3 Service discovery 

In Chapter 5, we formalize the distance-sensitive service discovery problem in WSNs. 

We assume that nodes are aware of their geographic position. We propose a novel localized 

solution algorithm, iMesh, which uses no global communication/computation and generates 
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constant per node storage load. In iMesh, new service providers publish their location infor

mation in four directions, updating an information mesh. The information propagation for 

relatively remote service is restricted by an existing blocking rule, which also updates the 

mesh structure. Based on a new extension rule, nodes along mesh edges may further advertise 

newly arrived relatively near service by backward distance-limited transmissions, replacing 

previously closer service location. The final information mesh is a planar structure consti

tuted by the information propagation paths. It stores the location of all the service providers 

and serves as service directory. Service consumers conduct a lookup process restricted within 

their home mesh cells to discover nearby services. We first analytically study the properties of 

iMesh including construction cost and distance sensitivity over a grid network model. Then 

we evaluate its performance in randomized sensor network scenarios through extensive sim

ulation. Simulation results indicate that iMesh guarantees nearby (closest) service selection 

with very high probability > 99% (resp., > 95%) at considerably low message cost. 

Relevant publications 

• X. Li, N. Santoro, and I. Stojmenovic. "Localized Distance-Sensitive Service Discovery 

in Wireless Sensor Networks". Submitted for journal publication, 2008. 

• X. Li, N. Santoro, and I. Stojmenovic. "Localized Distance-Sensitive Service Dis

covery in Wireless Sensor Networks". In Proceedings of the 1st ACM International 

Workshop on Foundations of Wireless Ad Hoc and Sensor Networking and Computing 

(FOWANC), pp. 85-92, Hong Kong, China, 2008. 

• X. Li, N. Santoro, and I. Stojmenovic. "Localized Distance-Sensitive Service Discovery 

in Wireless Sensor Networks". Technical Report, TR-2007-10, SITE, University of 

Ottawa, May 2007. 
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1.4.4 Sensor relocation 

In Chapter 6, we presented two localized sensor relocation protocols ZONER and MSRP 

for MSNs that are connected and contain pre-determined redundant sensors. ZONER is an 

application of the quorum-based location service [48,72,74]; MSRP is an application of our 

proposed algorithm iMesh. In ZONER, redundant sensors distribute their location information 

within their vertical registration zones; two specified neighbors of a failed node query sensors 

within their bounded horizontal request zones for a nearest redundant node; discovered re

dundant node is relocated as replacement in a shifted way to the position of the failed node 

along a natural migration path. In MSRP, redundant sensors chose nearest non-redundant sen

sors as proxy, which run algorithm iMesh on their behalf to construct an information mesh; 

four specified neighbors of a failed node search in four directions and discover nearby proxy 

nodes when hitting the perimeter of its home cell; the nearest delegated redundant sensor of 

a discovered closest proxy node is relocated in a shifted way to replace the failed node along 

an energy-aware migration path. We show that both ZONER and MSRP are superior to ex

isting sensor relocation protocols for their localized message transmission, zero requirement 

of pre-knowledge of the network, and guaranteed node replacement. Moreover, MSRP also 

outperforms similar algorithms including ZONER for its novel localized migration path dis

covery. 

Relevant publications 

• X. Li, N. Santoro, and I. Stojmenovic. "Mesh-based Sensor Relocation for Coverage 

Maintenance in Mobile Sensor Networks". In Proceedings of the 4th International Con

ference on Ubiquitous Intelligence and Computing (UIC), LNCS 4611, pp. 696-708, 

Hong Kong, China, 2007. 

• X. Li and N. Santoro. "ZONER: A ZONE-based Sensor Relocation Protocol for Mobile 

Sensor Networks." In Proceedings of the 6th IEEE International Workshop on Wireless 

Local Networks (WLN), pp. 923-930, Tampa, U.S., 2006. 



CHAPTER 2 

LITERATURE REVIEW 

T he problem of mobility-controlled coverage improvement consists of two sub-problems, 

sensor self-deployment and sensor relocation. The first solution schemes are sensor 

self-deployment algorithms proposed by Howard, Mataric and Sukhatme [37,38] in 2002. 

From then on, it has been an active subject in MSNs. In this chapter, we survey major research 

efforts devoted to the mobility-controlled coverage improvement in the literature at length, 

highlighting their features, strengths and weaknesses. 

In addition, we introduce two important previous work, Greedy-Face-Greedy routing [15, 

27] and quorum-based location service [48,72,74], which will later serve as a building block 

of some of our proposed algorithms in this thesis. We as well introduce some other location 

services and data centric storage schemes that are adoptable for replacement discovery in 

sensor relocation. 

19 



2.1. Sensor self-deployment algorithms 20 

Table 2.1: Algorithm comparison 

Tech. 

VC 

IN 

VD 

LB 

MF 

SC 

m 

Protocol 

HMS-1 [38] 

VFA [88] 

VEC [78] 

DSSA [36] 

IDCA [36] 

ATRI [52] 

GGCL [33] 

NET [62] 

HMS-2 [37] 

VDDA [36] 

VOR [78] 

MinMax [78] 

SMART [84] 

CBMX [18] 

SDR [59] 

OSD [59] 

REA [64] 

Class. 

L 

Q 

D 

L 

L 

L 

L 

L 

C 

D 

D 

D 

Q 

C 

L 

Q 

c 

Key Assumptions 

Connectivity 

V 
V 
V 
V 
V 

V 
V 
V 
V 
V 
V 
V 

V 
V 

Ranges 

N/A 

rc > V3>s 

rc > V3rs 

rcZrs 

— 

rc ~i- ^\\rs 

— 

— 

rc > V2YS 

— 

#ofnodes 

V 
V 
V 

V 
V 

V 

V 

Coverage Properties 

Maximized 

V 

V 
V 

V 
V 

Hole-free 

V 

V 

Shape 

— 

— 

— 

square 

square 

— 

square 

— 

Obstacle* 
Avoidance 

V* 

V* 
V* 
V* 
V* 
V* 
V* 

V* 

L - localized; D - distributed; Q - quasi-distributed; C - centralized. 

* Nodes are equipped special equipments by which they can detect physical obstacles. 

2.1 Sensor self-deployment algorithms 

In the following, we will go through existing sensor self-deployment algorithms in the 

literature. These algorithms are systematically organized in accordance with their employed 

self-deployment techniques. They by default assume the binary sensing model (see Section 

1.1.3 in Chapter 1), unless clarified otherwise. Recall that rs and rc respectively represent 

nodal sensing radius and nodal communication radius. A summarized algorithm comparison 

can be found in Table 2.1. 

2.1.1 Vector-based approach 

The well-known sensor self-deployment approach is the vector-based approach. Although 

the algorithms in this category may claim that they are inspired by different physical models 
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vA+vA 

t VA
B+VA

C+VA
D 

Figure 2.1: An example of movement vector 

such as potential field [38], molecules [36], electro-magnetic particles [78], and compressible 

fluids [61], they share a common philosophy, that is, each node computes movement vec

tors for its neighbors based on their relative position and then move according to the vector 

summation; after a number of rounds of movement, the network reaches a equilibrium status, 

which produces a near uniform node distribution. Figure 2.1 illustrates the computation of 

movement vector. In this example, the movement sub-vector of node A due to neighbors B, C 

and D are respectively Vg, V£ and Vp. 

The strength of this approach is that it enables nodes make their deployment decision inde

pendently using only local knowledge. However, due to randomized initial node placement, it 

provides no guarantee on sensing hole absence. Because the disappearance of any node breaks 

the equilibrium and triggers a chain of node movement (possibly network-wide) to recover, it 

can cause frequent topology change. In the following, we first present two typical algorithms 

in detail and then introduce several other algorithms of this type in a summarized form. 

A localized algorithm 

Howard, Mataric and Sukhatme [38] proposed a localized potential field based sensor 

self-deployment algorithm under the assumption that, every node has the ability to measure 

the range and bearing of its nearby nodes and seeable obstacles. In this algorithm, a node 
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receives from a potential field generated by other nodes and seeable obstacles virtual repulsive 

force, whose strength and direction depend only on the relative position of the force sources 

to the node. A node is driven by its received virtual force to move. When the virtual force 

exerted on a node is zero, the node stops moving, when all the nodes stay still, the network 

reaches a static equilibrium status. The core of this algorithm is composed of a virtual force 

function by which a node computes its received virtual force, a motion equation by which the 

track of a moving node is defined, and a control law by which virtual force is translated to the 

physical control to nodes' motors. 

The virtual force F exerted on a node s by a scalar potential field U is defined as the 

gradient of U, i.e., F = -VU. The potential field U is composed of two parts, the field U0 

due to obstacles and the field U„ due to other nodes, and the partial force generated by these 

two parts are respectively FQ and F„. Then, U = UQ + U„ and F = Fo + Fn. By considering 

that each obstacle carries an electric charge, an 'electrostatic' potential expression is defined 

as: U0 = k0 £,- 7:. where k0 is a constant factor indicating the strength of the field, r,- = |x,- - x| 

is the Euclidean distance between node s at position x and a seeable obstacle i at position x,-. 

This expression indicates the force generated by U0 at the point x. Hence, F0 = -k0 2 , ^ • 7, 

where r, = x, - x. Similarly, U„ = -k„ £,- j . and F„ = -kn £,- \ • j-f where r,- is the relative 

position of node /. 

The motion equation is defined as x = —^L where x represents the acceleration of the 

node, m stands for the node's virtual mass, and F/ denotes the friction that the node receives. 

The purpose of the use of the concept of friction is to ensure the stop of nodal movement. Ff 

is computed by Ff = vx, where v is the pre-defined viscosity coefficient and x indicates the 

moving speed of the node. The control law is described as follows: Av <— —^ • At, where 

v stands for the velocity of the node at certain time point t, Av stands for the change between 

the velocity of the node between time / and t + At. -amax < Av < amax. In fact, it defines how 

the velocity of a node is affected by the virtual force that it receives. The velocity of the node 

at t + At is v <— v + Av (-vmax <v< vmax). 
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A quasi-distributed algorithm 

Zou and Chakrabarty [88] proposed a quasi-distributed sensor self-deployment scheme 

that uses a probabilistic sensing model. In this scheme, nodes form clusters, and cluster heads 

execute a virtual force based sensor self-deployment algorithm for its cluster members. During 

the execution, no node movement is actually performed; nodes move virtually in the memory 

of their cluster heads instead. For any node, all the transient locations it virtually visited are 

recorded by its cluster head. To save energy, whenever the distance from the node's initial 

location to current virtual location is beyond a predefined threshold value, the virtual force it 

receives is disabled, and thus it will no longer move. After the termination of the algorithm, a 

search procedure is executed by the cluster head to find the location that maximizes coverage, 

and then the node is informed to actually move to its final position by one step. This scheme 

impacts large computation and storage overhead on cluster heads and is apparently susceptible 

to cluster head failures. Below we will go through the virtual force based self-deployment 

algorithm employed by this scheme in detail. 

In this scheme, each node in the network acts as a virtual force source to other nodes. The 

virtual force that a node exerts on another node can be either attractive or repulsive depending 

on the distance between the two nodes. Let l ^ l represent the Euclidean distance between 

two nodes Sj and sj. dth is a pre-defined threshold value for nodal separation. If \SJSJ\ > d,h, 

the force Py between st and Sj is attractive; if \stSj\ < dth, Ptj is repulsive; if \SjSj\ = dth, st 

and Sj will not exert force on each other. In addition to the force from nodes, node st also 

receives force from obstacles, which is repulsive and referred to as F,R, as well as the force 

from preferential areas, which is attractive and referred to as FiA. Therefore, the total force Pt 

exerted on st can be defined as Pi = F*iR + F^A + 2* = l j ¥ / / ^ / . With this approach, nodes are 

able to actively move to preferential areas, intentionally avoid obstacles, and meanwhile keep 

a moderate distance(which is actually controlled by d,/,) from each other. 

To reflect the uncertainty re of sensor detection in real world, the coverage of a certain 

point P(x,y) by node si} denoted by Cxy(sj), is treated as the probability that point is covered 
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bys ( . Leta = [ s ,P | - ( r - r e ) . c^fo) = 1 if r + re < \stP\; c^fo) = e~A^ if r-re < \SJP\ < r + re; 

Cxy{si) = 1 if r - re > \SJP\. The algorithm determines the coverage of a overlapped region Sov 

by the following equation: cx^(Sov) = 1 - Y\SieSm(l - Cx,y(sd) where Sov is the set of nodes that 

overlap Sov. The rightmost part of the equation stands for the probability that P is not covered 

by any node. Hence, by adjusting the distance threshold dth, a desired coverage at every point 

in the network can be achieved. 

Other similar algorithms 

Wang, Cao, and La Porta [78] proposed a distributed vector-based algorithm (VEC). This 

algorithm is not localized because it uses Voronoi diagram (which requires global computa

tion) to help algorithm converge. It requires the pre-knowledge of the boundary of the target 

area and the size of the network. It run round by round until termination condition is met. In 

each round, nodes first broadcast their position and then construct their local Voronoi polygons 

based on received neighborhood information. Then they are driven by virtual force to move 

from densely covered areas to sparsely covered areas. Each node independently computes 

the average nodal separation in the case of uniform distribution and takes it as reference to 

computer virtual force. When two nodes are too close to each other, the virtual force between 

them will push them to move away from each other to achieve the average nodal separation. 

In the case that one node covers its Voronoi polygon entirely, it will not move but still exert 

virtual force on other nodes. To keep nodes stay in the target area, field boundary exerts re

pulsive force on nodes. The overall force received by a node will be the vector summation of 

the virtual force from field boundary and all Voronoi neighbors of the node. 

Heo and Varshney [36] proposed two localized virtual-force based sensor self-deployment 

algorithms: distributed self-spreading algorithm (DSSA) and intelligent deployment and clus

tering algorithm (IDCA). In the two algorithms, the pre-knowledge of network size and target 

field area is required. In DSSA, each node calculates its local density and the expected node 

density (the node density under uniform node distribution). For any pair of neighboring nodes, 



2.1. Sensor self-deployment algorithms 25 

there exists a repulsive force in between, which pushes them to move away from each other. 

The overall force exerted on a node is the summation of the force between the node itself and 

its every neighboring node. So, it actually depends on both the distance between the node and 

each of its neighbors as well as the local density of the node. Each node in the network is 

driven to move by the virtual force from its neighbors until a force equilibrium is achieved. 

Eventually, the network goes into a static equilibrium status. IDCA takes energy consumption 

into consideration during the process of deployment. To save energy, IDCA postpones the 

movement of the nodes in the regions with proper node density until nodal movement stabi

lize to some extent. And, it allow a node to choose, according to the local node density, two 

different modes to stay in, peer-to-peer mode or clustering mode. When the local node density 

is close to the expected node density, the node will choose the clustering mode; otherwise, it 

will act in peer-to-peer mode. When a node is in peer-to-peer mode, it just follows algorithm 

DSSA. If a node is operating in clustering mode, its contribution to virtual force generation 

will be affected by its remaining energy level. The higher the remaining energy level, the more 

the contribution. 

Poduri, Pattern, Krishnamachari and Sukhatme [62] discuss Neighbor-every-Theta graphs 

as generalizations of RNG, GG, Delaunay triangulations and other structures, using them 

to guide the deployment of mobile sensors. Their proposed algorithm is based on virtual 

potential fields. It tries to solve the following problem. Given N nodes and a global network 

connectivity constraint, how can positions for the nodes be determined in a distributed manner 

so as to maximize sensing coverage area while satisfying the connectivity constraint. The 

algorithm involves constructing local virtual forces between neighboring robots to encode 

their desired motion and/or placement configuration. Repelling and attracting forces between 

robots are used. These forces have inverse square law profiles. Repelling force tends to 

infinity when distance between nodes decreases to zero, while attracting force tends to infinity 

when the distance increases to rs (sensing radius). These two forces, if both applied, settle 

at distance rs. In the algorithm, nodes assign priorities to neighbors based on desired theta 
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coverage condition and their contribution to coverage, and decide for each whether or not to 

apply repelling attracting or both forces. Algorithm remains incomplete despite clear hints on 

its behavior. 

Ma and Yang [52] proposed an adaptive triangular deployment (ATRI) algorithm. In this 

algorithm, a node divides its transmission range into six sector areas and establishes a coordi

nation system in each sector. For a section, it adjusts its location along the corresponding axis 

based on the location of the nearest neighbor to the node in the sector. If the distance between 

them is less than rs V3, its movement is away from the neighbor, or towards the neighbor 

otherwise. After the movement vectors in all six sectors are obtained, they are converted to 

uniform coordinates and aggregated to obtain the total movement vector for the node. The 

nodes independently adjust its location this way in rounds. After a number of rounds of ad

justments, the layout of the network will be close to an equilateral triangle layout, and the 

coverage area of the network is enlarged. Two strategies, the distance threshold strategy and 

movement state diagram strategy can be used to reduce oscillation during the deployment. 

Garetto, Gribaudo, Chiasserini and Leonardi [33] recently proposed an event-driven self-

deployment algorithm (referred to as GGCL in this thesis). In this algorithm, nodes are driven 

by their received exchange force from neighbors, potential force from detected events and fric

tion force. A node k exerts exchange force, which is either attractive or repulsive depending on 

nodal separation, on another node i iff k is neighboring i and there is no other node kf making 

\kfi\ < \ki\ and ikik/ < | . This condition restricts the number of neighbors acting on node i to 

6 at most and force the final network to have a triangle tessellation layout. Potential force can 

also be attractive or repulsive depending on a node's detected event intensity. This force pulls 

distant nodes towards the event location and pushes nearby nodes away. By adjusting event 

intensity threshold, different node density can be achieved around the event location. Friction 

force is used to stop nodal movement so that an equilibrium status can be eventually reached. 
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2.1.2 Incremental approach 

Howard, Mataric, and Sukhatme [37] proposed a centralized incremental deployment al

gorithm for MSNs that are composed of homogeneous nodes with the ability to "see" their 

surroundings. Initially, all the nodes but one are considered undeployed, and the only de

ployed node serves as a starting point. Then the algorithm run in iterations. In each iteration, 

a central controller deploys a single node. After the algorithm terminates, a line of sight rela

tionship between deployed nodes are maintained, and the coverage, i.e., the total area visible 

to the network nodes, of the network is maximized. Below we will introduce how the central 

controller deploys a node in an iteration. 

The central controller gathers the sensor data from previously deployed sensors via wire

less communication to construct an occupancy grid over the target field. In the occupancy 

grid, a cell is considered free if it contains no obstacle for sure, or occupied if it contains ob

stacles for sure, or unknown otherwise (i.e., if no knowledge about this cell is available, or if 

contradictory evidence about the cell's occupancy state exists). 

Then, the central controller converts the occupancy grid to a configuration grid, where 

a cell is free if and only if all nearby (within certain pre-defined distance) cells are free, or 

occupied if at least one nearby cell is occupied, or unknown otherwise. Afterwards, the con

figuration grid is transformed to a reachability grid. During this process, in the configuration 

grid, a free cell is marked as reachable if there is some path composed only of free cells be

tween this cell and the location of certain deployed node, or unreachable otherwise; any other 

cell is marked as unreachable. 

Once the reachability grid is established, nodes can be deployed conservatively to a loca

tion between free and unknown space to minimize the overlapping of sensory field, or opti

mistically to a location where they can reduce unknown space most. During this process, the 

candidate cells may not be unique. Then different policies can be applied to guide the final 

selection of reachable cells, and thereby yielding different network topologies at the end. 

After a node's target cell is determined, a shortest path through previously deployed nodes 
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Figure 2.2: An example of Voronoi polygon 

between the node and its target cell is discovered, and a sequential or concurrent shifted move

ment process is performed along the path: every node on the path move to the position cur

rently occupied by the next node along the path towards the target cell. 

2.1.3 Voronoi-based approach 

Voronoi diagram [9] is a computational geometry structure widely employed in different 

fields. It partitions using n given nodes a plane into n Voronoi polygons, each of which con

tains exactly one node as generating node. A Voronoi polygon is constructed by the nearest-

neighbor rule such that every point in it is closer to its generating node than to any other node. 

In fact, it is the smallest one among the convex polygons formed by the bisectors between 

its generating node and other nodes, as shown in Figure 2.2 where thick lines constitute the 

Voronoi polygon of node A. 

According to the proximity property of Voronoi diagram, if a sensor can not sense the 

events occurring at a location within its Voronoi polygon, nobody else is able to sense them, 

and therefore there must be a sensing hole at that location. In Voronoi-based sensor self-

deployment approach, sensors identify sensing holes within their Voronoi polygons and mini

mize local uncovered areas by aligning their sensing range with their Voronoi polygons. Usu

ally, this approach involves multiple rounds of alignment and terminates when no more gain 
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(e.g., utility gain in [36] and coverage gain in [78]) can be achieved. This heuristic approach 

unfortunately guarantees neither coverage maximization nor hole elimination. Several in

stance algorithms have been proposed in the literature. They differ merely in their node align

ment methods. 

Heo and Varshney [36] proposed algorithm VDDA. In this algorithm, the effective area of 

a node is denned as the intersection of its sensing range and its Voronoi polygon, and coverage 

is improved by increasing each node's effective area with minimal energy consumption. To do 

so, a node examines the points from its current location to the centroid of its Voronoi polygon, 

and then to the the midpoint of maximum and minimum along the x andy coordinates in the 

polygon; it moves to the point that maximizes its utility metric. A node's utility metric is 

denned as the product of the node's effective area and the node's estimated lifetime. 

Wang, Cao, and La Porta [78] proposed VOR and MinMax. In the two algorithms, if a 

sensor finds a local sensing hole, it will move towards the Voronoi vertex; but if the moving 

direction is opposite to that of previous round, it stops for current round to avoid moving 

oscillations. Considering possible unknown distant Voronoi neighbors, the moving distance is 

restricted to the half of the communication range in VOR. In Minimax, in order not to generate 

new farthest Voronoi vertex, a node does not move as far as it does in VOR but to the so-called 

Minimax point, which is the center of the minimum circle going through two or three Voronoi 

vertices vertices and covering the rest. 

2.1.4 Load-balancing approach 

Yang, Li and Wu [84] treated sensor deployment as a load balancing problem and proposed 

a quasi-distributed scan-based sensor self-deployment scheme. In this scheme, the target field 

is partitioned into an mxm mesh. The nodes in a mesh cell form a cluster covering that cell. 

A cell containing no node is considered covered by an empty cluster. In a non-empty cluster, a 

node is elected as cluster head and required to take the responsibility to administrate the cluster 

and communicate with other clusters. In order to prevent cluster heads from energy overcon-
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sumption due to their extra work on cluster administration, the role of cluster head is taken 

in turn by every node in a cluster. The nodes in a cell is viewed as load. Empty clusters are 

first filled with redundant nodes of non-empty clusters using recursive doubling expansion in a 

pre-processing phase. Then, load balancing is performed along rows and columns in multiple 

rounds during a scan phase. Although this scheme can yield a nice uniform node distribution, 

it guarantees neither coverage maximization nor hole elimination. It generates large message 

overhead for cluster formation and multi-round load balancing, and it is susceptible to cluster 

head failure. Below we shall go through the details of this scheme. 

During the pre-processing phase, segment expansion is performed to fill coverage holes. 

A segment £,• is defined as the maximum sequence of non-empty clusters in a row or a column 

of the mesh. Denote by Wt the total number of nodes in St and by Q the length of £,. St 

recursively expands towards one direction by planting a seed (a node) in its neighboring empty 

clusters. The initial span of expansion is determined by Lt = LlogC,J. Everytime when it 

expands, it doubles the span of its previous expansion. For example, if C; is 13 (23 < 13 < 24), 

thenZ, is 3, and in this case, 5,'s length first grows to 13 +23 = 21, and its length is then going 

to be 21 + 24 = 37 after the second expansion. In order to perform k expansions, the condition 

Wt < 2Li+k + Ct must be satisfied. When St meets another segment during its expansion, Wt 

and C, need to be recalculated. After St covers the last cluster or fails the expansion condition, 

the recursive doubling expansion stops, and an expansion towards the opposite direction may 

start if applicable. 

After the pre-processing phase, the scan phase starts. The scan phase is executed in two 

rounds. Every mesh row is scanned and balanced in the first round, while every mesh column 

is processed during the second round. Consider a 1-D array R of size m which maps to either 

a mesh row and a mesh column. For the z'-th cluster Ht in R, its weight, i.e., the number of 

its hosted nodes, is denoted by wt. The prefix weight sum of the first / clusters is defined 

as V,- = T!j=\ wi- Then the total number of nodes in R is vm. So, the weight of a balanced 

cluster will be w = lvm/mj(or \vmlm\). During a scan round, the algorithm first scans R from 
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one end to the other following the increasing order of cluster ID. In this scan, each cluster Ht 

(actually its cluster head) computes v,- and passes it to HM, and the last cluster Hm computes 

w. Then Hm triggers the another scan by sending w along R back to the origin. In this scan, 

each Hj can easily determine, according to its received w and its previously computed vh its 

status (overloaded or underloaded) and the number of nodes (load) to send to/take from each 

direction. 

2.1.5 Maximum-flow approach 

Chellappan, Bai, Ma, Xuan, and Xu [18] proposed a centralized minimum-cost maximum-

flow based sensor self-deployment algorithm. The authors consider a known number of 

mobility-limited flip-based sensors that are randomly dropped in a rectangular target field. 

After their initial placement, these sensors are able to move at most once, up to distance 

F = k * d for some constant k, where d is basic distance unit. In their proposed algorithm, the 

target field is partitioned evenly into aRxR grid, whereR is apre-determined region size, and 

a centralized node (a base station) collects information about the number of sensors in each 

region (grid cell). The objective is to determine, based on sensors' initial location, an opti

mal sensor movement plan that maximizes the number of regions covered by at least 1 sensor 

and meanwhile minimize the total number of flips (moves). Mentionably, this algorithm was 

recently adopted for energy hole avoidance and network lifetime increase in [85]. 

The regions having at least one mobile sensor are considered as source, while those con

taining no sensor are called hole. The idea is to construct a virtual directed graph that records 

for each region the information of its hosted sensors and parameterizes the paths between re

gions based on the desired objective and mobility constraints, and then to convert the sensor 

self-deployment problem to the problem of maximizing the flow of sensors from source re

gions to hole regions without violating the path constraints between them and with minimized 

cost. As many maximum flow and minimum cost algorithms exist in the literature, the key 

problem is how to construct such a graph. The authors discuss graph construction in different 
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Figure 2.3: A virtual directed graph 

cases: F = R = d, F = d AR> d and F > d. Below, we will introduce the case ofF = R = d. 

The other cases can be obtained with simple modification over this case, and thus are omitted 

here. For details, one may refer to the original paper. 

In the case of F > d, a region i is represented by three vertices: a base vertex v* that 

tracks the number of nodes in the region, an in vertex vj" that tracks the number of nodes that 

have flowed into the region, and an out vertex v?"' that tracks the number of nodes that has 

flowed out of the region. Let «, be the number of nodes in region i. An edge of capacity «,• 

is added from V" to vf", meaning up to nt nodes can flow out. If «, > 1, an edge of capacity 

»,- - 1 is added from v? to v'", meaning at least one node has to stay; otherwise, an edge of 

capacity 1 is added from V" to v*, meaning at most 1 sensor can flow in. For two neighboring 

regions i and j , an edge of capacity infinity is added from V™' to v'f and from v°ut to V". This 

allows an unlimited number of sensors (if any) to move between the two regions. Note that 

the neighborship between two regions is depending on the flip distance. In this graph, the cost 

on inter-region edges is 1, while the cost on intra-region edges is 0. A virtual graph contains 

4 nodes is shown in Figure 2.3. 
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2.1.6 Stochastic approach 

Mousavi, Nayyeri, Yazdani and Lucas [59] proposed a localized stochastic deployment 

routine (SDR). In this algorithm, sensors are dropped in a X x Y field, and they move from 

dense area to sparse area according to their local knowledge through guided random walk. 

The execution of the algorithm is independent of the initial connectivity of the network. Nev

ertheless, because of its stochastic nature, the algorithm provides no guarantee on coverage 

maximization, hole elimination, and connectivity in the final network. Below, we shall go 

through its details. 

A sensor node moves at local time t towards a location randomly and uniformly picked 

within a moving rectangle (MR), whose size exponentially decreases over time. For / = 0, 

the MR has size X • p0 by Y • p0, where po < 1 is a pre-defined constant; for t > 0, its size 

is X • po • p1 by Y • p0 • p', where p < 1 is also a pre-defined constant. Restricted by its ever-

shrinking MR, the maximum moving distance of a sensor during a time unit monotonically 

decreases, which guarantees the algorithm's termination. Under this circumstance, the key 

will be the determination of the position of the MR. As you will see below, this is actually 

accomplished by a local process at each node on the fly. 

Suppose that a node has N neighbors (A>hop neighbors for a constant k) in total. Let Nw 

and Ne be the number of neighbors that are located respectively on the west and the east of the 

node. Similarly, N„ and Ns are the number of nodes residing on the north and the source of the 

node. Then N = Nw+Ne = Nn + Ns. Further, let dw, dn, de and ds be the distance from the node 

respectively to the west border, the north border, the east border and the south border of its 

MR. As a node is always expected to move to sparse area from dense area, the MR should be 

positioned in such a way that it covers a small part of the local dense area of the node. Hence, 

it is defined that ^ = jf-, and in this case, ^ j - = j£^-, and therefore dw = ^MR.x where 

MR.x represent the width of the MR. Likewise, d„ = jfMR.y. 

Hence, given its own location and the size of the MR, a node is able to compute the 

position of the MR. And, Having known the position and the size of its MR, the node simply 
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Figure 2.4: MR-based stochastic movement 

picks a target location within its MR probabilistically with uniform distribution and move to 

that location. This computation and movement is performed on a periodical basis. Finally, 

the the node stops moving when the size of its MR becomes too small, for example smaller 

than a threshold value. During their movement, two neighboring nodes may exchange their 

target location if they find that doing so will reduce their moving distance and thus energy 

consumption. 

2.1.7 Point-coverage approach 

Mousavi, Nayyeri, Yazdani and Lucas [59] proposed a simple tree-based One Step De

ployment (OSD) algorithm. The algorithm partitions the target field into a 2D grid with edge 

length set to nodal communication range, and then translates the area coverage problem into 

a point coverage problem over the grid. It relies heavily on a rooted spanning tree and is 

quasi-distributed in that the deployment decision of a node (except the tree root) is not made 

independently by itself by by its tree parent. The main strength of this algorithm is its guar

antee on hole-free coverage in failure-free environments. Nevertheless, it will not be the case 

in practical failure-prone MSNs. In fact, in the presence of node failures, the execution of the 

algorithm might be interrupted with even no output. The important fault-tolerance problem is 

however not addressed by the authors. Below we shall introduce the algorithm in detail. 
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A breath-first tree rooted at greatest-ID node is built in the first place. What follows is a 

classic converge cast initiated by leaf nodes. In the converge cast, after receiving from all its 

children a message that contains the subtree size of the sender, a node computes the size of the 

subtree rooted at itself and sends the information to its parent. Thus after the converge cast, 

each node knows about the size of each of its breach. Thereafter, a recursive point assignment 

process starts. Specifically, the root choses grid point (0,0) as its own deployment destination 

and assigns each of its subtrees a sub-area with a matching number of grid points. The root 

of each subtree subsequently does the assignment in the same way. This recursive assignment 

process stops when leaf nodes are reached. Finally, each node knows about its designated 

deployment point and then moves to it by one step. 

2.1.8 Genetic Algorithm approach 

Ramadan, El-Rewini, and Abdelghany [64] addressed the deployment of heterogeneous 

sensors as a combinatorial optimization problem. They consider a set S of heterogeneous 

sensors that are designated to monitor a target field composed of a number of zones A for a 

time horizon T. For every time interval t € T, each sensor s e S is associated with a pre

defined time-evolving reliability Rl
s, and each zone i e A is assigned a time-varying weight 

function w't that defines the importance of the observations in the zone over T. Sensors may 

differ in a number of factors, e.g., lifespan, power-saving capability, mobility, sensing range, 

and communication range, etc., depending on application. Then the objective is to determine 

the optimal deployment scheme that maximizes the coverage of the target field. Coverage is 

considered maximized when the zones with highest weight are all monitored, and sensors with 

high reliability are assigned to high weight zones. Alternatively, coverage is also considered 

maximized when the number of monitored zones is maximized, and each zone is monitored 

by exactly one sensor at any time. 

The authors proposed a centralized heuristic solution based on the the well known Genetic 

Algorithm (GA). GA simulates genes and nature selection. It is a powerful technique of 
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Figure 2.5: Crossover operations over a single chromosome 

solving combinatorial optimization problems. In general, a GA algorithm first generates an 

initial set of chromosomes, and then it executes the following steps in iterations until certain 

stopping criteria are met: (1) Evaluation: evaluate the cost of each individual chromosome in 

current chromosome set; (2) Selection: determine the fitness of each individual chromosome 

in current chromosome set; (3) Reproduction: apply crossover and/or mutation operations 

(based on fitness) to current chromosome set to produce a new chromosome set, which serves 

as the input of next iteration. 

In the proposed solution, a chromosome contains |i4|-|r|-|5| number of genes, eachofwhich 

indicates a deployment plan for a sensor at certain time interval in certain zone. Specifically, if 

a sensor s € S is deployed at zone i e A at time interval t e T, the corresponding gene is set to 

1. According to its deployment plan, a sensor moves from zone to zone over time. The initial 

chromosome set of pre-defined size n can be generated either randomly or following certain 

given rules. Two crossover operations, time exchange (TE) and best chromosome (BC), are 

defined. Both TE and BC are for exchanging the sensor deployment patterns in the same time 

interval in two different chromosomes. They differ in that, TE uses two randomly selected 

chromosome, while BC uses two fittest chromosomes. The fitness of each chromosome x is 

measured using a fitness function: F(x) = £ , £ , 2 S ^K- Mutation operations, where some of 
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the generated chromosome genes are randomly flipped from 0 to 1 or vice versa, are performed 

after crossover operations to prevent search dead-end and chromosome repetition. A newly 

generated chromosome is accepted if and only if it passes a feasibility check which considers 

various capability constraints of each sensor. The algorithm stops after a fixed number of 

iterations or after the solution no more improves. 

A simple single single-chromosome-per-iteration mechanism can be alternatively used. In 

this case, a chromosome set contains only one element, and TE operation is for exchanging 

the sensor deployment patter in two randomly selected time intervals in the only chromosome. 

Since BC is no longer applicable, a new crossover operation sensor exchange (SE) is employed 

instead. By SE, the deployment pattern of two randomly selected sensors over the entire 

horizon T is exchanged. The two crossover operations are illustrated in Figure 2.5. 

2.2 Sensor relocation protocols 

At the time of this writing, only two sensor relocation algorithms, a proxy-based protocol 

[79] and a grid-quorum based protocol [80] are proposed in literature. Below we will examine 

the two protocols in detail. 

2.2.1 Broadcast-based approach 

Wang, Cao and La Porta [79] proposed a proxy-based sensor relocation protocol (referred 

to as WCP) for the sensor networks composed of both static nodes and mobiles. In this pro

tocol, mobile nodes periodically advertise within a predefined range; static nodes construct a 

Voronoi diagram and listen to mobile nodes' advertisements. Once a static node finds a sens

ing hole in its Voronoi polygon, it bids according to the hole size the best mobile node that it 

knows. A mobile node accepts a bid that is larger than its previously accepted bid and recently 

received any other bid, and moves to heal the corresponding sensing hole. By this means, it 

migrates to large holes from relatively small ones in iteration and stays still when finding no 
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yet large hole. To save energy, it logically moves to a transient target location by choosing 

proxy and performs actual movement to the final location only. This protocol consumes a 

large amount of bandwidth for advertising and bidding mobile nodes, and it could cause that 

multiple mobile nodes move to fill the same sensing hole. In the following, we will go through 

the details of the iterative hole-healing process. 

In an iteration, mobile nodes broadcast within a predefined radius their location informa

tion and base prices (initially set to zero) as service advertisement. After receiving a service 

advertisement, a static node records the encapsulated information to create a service provider 

(i.e., mobile node) list. Once a static node finds a sensing hole in its Voronoi polygon, it es

timates the hole size, computes the bid, chooses a closest mobile node with lowest base price 

from its service provider list, and sends a bidding message to that node. In the case that a 

mobile node receives more than one bidding messages from different static nodes, a mobile 

node choose the highest bid and send a delegate message to the bidder. After receiving the 

delegate message, the bidder becomes the proxy of the mobile node. 

A proxy node executes the protocol on behalf of its delegated mobile node. The mobile 

nodes having proxies cease to execute the protocol and wait for a movement notification from 

their proxies. As the hole-healing process iterates, the proxy node of a mobile node may 

change from one for a small sensing hole to one for a large sensing hole, rendering the mobile 

node logically migrating from one location to another. When a proxy node fails in finding 

larger sensing holes with respect to the base price of its delegated node, it will consider that its 

delegate node's current logical location is the final location, and then it informs its delegated 

node to physically move to that location. 

To reduce moving distance, proxy nodes may exchange their delegated nodes. When a 

proxy node finds that its delegated node has to move a distance longer than a pre-defined 

threshold value, it searches its service provider list for such a proxy node that the moving 

distance of their delegated nodes will be both shorter than the threshold value if they exchange 

their delegated nodes. Then it will send an exchange message to that node (if any) and wait 
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for a confirmation message. In the exchange message, the moving distance without delegated 

node exchange is specified so that the receiver is able to make its decision on the proposal. 

When different static nodes detect the same sensing hole, they bids mobile nodes indepen

dently and possibly cause that multiple mobile nodes move to the same location. To avoid 

node collision, a proxy node tries to re-detect the sensing hole that its delegated node is going 

to heal. If the hole still exists, it will simply considers that there is no collision. Otherwise, 

the proxy node will further check if the moving distance of its delegated node is the shortest 

among those of other mobile nodes for the same hole. If so, it waits for other's giving-up; 

otherwise, it cancels the movement, set the base price of its delegated node to zero, and re-

advertise the new price in the next round. 

2.2.2 Quorum-based approach 

Wang, Cao, Porta and Zhang [80] proposed a grid-quorum-based relocation protocol (re

ferred to as WCPZ). This protocol considers that each sensor node is associated with an 

application-dependent maximum recovery delay. It partitions the sensor field evenly into grids 

(and thus requires the pre-knowledge of the network boundary) and clusters nodes in each 

grid to simplify hole detection and node administration. It runs the quorum-based location 

service [48,72] over the grids for redundant node discovery, and it uses the shifted migration 

method to relocate a redundant node to a sensing hole. This protocol generates large message 

overhead due to network-wide clustering and flooding-based relocation path discovery. It is 

vulnerable to void areas (e.g., due to node failure or unbalanced node distribution). The oc

currence of void grid can lead to failures in both redundant node discovery (empty grid blocks 

message transmission) and relocation path discovery (pre-defined search range is not large 

enough to contain entire path). Below we will go through the details of this protocol. 

In this protocol, the sensor field is partitioned evenly into a number of grids. A row of grids 

is called supply quorum, while a grid column is called demand quorum. In each grid, one node 

is elected as grid head and takes the responsibility to collect the location of all the grid mem-



2.2. Sensor relocation protocols 40 

bers. A grid head identify redundant nodes and detects sensing holds within its grid Based on 

its grid members' location, and it publishes the information about the redundant nodes to all 

the grid heads in the supply quorum that it is residing in. When a grid head detects a sensing 

hole, it broadcasts a request within its residing demand quorum to discovery a closest redun

dant node. Because the demand quorum intersects with all the supply quorums, a redundant 

node can always be found if any exists. To reduce message complexity, the information about 

already discovered closest redundant node is piggybacked on the request message and used to 

restrict the distance that the request message may travel further. 

To reduce relocation delay, the protocol uses the shifted migration method (see Section 

1.2.1 in Chapter 1) to relocate sensors. Recall that each node is associated with a maximum 

recovery delay. A relocation path must guarantee that the delay requirements of its comprising 

nodes be satisfied. And, to balance power consumption, it should also guarantee that the 

difference between the total power consumption and the minimum remaining power of its 

comprising nodes be minimized. Expecting the relocation path to lie closely along the straight 

line from the redundant node to the sensing hole, the search for the relocation path is conducted 

during a flooding process confined within an elliptic zone. Note that, it is in fact difficult to 

pre-determine the size of the zone so as to guarantee the success of the search in the case that 

the relocation path deviates far from the line; on the other hand, setting the zone to the entire 

network can provide the guarantee but induces increased message overhead. 

The grid head s0 of the grid where the sensing hole exists initiates a flooding process in 

the search zone by a request message. The message contains the maximum recovery delay 

T0, departure time to = 0, the redundant node sr, the total energy consumption Eo = 0, 

and the minimum residual energy Emina = oo. After receiving the first request message, a 

node sh whose remaining energy level is Ph determines a waiting list that is composed of 

its neighbors in the zone and towards the sensing hole. And, after receiving all the request 

messages from the nodes in its waiting list, it starts the following processing: for each node 

Sj at distance d-tj
 m its waiting list, it checks if dy < (Tj + tj) * speed (where speed stands for 
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nodal moving velocity) and P, - dy > Emin. both hold; then it choses as its predecessor the one 

that yields positive answer and minimizes the total energy consumption; afterwards, it updates 

the message with Th tt = Tj^'J, Et = Ej + dy, Emtni = min{P;- - du,Eminj\ and broadcasts 

the message. When the message reaches the redundant node, a satisfactory relocation path is 

established, and all the nodes along the path are informed to move at their departure time. 

2.3 Other previous related work 

We shall now introduce two important work, i.e., Greedy-Face-Greedy (GFG) routing [15, 

27] and quorum-based location service [48,72,74], respectively in Sections 3.4.2 and 2.3.2. 

These two algorithms will be later used as basic techniques by our proposed distance-sensitive 

service discovery algorithm iMesh in Chapter 5 and sensor relocation protocols ZONER and 

MSRP in Chapter 6. 

In Section 2.3.2, we also review some previous work on location service and data-centric 

storage in wireless ad hoc networks. Since the two separate topics are out of our interest, we 

do not intend to include all the existing work devoted to them. Rather, we focus on several 

solution schemes that could be adopted to accomplish the replacement discovery task in sensor 

relocation. A survey of data centric storage/location service can be found in [28,75]. 

2.3.1 Greedy-Face-Greedy routing 

Bose, Morin, Stojmenovic and Urrutia proposed a Greed-Face-Greedy routing protocol 

(GFG) for wireless sensor networks [15]. The GFG is a combination of a simple greedy 

forwarding strategy and the face routing technique. Since face routing is based on a planar 

graph, GFG requires a pre-processing phase to planarize the underlying network graph, which 

is modeled as a unit disk graph. Any planar graph may be used to support face routing in GFG 

as long as it can be constructed in a localized manner. One option is Gabriel Graph (GG). 

To construct GG, a node u preserves every outgoing edge uv that satisfies the condition: the 
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diametral circle passing trough u and v contains no other neighbor nodes than v. Another pos

sible option is Relative Neighborhood Graph (RNG). To construct RNG, a node u preserves 

every outgoing edge uv that satisfies the consideration: the lune area of the two circles, respec

tively centered at u and w, with radius |wv| contains no other nodes than v. As proven in [27], 

when GG or RNG is applied, greedy forwarding recovery in face mode is guaranteed when 

traversing the first face. 

In a GFG routing process, greedy forwarding takes in charge of packet delivery whenever 

possible, while face routing is used only for passing packets around the void areas that block 

greedy forwarding. A node greedily forwards a packet towards the destination by choosing 

as the next hop its neighbor closest to the destination. In the case that the node itself is the 

one closest to the destination among its neighborhood, the packet is forwarded in face routing 

mode using right-hand/left-hand rule until the destination or a node yet closer to the destination 

is found. The right-hand rule is that, to traverse the interior (resp., exterior) of a face, a packet 

is forwarded in the counterclockwise (resp., clockwise) direction along the perimeter of the 

face. The left-hand rule is just the opposite of the right-hand rule. 

There are two variant of the GFG. One employs the "before-crossing" scheme. Suppose 

a routing packet Pkt for destination node / is switched to face routing mode at node u. Draw 

an imaginary line ~ui from u to t. Line ut intersects a sequence of faces in the previously 

constructed GG (or RNG, or LDT). u sends Pkt along the first face using right-hand (or, left-

hand) rule. Pkt traverses along the face perimeter and reaches a node v. Before v forwards 

Pkt, it checks if the link, say E, that the packet is going to pass intersects the imaginary line 

Hi at certain point p. If yes, it will, instead, sends Pkt to its incident link next to link E in 

the clockwise direction, resulting in a face change. In the new face, Pkt is forwarded in the 

same way (i.e., using right-hand rule), and the next face change happens only at the edge 

intersecting the remaining line segment pt. Face change ensures that the routing message 

progresses towards the destination. The other variant employs "after-crossing" scheme. This 

scheme is the same as the before-crossing except that face change happens after a routing 
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Figure 2.6: Face routing in GFG 

packet passes the intersecting link, and that, in the new face, hand is changed as well, either 

from right-hand to left-hand or from left-hand to right-hand. Figure 2.6 gives an example of 

the face routing part of the GFG. In this figure, node s wants to find a route to node d solely 

by face routing. The route discovered by the before-crossing scheme is shown by solid arrows 

represent, while the route established using the after-crossing scheme is highlighted by dashed 

arrows. 

GFG a stateless routing protocol in the sense that nodes do not need to remember any 

routing information such as routing table or route list. It is the first localized protocol that 

provides guaranteed packet delivery. There exist several other combined Greedy-Face routing 

protocols, e.g., GOAFR+ [42] and GPVFR [43], but they are in essence a variant of GFG. The 

drawbacks of GRG are that the face routing part may generate very long routes, and that the 

nodes around a void area may run out of battery power quickly because they are frequently 

used to route packets around the void area. 
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2.3.2 Location services and data centric storage schemes 

Quorum-based location service 

Stojmenovic [48, 72] proposed a quorum-based location service to support geographic 

routing in wireless ad hoc networks. Each node monitors the state of its incident links. When

ever a link breakage/creation occurs (possibly due to its own or others movement), it reports 

its current position to its neighbors, which may or may not reply with their own location de

pending on whether the sender is a newly detected neighbor for them. After a certain number 

of link changes, the node forwards its current position to all the nodes located in a "column" 

of certain thickness. That is, it sends its location in both north and south direction to reach the 

north and south boundaries through GRG routing protocol [15]. The nodes along this column 

form an update quorum. 

When a source node wants to communicate with a destination node, it has to search for the 

location of the destination if its local record about the destination is out of date. The source 

queries its q-hop neighborhood for the destination's location. If the answer is negative, or if 

the obtained information is not fresh enough, the search continues in the east and the west 

direction with certain thickness. One more request may be sent directly to the destination to 

take the advantage of the possible correctness of the best information obtained during the q-

hop neighborhood search. The three searches are performed independently. The traces of the 

eastbound search and the westbound search respectively form a "row", i.e., a search quorum, 

which together intersects the update quorum of every other node. 

As the query message travels along the search quorum, it picks the latest location informa

tion about the destination. After reaching the ends of the search quorum, it is forwarded to the 

destination, which then replies the source directly with correct location and possibly form a 

route for future data transmission. Alternatively, the intersection nodes of the search quorum 

of the source and the update quorum of the destination may reply immediately if their stored 

information about the destination is sufficiently fresh. For example, in Figure 2.7, d sends its 

location update in a vertical quorum of thickness 1; s sends a query message in both east and 
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Figure 2.7: An example of the quorum-based location service 

west directions. One of the two search quorums intersects the location update quorum of d. 

The nodes in the intersection area can provide s with J's location. 

By the quorum-based location service, every node can discover every possible destination 

without network-wide querying. Because location update and search is restricted within two 

strips, i.e., a vertical quorum and a horizontal quorum, communication overhead is greatly 

reduced. No particular node is designated to store a certain node's location, and thus no 

bottleneck is created in the network. If the destination is nearby the source, the source will 

be able to find the destination location quickly since their update quorum and search quorum 

intersect earlier than in the case that they are far apart. 

Despite these advantages, this scheme has some unnegligible weaknesses. Location update 

still has to cross the entire network; to guarantee row-column intersection, the outer boundary 

of the network has to be included into any search quorum, making the boundary nodes' battery 

power drain out fast. If all the nodes are collinear in location update direction, every node is 

in every other nodes' update quorum and has to all their locations. In this case, the protocol 

may overload the sensor nodes with severe storage constraint. 
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Grid Location Service 

Li, Jannotti, De Couto, Karger and Morris proposed a distributed Grid Location Service 

(GLS) for large-scale ad hoc networks [44]. By the GLS, a sensor field is evenly partitioned 

into a number of grids. These grids are called order-1 square. Four neighboring order-& 

squares form an order-(&+ 1) square. To avoid overlapping, an order-A: square is required to be 

part of only one order-&+ 1) square. By this means, a multi-resolution grid hierarchy (actually 

a quad-tree) is established, and each node is located in exactly one square at each level of the 

hierarchy. This partitioning method serves as the base of the GLS and is known by every node. 

Every node u maintains its location information with a small set of location servers geo

graphically distributed in the network, three at each lever of the grid hierarchy. Specifically, 

u sends a location update message containing its location to its three adjacent order-« squares 

using geographic forwarding. The first receiver node in such a square forwards, based on its 

own knowledge, the message to a node whose ID is closest in a circular ID space to u. This 

greedy type of message forwarding occurs at every intermediate node and is restricted within 

the square, and it will stop at a local minima, which is the location server of u in the square. 

Before a source s performs geographic routing to a destination t, it queries one of the 

location servers of t for /'s location in a similar way as location update, s sends a destination 

search message carrying its current location to a node, whose ID is closest to the destination's 

and for which it currently has location information. Each intermediate node greedily forwards 

the message in the same way. Eventually, the message will reach a location server of t. This 

location server then routes the message to t by geographic forwarding, which then directly 

replies s with its current location. To tolerate mobility, before a node moves to another order-

1 square, it leaves a "forwarding pointer" in its current order-1 square. This pointer is used to 

locate that node if a location query intended for the node arrives. 

Figure 2.8 illustrates the work principle of GLS. In this example, node B, whose ID is 

17, choses its location servers, whose IDs are circled, in the grid hierarchy; two destination 

searches for node B are originated respectively from node 76 and 90, and their search trails 
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Figure 2.8: An example of the grid location service 

are highlighted by arrowed lines. 

GLS has two main advantages. One is that the use of multiple location serves for a single 

node prevents the occurrence of communication bottleneck and single point failure; the other 

is that queries for the location of a nearby node can be answered quickly since location servers 

are distributed densely near the node but sparsely farther away from the node. But it also has 

many disadvantages. First of all, pre-knowledge about the size of the sensor field is required 

for the grid partition. Secondly, the scheme may generate large degree of message overhead, 

because each node has to sends a location message to its every single location server respec

tively along different routes, and because location update and query travel along zigzag lines. 

Thirdly, the forwarding-pointer-based fault-tolerance method is not effective enough. For ex

ample, if all the nodes in an order-1 square moves out, nobody will store forwarding pointers 

for them, leading to query failures. 

Geographic Hash Table 

Ratnasamy, Karp, Yin and Yu [65] proposed a Geographic Hash Table (GHT) data-centric 

storage scheme for wireless ad hoc networks. In this scheme, an event is expressed by a value 
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Figure 2.9: An illustration of GHT 

pair {key, value), where key indicates the type of the event, and value is the sensor reading(s) 

about the event. When a sensor u detects an event Evt, it hashes Evt to a unique geographic 

location in the sensor field using the key of Evt. This implies that the same type of events will 

be hashed to the same location. Thereafter, u sends a update message carrying the key-value 

pair of Evt to the hash location through a greedy-face combine routing protocol GPSR (which 

is a duplicate of GFG [15]). By the property of the routing protocol, the update message will 

stop at a node closest to Evfs hash location. This node is called home node of Evt (in fact all 

the events of the same type) and stores the data about Evt retrieved from the update message. 

The home node of an event type periodically sends a refresh message containing its stored 

relevant data along the home perimeter, the circle enclosing the hash location of the event 

type in the RNG graph used by the routing protocol. Each node in the home perimeter, called 

replica node, locally replicates the event data carried by the refresh message and appends any 

additional data it has to the message. To ensure a periodical refresh process to generate only 

local traffic, a node is assumed not to move many communication radio ranges in a period 

shorter than the refresh interval. If a refresh message reaches a node closer to the harsh 

location than the home node while traversing the home perimeter, this node will become new 

home node and then initiate its own refresh process. By this means, the home node is ensured 
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to be a node closest to the hash location despite topology change. Both the home node and 

the replica nodes maintain an expire timeout for each event type to ensure data refreshness. 

They reset these timeouts upon receiving corresponding refresh messages, whether originated 

by themselves or not. The replica nodes in addition maintain a timeout according to which 

they initiate a similar refresh process to tolerate home node failure. 

To improve performance on dynamic topology, a join optimization technique is used. That 

is, when a node u detects a new neighbor w, it sends w all the event entries it current has 

for which w is closer to the event destination than u, and for which u is the closest of its 

neighbors to that event destination. Besides, to balance storage load, structured replication 

can be employed. It is based on a grid hierarchy like the one used by GLS [44]. The home 

node of an event type selects a number of mirrors from the grid hierarchy in a certain depth 

d\ a node that detects an event of such type stores the event at the nearest mirror of the home 

node. However, in this case, event queries must be routed to all the mirror nodes, leading to 

increased message complexity. 

An execution example of GHT is shown in Figure 2.9. In this example, node d sends a 

message containing event data of certain type T towards the corresponding hash location and 

finally reaches the home node p. Node p periodically sends refresh messages along the home 

perimeter of T and finds a new comer q yet-closer to the hash location of T. Then, q becomes 

the new home node of T, and the home perimeter changes accordingly. A data consumer s 

can obtain the data of type T from either the home node or the replica nodes of T. 

This scheme is a distributed implementation of centralized data storage. It is distributed in 

the sense that data of different types may be stored at different nodes. It has many disadvan

tages. Each refresh message has to carry all the relevant data, the amount of which can be as 

bad as the local memory size, stored by the initiator node. Every node needing certain type of 

data has to go to the home node of the data, even if it is close to the source of that type of data. 

If a type of data is generated and/or requested by a large number of nodes, the corresponding 

home node becomes communication bottleneck, and the network suffer from single point fail-
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ure. Although home node mirrors can be used to balance data storage and data insertion, the 

problem of frequent data query may become even worse since all the mirrors of a home agent 

must be accessed. Data aggregation of different types of data is not well supported. 

Landmark-based Information Storage and Retrieval 

The protocol [22] is based on a landmark-based routing protocol GLIDER [23]. GLIDER 

construct a voronoi diagram (LVC) over the network using landmark nodes as creating points. 

The boundary nodes of each voronoi cell (tile) is identified. The dual of the voronoi diagram, 

i.e., the Delaunay triangulation, is denoted by CDT. It compactly represents the topology 

feature of the underlying network. Every node locally stores CDT and uses it to constructs 

a shortest path tree rooted at its home landmark node. The idea of the protocol is to hash 

information to a certain tile (voronoi cell) and route the information to the hash tile through 

the shortest path in the shortest path tree rooted at the landmark node in the hash tile tile; 

on its way to the hash tile, the information is replicated in each intermediate tile. When a 

node wants query the information, it computes the hash tile using the same hash function, 

and sends a request along the shortest path to the hash tile in the shortest path tree rooted at 

the hash tile. During this process, it checks with every intermediate tile for the information. 

Because the storage path and request path are very likely to intersect, so the requester may 

get the information before it actually reaches the hash tile, reducing the probability of the root 

becoming a communication bottleneck and shortening the average query latency. 

The key problems are how to store information in a tile and how to route within a tile. 

For the first problem, in a tile, a node is randomly selected, and then the protocol constructs 

a finger tree within the tile rooted at the selected node. The finger tree has three branches, 

one intersects the boundary towards the next tile in the path, the other two intersect the two 

adjacent boundaries. If the tile has less than three neighbor tiles, all the three intersection 

nodes will be on the boundary towards the the shortest path tree root. As for the second 

problem, the first node receives the request in the tile must resides on the boundary of the tile, 
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Figure 2.10: An illustration of Landmark 

and it is proven that the entering boundary must not be adjacent to the exiting boundary. From 

the entering point, the request will be just greedily forwarded to the next tile, it is guaranteed 

the request will hit the finger tree and thus is able to retrieve the information. For the hash tile, 

its next tile is determined by the content of the information so that request can be guaranteed 

to intersect the finger tree. 

Figure 2.10 shows such a shortest path tree rooted at landmark node H. Node s hashes a 

piece of information to the tile of H (this tile will be simply expressed by H) and routes the 

information to it. Along the route, a finger tree is built in each intermediate tile to store the 

information or data pointers. When node r wants to obtain this information, it computes the 

hash tile H using the same hash function and routes a query to H. In the figure, the query path 

meets the data storage path in the tile of landmark L before reaching the hash tile H. The query 

path intersects the finger tree inside tile L, and the intersection point (node) will provides r 

with the intended data. 

In this storage scheme, an information consumer close to the producer may have to travel 

a long distance to obtain the information since they are possibly have a large distance to 

the root of the shortest path tree. And, for a pair of consumer and produce far apart from 
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each other, the possibility of quick intersection of their update path and request path becomes 

low. And, since it is based on routing protocol GLIDER [23], it inherits all the drawbacks 

of GLIDER as follows: GLIDER relies on network-wide flooding for LVC construction and 

CDT distribution and requires a globalized lead election process for CDT computation, thus 

generating huge message overhead; GLIDER is vulnerable to the failure of the leader during 

CDT computation (re-electing a leader will bring even more message overhead); if a whole 

tile of nodes fail, the shortest path tree is disconnected, leading to routing failure. 

Double-ruling information brokerage 

Sarkar, Zhu and Gao [68] proposed a double-ruling information brokerage scheme. In 

this scheme, the sensors deployed in plane are mapped onto a virtual sphere of a pre-defined 

radius r using stereographic projection, and the center of the sensor field is the south pole of 

the virtual sphere. Any point in the sensor field is mapped to a point (x,y,z) on the sphere 

where z < k for some 0 < k < 2r. By the properties of stereographic mapping, a diametral 

circle of the sphere is mapped to a circle in plane. The images of diametral circles of the 

sphere may have different size and centers, but they all encloses the south pole. Each sensor 

computes its image on the sphere and uses the image to execute the scheme as if it was on the 

sphere. 

When an information producer wants to store the information in the network, it first finds 

the hash point of the information (by the information type) and then routes along a diametral 

circle, uniquely defined by the hash point and its own location, of the sphere to that point in 

both directions. All the intermediate nodes store either the complete information or a data 

pointer to where the data is stored in order to save storage space. Data of the same type from 

multiple producers is hashed to and aggregated at the same point on the sphere. When a data 

consumer n wants to retrieve a certain type of data, it first computes the hash point H using 

the data type and then retrieve data using different strategies as needed. 

A simple strategy is that n directly queries H for the intended data through geographic 
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Figure 2.11: Distance-sensitive retrieval 

routing. Another strategy is called distance-sensitive retrieval, in which n travels along the 

circle with fixed distance to H (possibly in both directions) to meet the replication curve of a 

data producer, as shown in Figure 2.11. A load-sensitive strategy is that n travels any circle (not 

necessarily a diametral circle) that separates the hash point H and the hash points' antipodal 

point H'. Because this circle intersects all the replication circles of that data type, n is able to 

aggregate all the relevant data by this strategy. The most advanced strategy is that n obtains all 

the information stored in the network by traveling along an arbitrarily picked diametral circle. 

This scheme is a special case of the quorum-based location service [48,72]. It provides 

more flexibility in data retrieval and better load balancing in data storage than generic one. 

Nevertheless, it generates bottleneck problem in the network, especially when some types of 

data are continuously generated, because the same type of data is always routed to the same 

hash node. Compared with generic quorum-based scheme, this scheme also often generates 

relatively long update and search routes when the service is available nearby. 



CHAPTER 3 

FOCUSED COVERAGE BY MOBILE SENSORS I 

E xisting sensor self-deployment algorithms emphasize only on coverage formation over 

a Region of Interest (ROI). In this chapter, we however address a new sensor self-

deployment problem, focused coverage formation around a Point of Interest (POI), and de

fine a corresponding evaluation metric, coverage radius. We propose two solution protocols, 

Greedy Advance (GA) and Greedy-Rotation-Greedy (GRG), which are to our knowledge the 

first sensor self-deployment algorithms that operate in a strictly localized manner and are yet 

able to provide coverage guarantee on size maximization and hole absence. Furthermore, we 

show that GRG guarantees optimal (i.e., maximized) hexagonal coverage radius and optimal 

or near optimal circular coverage radius. 

In Section 3.1, we introduce the concepts of focused coverage and coverage radius, and 

briefly describe the working principle of GA and GRG; in Section 3.2, we define the network 

model; in Section 3.3, we introduce a planar graph, equilateral triangle tessellation (TT), to 

be used by GA and GRG; in Section 3.4, we present the details of the two algorithms; in 

Section 3.5, we prove their correctness and analyze their coverage radius property; in Section 

3.6, we evaluate the performance of GA and GRG on convergence time, energy consumption 

and node collision through extensive simulation; in Section 3.7, we summarize the chapter. 

54 
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3.1 Introduction 

There exist a class of sensor applications, where sensors are designated to monitor con

cerned events or environmental changes happening around a strategic site, called Point of 

Interest (POI). For instance, in a battle field scenario, sensors are deployed around a battalion 

headquarter to timely detect intrusion events, whose distance to the headquarter reflects their 

degree of danger. Another example are sensors scattered around a chemical plant to monitor 

its distance-dependent pollutional impact on the soil/air in the vicinity. These applications 

uniquely require that an area close to the POI have higher priority to be covered than a rela

tively distant area. We call the coverage of such a surrounding nctworkfocused coverage. 

Size and hole are the key evaluation metrics for traditional area coverage. They reflect the 

sensitivity of a sensor network over a ROI. An ideal area coverage has maximized size and 

zero sensing hole. However, in the focused coverage case with a POI, measuring size and 

hole existence is no longer sufficient for evaluation purpose, because distance from the POI to 

uncovered areas also makes significant sense and must be taken into consideration. Under this 

circumstance, we introduce an additional metric, coverage radius. 

Definition 3.1. For a focused coverage, its coverage radius is defined as the radius of its 

Essential Coverage Disc (ECD), which is the maximal hole-free disc enclosed by sensors in 

the coverage region and centered at the POI. 

In continuous domain, there may exist a sensor node at every point in the coverage region, 

and the ECD therefore has a circular shape, as shown in Figure 3.1. In this case, coverage 

radius is called circular radius and measured by Euclidean distance. In discrete domain, the 

shape of the ECD is however not circular but polygonal, and coverage radius is thus cor

respondingly referred to as polygonal radius and alternatively measured by layer distance. 

Layer distance, also called convex layers in computational geometry or Tukey's depth in statis

tics, represents the number of successive complete convex polygons adjacently surrounding the 

POI. More precisely, we consider a discrete set of convex polygons Pt (i = 1,2,...) that are 
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(a) Restriction from hole (b) Restriction from border 

Figure 3.1: Circular coverage radius 

(a) Restriction from hole (b) Restriction from border 

Figure 3.2: Polygonal (hexagonal) coverage radius 

composed of sensors, centered at the POI and having a diameter ofi*d for some constant 

d. We count the total number of such polygons lying completely in the sensor network's cov

erage region. Figure 3.2 illustrates the definition of polygonal (hexagonal) coverage radius. 

The hexagonal radius is 6 in Figure 3.2(a) and 8 in 3.2(b). Whichever measurement is used, 

coverage radius should be maximized. 

3.1.1 Our contributions 

We pinpoint a new sensor self-deployment problem, i.e., focused coverage formation 

around a Point of Interest (POI), and introduce an evaluation metric, i.e., coverage radius, 

which reflects the significance of distance from the POI to uncovered areas. We propose 

two strictly localized solution protocols, Greedy Advance (GA) and Greedy-Rotation-Greedy 

(GRG), which are the first localized sensor self-deployment algorithms that provide coverage 
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guarantee on size maximization and hole absence. 

GA and GRG convert the area coverage problem to a vertex coverage problem over a 

locally-computable equilateral triangle tessellation (TT). In the two algorithms, self-governing 

sensors relocate themselves on the TT grid and move from vertex to vertex to surround the 

POI, according to their one-hop neighborhood information only. Specifically, in GA, nodes 

greedily proceed as close to the POI as they can; in GRG, when their greedy advance is 

blocked, nodes rotate around the POI along a hexagon denned by TT edges to a TT vertex 

where greedy advance can resume. In both algorithms, when sensors are compactly placed or 

collide, they may move away from the POI. 

Both GA and GRG yield a connected network of TT layout with no sensing hole. GRG in 

addition assures a hexagon coverage shape centered at the POI. Thanks to their purely local

ized nature, the two algorithms are resilient to node failures and work regardless of network 

disconnectivity. We prove their correctness and analyze their coverage radius property. Our 

analysis shows that GRG guarantees optimal hexagonal coverage radius, and optimal or near 

optimal (with a factor in [0.88,1]) circular coverage radius. We evaluate their performance on 

convergence time, energy consumption and node collision through extensive simulation. 

3.2 Model and Definitions 

We consider an asynchronous MSN of unknown size n, which is randomly dropped in a 

two-dimensional free field (e.g., an area on ocean surface in practice) and may possibly be dis

connected at initiation. Sensors bear the same communication radius rc and the same sensing 

radius rs; they know about the location of a Point of Interest (POI), denoted by II. Because the 

global coordination system can be easily (through trivial local processing) converted to one 

with II as origin, we use (0,0) as II without loss of generality. 

The goal is to develop a strictly localized sensor self-deployment algorithm that yields 

a network surrounding fl with an equilateral triangle tessellation (TT) layout. The reasons 
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Table 3.1: Notations 

% Modulus operation 
II A given Point of Interest (POI) 
n Network size; a unknown value 
GTT A graph of equilateral triangle tessellation (TT) 
4 The edge length of GTT', equal to ^J3rs 

Paths (u,v) A shortest path connecting two vertices u and v in GTT 
DistTT(u, v) The TT distance of w and v; denned as the number of edges in Paths(u, v) 
'Hi A hexagon composed of vertices v in GTT such that DistTTiy, n ) = i 
d The inscribed disc of "H, 
Kj A ray denned by *K hexagon corner vertices 
Sj The sector defined by Hj (inclusive) and 7?(_/+i)%6 
(i, j , k) The address of the vertex of in-sector index k in Sj on "H, 
Coord{i, j , k) The coordinate of vertex at address {i, j , k) 
v(z') The total number of vertices enclosed by "H* inclusive 
v~l () The inverse function of v() 
y% t Optimal hexagonal coverage radius 
y^ Actual hexagonal coverage radius 
yCpt Optimal circular coverage radius 
yc Actual circular coverage radius 
K The outmost hexagon of a focused coverage 
K' The outmost fully-occupied hexagon of a focused coverage 
P{K!) The number of nodes contributing to redundant coverage 
/I(K') The number of nodes constituting the essential coverage disc (ECD) 

why this TT layout is required are that it maximizes the coverage area of a given number of 

nodes without coverage gap when nodal separation is equal to ^rs [11,52,87], and that it 

automatically maintains network connectivity when rc > y/3rs. As an additional requirement, 

the final network should have maximized coverage radius with respect to H 

We consider this sensor self-deployment problem under the following commonly-used 

assumptions: (1) rc > '\/3rs; (2) sensors are aware of their own geographic location, which is 

represented by an (x,y) coordinate, by a localization system like GPS; (3) through lower-layer 

protocols (minor modification may apply), sensors have the information about their one-hop 

neighbors, i.e., location, status (still or moving) and destination (if moving). Table 3.1 lists the 

main notations to be used in the rest of this chapter. 
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3.3 Equilateral Triangle Tessellation 

An equilateral triangle tessellation (TT) is a planar graph that is composed of congru

ent equilateral triangles. With a common orientation (e.g., north) and a pre-determined edge 

length le, each sensor is able to locally compute a unique TT with IT as vertex. Denote the TT 

graph by GTT- In our work, le is set to y3rs. It is because we want to finally locate sensors on 

vertices of GTT, and this particular edge length ensures connectivity and minimizes sensing 

range overlapping [11,52,87]. 

Let Paths (u,v) represent a shortest path connecting two vertices u and v in GTT- The TT 

distance between u and v is defined as the number of edges in Paths (u,v), and denoted by 

DistTT{u, v). In GTT, there are 6/ many vertices with equal TT distance i to II. These vertices 

together constitute a distance-z' hexagon, denoted by <H,. 'H hexagons are concentric to II. Let 

v(/) be the total number of vertices enclosed by "H,-, inclusive. Then 

> 

v(0 =1+2(6^) = 3/0'+1) + 1- (3-1) 
q=\ 

We call the vertices located at hexagon corners corner vertices, the others edge vertices. 

Corner vertices form 6 rays jointing at IT with mutual angle of | and divide the entire plane 

evenly into 6 sectors. The sector toward south is called "Sector 0" and denoted by So; the 

other sectors are named after their sequence number after So in counterclockwise direction. 

For 0 < j < 6, Sj is defined by two neighboring rays Rj and 7?(,+i)%6, where % stands for 

modulus operation; its clockwise next sector and counterclockwise next sector are S(j+s)%6 

and S(j+\)%6, respectively. A partial GTT is drawn in Figure 3.3, where sectors and rays are 

labeled, and H hexagons are highlighted. 

We assign every vertex v on 'Hi an in-hexagon index and an in-sector index. The former, 

denoted by k! (0 < K < 6i), is equal to the number of TT edges from vto'Ro along W,- in the 

clockwise direction, while the latter, referred to as k (0 < k < i), is equal to the number of TT 

edges from v to 'Rj along Hi in the clockwise direction within its residing sector Sj. Notice 
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Figure 3.3: An partial equilateral triangle tessellation 

that k"Voi = 0 and k = 0 if v is corner vertex. We can uniquely address v using either a pair 

(i,kf) or a triple (/, j,k), which are mutually convertible by kf = ij + k, j = \KJ and k = k'Voi. 

Figure 3.3, displays the addresses of vertices of ^ 3 in both formats. 

In order to be clearly differentiated from geographic coordinate, a vertex's address will be 

expressed in the format of (i,j, k) in the sequel. For consistency, we consider n as a special 

hexagon fio, and define its address as (0, *, 0), where * may be any non-negative integer less 

than 6 as needed. Denote the geographic coordinate of (i,j,k) by Coord(i,j,k). Observe that 

{i,j,k) can be obtained by counterclockwise rotating (i,0,k) a degree of ji about II. Recall 

that n is at (0,0). Because Coord(i, 0,k) = ((k - \i)le, --^/7e), where le = V3r5 is the edge 

length of GTT, we have 

1 n V3 n 
Coord(i,j,k) = ( ( (k - - i )cos( - j ) + — i sin(-j))le, 

1 ?r V3 r̂ 
((k - -i) sin(-y) - — /cos(-y))/e ). 
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3.4 Protocol Description 

Recall our goal defined in Section 3.2. If we deploy sensors at the vertices around IT in 

the TT graph GTT introduced in Section 3.3, we automatically get a network with required 

TT layout; if we further carefully control the coverage shape and assure the absence of empty 

TT vertices within the coverage region, we may as well achieve the desired focused coverage 

with no sensing hole and with (near) maximized radius. By this means, we actually convert 

the area coverage problem to a vertex coverage problem in GTT. 

Based on the above intuition, we propose two strictly localized sensor self-deployment al

gorithms, Greedy Advance (GA) and Greedy-Rotation-Greedy (GRG). In the two algorithms, 

sensors do not necessarily store entire GTT in their memory. It is sufficient for them only to 

compute their neighboring TT vertices at runtime. 

For simplicity, a TT vertex v is said to be occupied'by a node if the node is not moving and 

is located in close proximity to v, or if the node is moving toward v even if it is far from v; II 

is also considered occupied in the case that it is not physically occupiable. We assume for the 

time being that all the sensors are initially located at distinct vertices of GTT- This temporary 

assumption will be relaxed immediately after, in Section 3.4.4. 

3.4.1 Greedy Advance (GA) 

In GA, a node moves greedily along TT edges as close to IT in terms of TT distance as 

it can. For every step of its greedy advance, a node may have one or two options, depend

ing on its residing vertex. Precisely speaking, it has one and only one possible next hop 

(i- \,j,k) if its residing vertex (i,j,k) is a corner vertex (i.e., k = 0), or two possible next 

hops (/' — \,j,k— 1) and {i — l,j, k) if, otherwise, it is an edge vertex (i.e., 0 < k < i). Fig

ure 3.4 shows six nodes and their possible next hops marked by thick arrowed lines. Each 

node chooses from its next hop candidates one that will not cause node collision according to 

its best local knowledge. If no such a next hop is available, it stays still. A still node resumes 
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Sector 0 

Figure 3.4: Hop selection in GA 

its greedy advance whenever possible. 

Randomly pick an edge vertex, say (4,0,3). It has two possible previous hops (5,0,3) and 

(5,0,4). Examine the example scenario given in Figure 3.4. If (4,0,3) is chosen as next hop 

by node 6 and another node (which is not shown in the figure) at <5,0,3) at the same time, 

node collision will occur. However, since the two nodes are neighboring each other, they know 

about the potential collision and thus can prevent it from happening by the following rule: 

Rule 3.1 (Priority Rule). If two nodes are trying to greedily move to (i, j , k) respectively from 

</+ \,j,k) and (i+ l,j,k+ 1) (or </+ l,(J + 5)%6,i) ifk = 0), the one from (i + l,j,k+ 1) 

(resp., (i + \,j, k)) has higher priority than the other. 

Special attention should be paid to any corner vertex (i, j , 0) that has totally three possible 

previous hops (i + 1,0 + 5)%6, i), (i +\,j, 0) and (i +l,j,l). Let us again examine the sce

nario in Figure 3.4. By the priority rule, neither nodes 4 and 5 nor nodes 5 and 6 may collide at 

corner vertex (4,1,0). But nodes 4 and 6 will, if they simultaneously move to <4,1,0), and the 

collision is not locally avoidable since the two nodes are not aware of each other. To eliminate 

this undesired situation, we can simply force node 4 not to take (4,1,0) as next hop by the 

following rule: 

Rule 3.2 (Forbiddance Rule). A node located at {i + l,j, 1) does not chose (i,j, 0) as greedy 

next hop. 



3.4. Protocol Description 63 

In Figure 3.4, hop selection that is forbidden by the forbiddance rule is shown by dashed 

arrowed lines. 

II has six possible previous hops, i.e., the six vertices in "Hi, in total. Consider a scenario 

where six nodes are occupying "Hi vertices, and IT is not occupied. In this particular case, a 

deadlock occurs due to the priority rule, and none of the six nodes will attempt to move to II, 

resulting a sensing hole at II. To avoid this deadlock, we define an additional rule as follows: 

Rule 3.3 (Innermost-Layer Rule). A node located at {\,j, 0) moves to II as long as FI is not 

occupied. 

The innermost-layer rule may cause node collision at U. However, such a collision takes 

place at most once, because a node will stay at II after it reaches TL, and because no node will 

try to move to II once U is occupied. Later, in Sec. 3.4.4, we will discuss how to resolve node 

collision. 

3.4.2 Greedy-Rotation-Greedy (GRG) 

GRG involves not only greedy advance but also a new type of node movement - rota

tion, which forms the final network in a shape of hexagon centered at U. An arbitrary node, 

when its greedy advance is blocked, tries rotation around TI along its residing hexagon with

out increasing its TT distance to II. Note that rotation should be restricted to a particular, 
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say counterclockwise, direction so as to avoid unnecessary collisions between rotating nodes. 

Formally speaking, a node at (i, j , k) chooses only (i, j,k + 1) (or (i, (j + 1)%6,0) if k -i - 1) 

as rotation next hop. Figure 3.5 shows six nodes and their possible next hops, among which 

rotation next hops and greedy next hops are differentiated using different colors. A node stops 

rotating when it reaches a vertex where greedy advance can resume, or when it returns to the 

vertex where it starts rotating. A node that rotates back to its rotation starting point is called 

return node. To properly react to its neighborhood change (due to sensor deployment or node 

failures), a return node resets its rotation starting point to nil whenever it observes the status 

change of its rotation next hop from unoccupied to occupied. 

In an asynchronous environment, a rotating node on 7Y, may never be able to move onto 

•W/-1 despite the vacancies on (Hi-\, if its neighboring nodes on 7Y,_i rotate together with it 

and keep blocking its greedy advance. To prevent this problematic situation, we define the 

following rule: 

Rule 3.4 (Suspension Rule). A node located on fii-x, before starting its next rotation step, 

checks if there is any neighbor rotating on *H,. If yes, it gives up its rotation plan. 

Consider node 4 in Figure 3.5. Suppose that its greedy advance is blocked, that (3,0,0) 

and (4,0,1) are both occupied, and that <3,0,2) and (4,0,2) are both empty. According to 

the suspension rule, node 4 does not rotate to (3,0,2) in this case. The intuition is that node 

4 knows that, if it itself stays put, the node at (4,0,1) will rotate to (4,0,2) and then greedily 

advance to (3,0,2). By the suspension rule, a rotating *H, node will either meet an empty 

vertex on Tii-i, surpassing some 'Hj-x nodes in between, or find no vacancy on "HM and stops 

at its rotation starting point. 

Rule 3.5 (Competition Rule). In the case that a greedily advancing node and a rotating node 

are targeting at the same vertex, the former proceeds as usual, while the latter changes its 

deployment decision accordingly. 

In GRG, each non-POI vertex (i,j,k) has two possible previous hops, (i + \,j,k) and 

(i + \,j,k + 1) (or, ( / + ! , ( / + 5)%6, i) ifk- 0), for greedy advance and one previous hop 
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(i,j, k - 1) (resp., (i, (J + 5)%6, / - 1» for rotation movement. As discussed in Section 3.4.1, 

greedy collision does not happen at (i,j, k), because the two greedy previous hops are neigh

boring each other. Observe that, vertices </ + l,j,k) and (i,j,k- 1) (or, (i+l,(J + 5)%6, /) 

and (i, (J + 5)%6, /' - 1) if £ - 0) are also each other's neighbor. Therefore, the greedy-rotation 

collision caused by nodes from these two vertices can be locally avoided as well, by the compe

tition rule. Now, let us examine the greedy-rotation collision due to nodes from (i + l,j,k+ 1) 

and (i, j,k- 1) (or, (i + \,j, k) and (i, (J + 5)%6, i - 1) if k = 0). Because the two nodes are 

out of each other's communication range, the collision can not be inferred by them from their 

local knowledge. Depending on the way of handling this situation, GRG has two variants: 

Collision allowance (CW) and Collision aVoidance (CV). 

GRG-CW 

In this variant, no additional restriction is applied; greedy-rotation collision is allowed. 

During a greedy-rotation collision, the rotating node is required to make its next deployment 

decision first, which immediately affects the other's motion plan. The reason why the rotating 

node is given priority is to prevent collision loop caused by endless rotating-retreating role 

switch. We will come back to this in Section 3.4.4, when introducing retreat movement for 

collision resolution. 

By the ordered sequence of decision making, greedy-rotation collision could appear as a 

transient phenomenon. For example, in the scenario in Figure 3.6(b), collision between nodes 

2 and 6 takes place at d and is then automatically resolved. However, there is no assurance that 

collision does not remain permanently (this drawback will be resolved later, in Section 3.4.4). 

GRG-CV 

In this variant, greedy-rotation collision becomes impossible due to the edge rule and the 

corner rule to be introduced below. The objective of the two rules is to restrict greedy advance 

to rotation direction, i.e., counterclockwise direction. The intuition stems from the observation 
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that locally-unknown greedy-rotation collision takes place only when greedy advance and 

rotation are opposite to each other. For example, in Figure 3.5, node 4 and 5 have a potential 

collision at (3,0,2); node 5 and 6 have a potential collision at (4,1,0). 

Rule 3.6 (Edge Rule). A node located at edge vertex (i,j,k) only considers (i- \,j,k) (or 

(i- 1 ,0+ 1)%6,0) ifk - i-\) as the next hop of its greedy advance. 

Rule 3.7 (Corner Rule). A node located at corner vertex (i,j, 0) performs no greedy advance. 

Special attention should be paid to the nodes located on *Ki. Because of the corner rule, 

none of these nodes will move to II, generating a sensing hole at II. Under this circumstance, 

we define a particular vertex, denoted by Gate(TT), on *H\ as the gateway to II and allow only 

a gateway node to move to II. More formally, we define 

Rule 3.8 (Gateway Rule). A node located at Gate(H) conducts no rotation but greedy advance. 

By the corner rule and the gateway rule, any 'Hy node not located at Gate(U) has to first 

rotate to Gate(TL) in order to occupy II. Hence, a gateway node's greedy advance is safe as no 

other "Hi node is moving to Gate(U) in the mean time. 

Figure 3.5, where Gate(Jl) = (1,0,0), shows the possible next hops of 6 nodes in GRG-CV 

with solid arrowed lines. In the figure, dashed arrowed lines imply the hop selection allowed 

in GRG-CW but forbidden by in GRG-CV. Thanks to the strict hop selection rules of GRG-

CV, any potential collision is been aware of by the colliding nodes and is therefore locally 

inhibitable. 

3.4.3 Execution examples 

In the following, we shall comparatively show how GA and the two variants of GRG, 

i.e., GRG-CW and GRG-CV, work through examples. Although the two algorithms operate 

regardless of network size and asynchrony, we consider for easy of understanding a simple 
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(a) GA (b) GRG-CW (c) GRG-CV 

Figure 3.6: Final node distribution after sensor self-deployment 

scenario, where 7 nodes initially placed at distinct TT vertices start the self-deployment algo

rithms simultaneously and move at the same speed. Figure 3.6 shows the final node distribu

tion obtained respectively by GA, GRG-CW and GRG-CV. In the figure, node trajectories are 

marked by thick arrowed lines, pointing from initial position to final position. Note that the 

initial position of node 1 is the final position of node 3 in Figure 3.6(a), and that the initial 

position of node 4 is the final position of node 6 in Figure 3.6(b) and of node 2 in Figure 3.6(c). 

To have a clear view of node movement, we focus only on the three nodes 2, 4 and 6. 

Figure 3.6(a) indicates that, when GA is applied, the three nodes 2, 4 and 6 move toward 

Ft and stop respectively at a, II and b according to the forbiddance rule and the innermost-

layer rule. As shown in Figure 3.6(b), when GRG-CW is employed, node 4 proceeds in the 

same way as in GA; whereas, nodes 2 and nodes 6 travel along an extended path. Specifically, 

after reaching a, node 2 finds that vertex d is occupied by node 7, and that greedy advance 

to b is forbidden by the forbiddance rule. Under this circumstance, it has to rotate around n 

along its residing hexagon. When node 2 rotates to c, node 6 arrives at b. At that moment, d 

becomes empty due to node 7's leaving, and the POI has been taken by node 4. Then node 2 

decides to greedily proceed to d, and node 6 also decides to rotate to d. Because the two nodes 

are not neighboring each other, they do not know each other's motion plan and consequently 

collide at d. Because a rotating node is given priority to take the next deployment step in such 

a greedy-rotation collision (see Section 3.4.2), node 6 continues its rotation, while node 2 has 
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to wait. Finally, node 6 rotates to its final position / , passing by e; node 2 rotates to e after 

node 6 leaves e for / . 

Observe Figure 3.6(c), which corresponds to GRG-CV. Because node 4 is not allowed to 

directly move to IT by the corner rule, it has to first rotate to a particular gateway vertex (which 

is set to be g in this example) and then greedily moves to IT by the gateway rule. Node 7 can 

not start with greedy advance but has to perform rotation first according to the corner rule, 

ending up with a completely different trajectory, which directly affects node 2's deployment 

process: now, after reaching a, node 2 is able to continue its greedy advance and immediately 

proceed to d since no one is occupying d. When node 6 reaches b through greedy advance, 

node 2 just arrives at d, and node 4 already got to II. Then node 6 has to wait, since its can 

perform neither greedy advance or rotation in this case. The suspension of node 6's movement 

in turn affects nodes 3 and 5's trajectory, which we will however not go through here. Finally, 

node 2 rotates to / , and node 6 rotates to e. Notice that the collision between node 2 and 6 in 

GRG-CW does not occur. 

3.4.4 Resolving node collision 

We previously assumed that nodes are initially located at distinct TT vertices, which how

ever rarely happens in practice because of randomized node distribution. This temporary 

assumption can be readily relaxed by the following rule: 

Rule 3.9 (Alignment Rule). A node located inside or on the border of a TT triangle AV1V2V3 

moves to the triangle vertex vt that is occupied by the least number of nodes. If more than one 

such triangle vertex exists, the closest is selected. In case of ties, a random choice is made. 

The alignment rule is very likely to cause various node collisions. In the following, we 

are going to introduce a new type of movement - retreat for collision resolution. Retreat 

movement is the opposite of greedy advance. It happens from a vertex of hexagon <% (/ > 0) 

to a vertex of hexagon *H/+i. With the help from retreat movement, permanent collision no 

longer remains, and both GA and GRG gain the ability to spread out compact networks. 
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(a) Rotation (b) Rotating-retreating role switch (c) Greedy advance 

Figure 3.7: An example of collision loop in GRG-CW 

After some nodes collide at a TT vertex, they enter a local ranking process. These colliding 

nodes are able to do the ranking locally and independently because they are neighboring each 

other. During this process, each of them is assigned a rank based on either a random selection 

or certain criterion (if available) such as residual energy or node ID or the combination thereof. 

Then, the node with the highest rank makes its next deployment decision first, and the others 

follow in accordance with the decreasing order of their ranks. If the t-th node decides to stay, 

every node with rank lower than t retreats by the following rule: 

Rule 3.10 (Retreat Rule). When a node located at a *H; vertex decides to retreat, it retreats to 

one of its neighboring *H+i vertices that is occupied by the least number of nodes. In case of 

ties, a random choice is made. 

In GRG-CW, retreat movement might cause greedy-rotation collision loop and conse

quently endless movement in some rare scenarios like the one given in Figure 3.7. Figure 

3.7(a) shows that II and fii vertices have been occupied, and that there is only one empty 

vertex b on 7^2. Under this situation, node 1 located at vertex a on 'Hj, decides to greedily 

moving to b, and node 2 meanwhile decides to rotate to b. Because the two nodes 1 and 2 are 

not neighboring each other, they will collide at b as shown in Figure 3.7(b). Assume that, after 

collision, node 1 is assigned a higher rank than node 2. In this case, node 1 decides to stay 

at b, while node 2 has to retreat to 74+i by the retreat rule. Suppose that node 2 happens to 

retreat to a and that node 1 meanwhile finishes one rotation step. We end up with a scenario 
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in Figure 3.7(c) that is exactly the same as the one in Figure 3.7(a). 

Since we are in an asynchronous environment and we do not assume any specific ranking 

method, it is possible that similar thing happens when node 2 makes its greedy advance later 

on. If continuing that way, each node on <% makes full rotation and then retreat to W3 rather 

than stop at its rotation starting point; in the next step the node returns to *% again and starts 

the next rotation. As a result, a greedy-rotation collision loop occurs, and all nodes are rotating 

along *H2 infinitively often. This collision loop is actually due to the problematic rotating-

retreating role switch, which refreshes the rotating node's rotation record. It will not take 

place if we prevent the rotating node from being retreated outwards, which in turn can be 

achieved by enforcing the following ranking policy: a node that rotates is always assigned 

the highest rank in a local ranking process. 

Notice that, whether the ranking policy is applied or not, collision loop never occurs in 

GRG-CV. 

3.5 Analysis 

In this section, we first prove the correctness of the two proposed algorithms GA and GRG. 

We prove that both GA and GRG are terminatable and that they yield a connected network 

with hole-free coverage. Afterwards, we analyze their coverage radius property. We derive 

that GA has no guarantee on coverage radius, and that GRG guarantees optimal or near optimal 

coverage radius. 

3.5.1 Correctness 

Lemma 3.1. Both GA an GRG ensure that II be occupied by a single node within finite time. 

Proof. By the alignment rule, II could be occupied by multiple nodes during the initial node 

alignment. If II is still empty after the alignment process terminates, it will be eventually 

occupied by at least one node through greedy advance, because the algorithms ensure a winner 
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in every competition for greedy advance. In any case, II becomes occupied within finite time. 

Once II is occupied, no node will move to it. If multiple nodes exist at n at some moment, 

one and only one of them will stay, and the others will move onto 9i\ according to the retreat 

rule. Hence, the lemma holds. • 

Theorem 3.1. GA terminates within finite time. 

Proof. Because, after the initial node dropping, the distance from each node to its closest TT 

vertex is fixed, the node alignment process will terminate within finite time. By Lemma 3.1, 

II will be occupied by a single node within finite time. Henceforth, we safely assume that 

the deployment step already passed the alignment process and that n has been occupied by a 

single node. 

When a node is leaving a TT vertex due to the retreat rule, the TT vertex will still be 

occupied by another node. The priority rule and the forbiddance rule prevent two nodes located 

at different TT vertices from greedily moving toward the same TT vertex. In summary, the 

number of occupied TT vertices never decreases. 

Assume for the sake of contradiction that GA never terminates. Since the number of 

occupied TT vertices never decreases, it follows that there exists an m < n where n is the 

network size such that the algorithm runs infinitively long on m occupied TT vertices. 

Consider that after a finite number of deployment steps the TT vertices T - {t\,...,tm} 

are occupied. In subsequent steps, the set T may only change due to a greedy rule. Assume 

for the sake of contradiction that T changes due to the retreat rule. Whenever an unoccupied 

TT vertex is visited by the retreat rule, the number of occupied TT vertices increases by one, 

contradicting the assumption that GA runs infinitively long on m occupied TT vertices. 

Define by 2 ( T ) th e s u m of the TT distance from IT to the TT vertices in T, i.e., £,(T) = 

YutizT\Paths(thIl)\. Whenever T changes to T due to a greedy rule, a node moves from a 

hexagon «H;+1 to a hexagon *%. It follows, 2(7") = YSX) - 1- Since 2(70 > 0, it follows that 

the set of occupied TT vertices can only change a finite number of times. 

Let F = {/i,..., fm] be the final set of TT vertices visited by GA, i.e., F no longer changes 
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in subsequent steps. Subsequent deployment steps are only due to the retreat rule since a 

greedy rule will always visit a non-occupied TT vertex and would thus change the final set F. 

Define d as the maximum distance between II and the finally occupied TT vertices, i.e., 

d = max{\Paths(fi, II)|}, f e F. Let Q = {qx,..., q„) be the multi set of the TT vertices 

occupied by the sensor nodes, i.e. qt is the TT vertex occupied by sensor node «,-. Nodes 

moving due to the retreat rule always move from a hexagon TY, to a hexagon <H,+i. Thus, a 

change from Q to Q' always satisfies 2X2') = Z(2) + 1-

It follows that after a finite number of deployment steps the multi set Q of occupied 

TT vertices satisfies 2 X 0 > nd, i.e., there exists an occupied TT vertex t which satisfies 

\Paths(t, II)| > d. Thus, the visited TT vertex t is not an element of F which finally contra

dicts the assumption that F is the final set of visited TT vertices. • 

Lemma 3.2. LefHo, •••» <W/-i be fully occupied without co-located nodes. Letn > v(i). Then, 

in GRG, "Hi will be fully occupied without co-located nodes within finite time. 

Proof When *Ho, • • •, *HM are all fully occupied, nodes that have decided to stay on "H, never 

leave 9ij but counterclockwise rotate along % because they are assigned highest rank in any 

local ranking process triggered by node collision, making unoccupied *H, vertices "rotating" in 

the opposite direction. In worst case, they make a full rotation and then stop moving forever, 

rendering unoccupied vertices fixed. In any case, after reaching <Hi+i, nodes are guaranteed to 

meet the empty vertices of "H, (by counterclockwise rotation) and move to fill their location 

by the suspension rule and the competition rule. Because n > v(z') and there are no co-located 

nodes on the / - 1 inner hexagons, 'H; will be fully occupied at the end as nodes keep moving 

toward it and eventually stop on it. Nodal retreat guarantees that no *% vertex be occupied by 

multiple nodes. Hence, the lemma holds. • 

Lemma 3.3. Let *Ho, 'Hi, • • •, <H,-i be fully occupied without co-located nodes. Let v(z - 1) < 

n < v(z'). Then, in GRG, nodes located on <Hi will stop moving within finite time. 

Proof. As the inner hexagons fHa,(H\, • ••, fy-i are all fully occupied, the nodes from outer 
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hexagons will rotate along ? 4 after arriving "H,. This is the case for both GRG-CV and GRG-

CW. Note that, in GRG-CW, these rotating nodes could collide with some greedily advancing 

nodes, but their rotation is not affected (refer to Section 3.4.4). Because v(i - 1) < n < v(f), 

at lease one of them will make a full rotation. By protocol definition, this node will then stop 

moving forever, which will in turn block the rotation of any following node. Eventually, the 

nodes on W, will become fixed. After the nodes on "K, stops moving, the nodes on fHM (if any) 

will get onto TY, and possibly rotate along "K, as well. These newly arriving nodes will stop 

moving and become fixed within finite time because of the blocking from previously stopped 

nodes on "H,. Hence the lemma holds. • 

Theorem 3.2. GRG terminates within finite time. 

Proof. It follows immediately from Lemmas 3.1-3.3. • 

Theorem 3.3. Both GA and GRG yields a connected network with hole-free coverage. 

Proof. We prove this theorem by contradiction. By Theorem 3.1 and 3.2, we known that 

both GA and GRG terminates within finite time. Assume that there is a sensing hole in the 

coverage region at some moment after the algorithm (either GA or GRG) terminates. Denote 

by v a vertex farthest from II on the border of the hole and by (i,j,k) the address of v. There 

must exist a node at (i+ \,j,k) (or (i+ \,j,i) if k = 0), because, otherwise, v would not 

be the farthest border vertex of the hole. In this case, that node will greedily proceed to 

occupy v by protocol definition. This actually contradicts our assumption that the algorithm 

has terminated. Thus the final coverage constructed by the algorithm (either GA or GRG) 

contains no sensing hole. Then network connectivity simply follows from the lack of sensing 

holes and the assumption of rc > V3r5 (see Section 3.2). Hence the theorem holds. • 

3.5.2 Coverage radius 

Recall that coverage radius can be measured using different measurements, i.e., layer dis

tance or Euclidean distance. In GA, the final coverage of a mobile sensor network has an 
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unpredictable shape, depending very much on initial sensor placement. As shown in Fig

ure 3.6(a), it is possible that II is located on the border of the network, rendering coverage 

radius equal to 0. This example implies that GA provides no coverage radius guarantee in nei

ther layer distance nor Euclidean distance. In contrast, as we will see, GRG generates optimal 

or near optimal focused coverage in both metrics. 

Consider a mobile sensor network of size n. Let y"pt be the optimal hexagonal coverage 

radius (measured in layer distance) that the network can provide. Then we have y% t - [y~l(n)\ 

where v_1() is the inverse function of v() (Equation 3.1 in Section 3.3), that is, 

_u , Vl2w - 3 - 3 
v-\n) = - . (3.2) 

Let T be the focused coverage constructed by GRG using this network. Denote by yH the 

hexagonal radius of T. From Lemmas 3.1 - 3.3, the following optimality result follows re

gardless of the network size n. 

Theorem 3.4. In GRG, y" = y%pt. 

We will now study the circular radius yc (measured in Euclidean distance) of T. Denote 

by y% t the optimal circular coverage radius that the network can provide. Further, let S be 

the size (area) of T, and fHK the outmost hexagon of T, where K = fv_1(«)l. We first derive 

bounds on y°opt. 

Theorem 3.5. §(* - \)rs < yc
opt < 3 y[§Krs. 

Proof. The lower bound, which is the radius of the inscribed circle ofHK-\ is obvious. Recall 

the definition of coverage. It is provable that the hexagonal node placement produces maxi

mized coverage over the TT. In this case, y^pt must not be larger than the radius of the circle 

whose area is equal to the area ofHK, that is, y^pt < 3 -v^i<rs. n 

Then we shall show GRG yields optimal or near optimal circular coverage radius, depend

ing on the network size n. We have to examine two cases: 
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Figure 3.8: Redundancy 

(1) « = v(/c), meaning that, (HK is fully occupied; 

(2) n £ V(K) (precisely V(K - 1) < n < V(K)), meaning that, (HK is partially occupied. 

Lemma 3.4. In GRG, 0.95y^ <yc < yc
optfor n = V(K). 

Proof. In the case of n = V(K), y c is equal to the radius of the inscribed circle of *%, namely, 

y c = \KTS. By Theorem 3.5, £• > ~ 4 = - = J ^ = 0.95. And obviously, yc < y^pt. Hence, 

the lemma holds. n 

Lemma 3.5. In GRG, 0.95^-y^pt <yc < y%tfor n + V(K). 

Proof. When n + V(K), yc must not be less than the radius of the inscribed circle ofHK-\, i.e., 

yc > \{K - \)rs. By Theorem 3.5, | - > ^ - = ^ ^ = 0.95*^. Obviously, yc < yc
opt. 

Hence, the lemma holds. • 

Summarizing Lemmas 3.4 and 3.5, we have the following theorem: 

1, n = V(K); 
Theorem 3.6. Let 5 = > Then in GRG, 0.958yc

opt <yc < y%t 

1 - i n±v(K). 

According to Theorem 3.6, it would appear that GRG was not able to produce good fo

cused coverage when n =£ V(K) for a small K. For instance, if K = 2, the lower bound will be 

0.47'5y£,„ proportionally too far from the optimal value. It is however not true in reality, as 

indicated by the following complementary theorem: 

Theorem 3.7. In GRG, yc = y^ptfar n = V(K) A K < 29 and for n * V(K) A K < 15. 
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Proof. Let tHK> be the outmost fully-occupied hexagon of T (K' - K when n - V(K), or K' = K- 1 

when n + V(K)). Denote the inscribed disc of <HK> by C^. Apparently, yc must not be smaller 

than the radius i?(C^) of C^. From guaranteed coverage viewpoint, we consider yc = R{CK>). 

As the final network has the TT layout, it is the TT triangles (in fact, their comprising nodes) 

inside CK' and those crossing the border that contribute to the accomplishment of yc. Hence, 

the coverage corresponding to these triangles constitute the essential coverage disc (ECD), 

while the rest is redundant. 

Figure 3.8 shows a corner area of <HK- with essential coverage marked in gray color. 

Through trivial calculation, we can derive that the hexagons that contribute to the redundant 

coverage are <HK<, (Hle-u •••, <HK
,-r(K')+\, where T(AT') solely depends on K' as follows: 

(1 - 4yh V3 
T(«') = r-—f^- - n = r(i - -^-y - n. (3.3) 

Let t be an integer that falls in range [1, T(K')]. Further, we can find the exact number of 

nodes that are enclosed inclusively by <HKf and contribute to the redundant coverage is 

pOO = 6 J ] (2L^(K' - / - V6*7-3?2)J + 1). (3.4) 
t 

Notice the implicit restriction T(K') > 1 on the above equation. Solving this inequality, we 

get K' > 7.4, which actually implies that there is no node redundancy for K' < 7. Hence the 

total number //(K') of nodes that comprise the ECD will be 

V(K') for K' < 7; 
»(«') = { (3-5) 

vi*) - pit) forK'>7. 

When the number of redundant sensors, i.e., n ~fi(K'), is large enough, yc can be increased 

by arranging the redundant sensors around the essential coverage along the TT grid. Algorith

mic detail about how to achieve this improvement will be presented in Chapter 4. 
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More specifically, coverage radius improvement is possible only when n > JJ.(K + 1) in the 

case of n = V(K), or n > ju(/c) in the case of n t V(K). By an exhaustive search, it is provable 

that the minimum K in the above two cases are respectively 29 and 15. • 

From Theorems 3.6 and 3.7, the following corollary follows: 

Corollary 3.1. In GRG, 0.88y^ <yc < yc
opt in the worst case for n ± v(/c) A K > 15. 

3.6 Performance Evaluation 

Although sensor self-deployment is not a new topic in general, sensor self-deployment for 

focused coverage formation around a POI is to our best knowledge a new problem addressed 

for the first time in this thesis. Existing sensor self-deployment algorithms follow a different 

objective, i.e., coverage formation over a ROI, and may yield a network with coverage radius 

as bad as 0. As we emphasize on optimizing coverage radius, these algorithms are clearly not 

comparable to ours. Thus below we will evaluate GA and GRG alone. 

3.6.1 Evaluation metrics 

We study the performance of GA and GRG in the following three aspects: convergence 

time, energy consumption and node collision. Because GA and GRG assume that nodes obtain 

their neighborhood information from lower layer protocols, and because they themselves do 

not generate any message during the course of sensor self-deployment, communication cost is 

not our concern here. 

Convergence Time 

Convergence Time (CT), also known as deployment latency, is defined as the number of 

time units that it takes a self-deployment algorithm to yield a stabilized network (with no 

floating nodes). Convergence time is heavily subject to nodes' initial distance to the POI. If 
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nodes are placed arbitrarily far, CT can be an unbounded value. Node velocity is another 

impact factor. Slow-moving nodes will slow down deployment speed, rendering CT very 

large. 

Normally, a sensor self-deployment algorithm converges only when all the nodes become 

still. Let 1-lK be the outmost hexagon of a focused coverage generated by GRG. If 7 ^ is 

partially occupied (i.e., n £ V(K)), the nodes residing on it may or may not contribute to 

coverage radius maximization, depending very much on their final distribution and the value 

of K. In this case, from guaranteed coverage point of view, it is reasonable and acceptable to 

consider that GRG converges as long as the K - 1 inner hexagons are fully filled. 

Energy consumption 

Energy consumption is measured using Number of Moves (NM) and Mileage (MG). The 

former is denned as the number of times that a node restarts its motor. It matters because 

starting a still motor consumes a fairly large amount of energy. The latter is defined as the 

total distance that a node has traveled during the course of its self-deployment. It is subject to 

a node' initial distance to the POI to large extent. 

In addition to total energy consumption, we particularly evaluate the part of energy used 

for coverage shape control, one of the unique features of GRG. To do so, we introduce another 

metric - Mileage over Progress ratio (MP). A node's progress (PG) equals to the absolute 

value of the subtraction of its initial Euclidean distance Dini to the POI from its final Euclidean 

distance D/in to the POI. 

Node collision 

Collision does not necessarily mean that two nodes physically collide at a geographic 

point. In fact, we may consider that two nodes collide as long as they are located sufficiently 

close to each other. Collision is due to randomized initial node placement as well as algo

rithmic design. Although collision appears as transient phenomenon in both GA and GRG, 
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it matters because it could bring colliding nodes radio signal interference at physical layer, 

causing various communication failures. 

We say that a node conducted a wasted greedy step if it performs a retreat step immedi

ately after. Apparently, wasted greedy movement increases both convergence time and energy 

consumption and therefore degrade algorithm performance. Since wasted greedy movement 

results only from node collision, measuring the Number of Collisions (NC) during sensor 

self-deployment can help further clue in algorithm performance. 

3.6.2 Simulation setup 

We implemented GA and GRG (including the two variants GRG-CW and GRG-CV) 

within a custom network simulator, and simulated their execution over a mobile sensor net

work stochastically dropped in two-dimensional free plane. In our simulation, the geographic 

center of dropping area is taken as POL Nodes are equipped with sensing radius 10 and com

munication radius 10 x V3 ~ 18; they may move at different speeds, ranging from 0.05 to 0.2 

per simulated time unit, for their every single step. 

We conducted two sets of experiments. In the first set, we wish to study the performance of 

the two algorithms under different node density by fixing the size SZ of dropping area to 2002 

and varying network size n from v( 1) = 7 to v( 10) = 3 31. In the second set, we aim to evaluate 

the two algorithms with different average initial node distance by fixing n to v(7) = 169 and 

varying SZ from 02 (which means that nodes are all placed at the POI at initiation) to 5002. In 

order to minimize data noise, for each simulation setting, we executed GA and GRG over 50 

randomly generated network scenarios and computed average results for analysis. 

3.6.3 Experimental results 

In the sequel, we will elaborate our experimental results displayed in Figure 3.9 and 3.10. 

We first focus on the set of experiments that take varied-sized network with fixed-sized drop

ping area, and the we turn our attention to the other set of experiments that use fixed-sized 
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(a) Convergence time (b) Number of moves per node (c) Moving distance (mileage) per 
node 

(d) Number of collisions (e) Progress per node (f) Ratio of mileage over progress 

Figure 3.9: Results from a network of size varying from v(l) to v(10) and a dropping area of 
size fixed to 2002 

network with varied-sized dropping area. As we shall see below, GA outperforms GRG in 

the aspects of convergence time and energy consumption, and GRG-CV is more suitable for 

dense networks compared with GRG-CW. 

Varied-sized network with fixed-sized field 

Examine Figure 3.9(a) and 3.9(b), which respectively indicate CT and NM as a function 

of n. They contain curves of similar trend. We first investigate the monotonically increas

ing curves of GA in the two figures. When n = v(l), the network is very sparse and has 

a very small size 7. In such a network, greedy advance overwhelmingly dominates the self-

deployment process, and nodes are able to continuously move most of time without frequently 

(or with even no) being blocked and waiting, resulting in low-valued CT and NM. As n in

creases, the frequency of both blocking and retreat movement rises, and waiting and resuming 

happen more and more often. In this case, both CT and NM increase as a result. 

Now, let us look at the curves corresponding to GRG-CW and GRG-CV in the two figures. 



3.6. Performance Evaluation 81 

If we link the points with n = V(K), we get two closely-located monotonically-increasing 

curves in both figures. In either figure, the two new curves are both located above the curve for 

GA. It is because GRG involves an extra type of node movement, rotation, which complexes 

the self-deployment process. Observe any interval between V(K - 1) and V(K) for an integer K, 

and we find that the curve of either variant of GRG descends in this interval, which is actually 

reasonable. In the case of n - V(K), GRG does not converge until the outmost hexagon is fully 

occupied; in any other case, it, as we mentioned in Section 3.6.1, converges as soon as all the 

inner K - 1 hexagons are fully filled, making a dramatic decrease of both CT and NM. In fact, 

when n is very close to V(K), GRG performs even better than GA, as shown in the two figures, 

since the latter converges only when nodes all stop moving. 

Figure 3.9(c) illustrates how MG varies as n changes. It is observed that the curves for 

GRG-CW and GRG-CV have a declining trend when n lies in the range between V(K - 1) 

and v(/c) for an integer K. This phenomenon is due to exactly same reason as the similar 

phenomena observed in Figure 3.9(a) and 3.9(b). If we link the points on GRG curves with 

n = V(K) together, we also get two closely-located monotonically-increasing curves. The two 

new curves surpass the curve for GA for every value of n because GA does not generate 

rotation movement. Besides, they also have the same trend as GA: firstly declining and then 

climbing. It is because, as n goes up, the network becomes increasingly dense, and Dfin 

thereby increases and approaches £>,„,-, which in turn makes nodes travel a decreased distance. 

But, after node density is beyond a saturated value (which is reached when n is around v(6)), 

the network shows an expanding behavior, namely, that nodes move outwards for coverage 

maximization, leading to the monotonic increase of MG with increased n. 

Closely examine the three figures 3.9(a) - 3.9(c) again. We can find that GRG-CW per

forms better in sparse networks, but worse in dense networks, than GRG-CV. This phe

nomenon is arguable. When n is small, greedy advance dominates sensor self-deployment, 

and node collision, which has obvious negative impact on CT, NM and MG, happens rarely. 

In this case, aggressive GRG-CW beats conservative GRG-CV, as the latter often unnecessar-
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ily forces nodes to travel increased distance. As n mounts up, the network shows more and 

more a rotating or expanding behavior, and node collision occurs increasingly often, as con

firmed by Fig. 3.9(d) and discussed in next paragraph. The positive impact of the strict hop 

selection rules of GRG-CV keeps growing, while their negative effect constantly decrease, 

finally rendering GRG-CV outperform GRG-CW. 

Figure 3.9(d) shows NC in relation with n. Observe that NC keeps ascending as n in

creases because the probability of node collision climbs as node density, which is proportional 

to network size in the case of fixed-sized dropping area, increases. Also observe that GRG-CV 

always yields smaller NC than GRG-CW. Note that GRG-CV itself does not cause any node 

collision and that collision occurs during its execution only for the sake of randomized initial 

node placement. As shown in the figure, GA and GRG have nearly the same performance in 

a small-sized network, and that they deviate from each other as n goes up. The performance 

of GRG-CV is below that of GA in all cases because rotation helps reduce retreat-related col

lision. The performance of GRG-CW is first above that of GA because GRG-CW generates 

a large proportion of greedy-rotation collisions in a sparse network with concentrating behav

ior, and then gets below it (after n - v(6)) because the proportion of greedy-rotation collision 

diminishes, and that of retreat-related collision avoided by rotation contrarily emerges. 

Figure 3.9(e) illustrates PG as a result of n. The curves corresponding to GA and the two 

versions of GRG are all in a "V" shape with the lowest point rooted between n = v(6) and 

n = v(7). They imply that this particular value of n makes the network reach a saturated status, 

namely Dini is roughly equal to Dfin such that nodes make no (large) progress during the course 

of self-deployment. In such a network, the network shows a rotating behavior in general. 

When n deviates more and more from v(7), the difference between £),„, and Dfin becomes 

bigger and bigger, resulting in the rise of NC. Note that the network shows a concentrating 

behavior when n < v(7) and an expending behavior when n > v(7). 

Figure 3.9(f) exhibits MP versus n. It is observed that MP is lower than 10 and actually 

very close to 1 for both GA and GRG almost for all the values of n. In the figure, MP reaches 
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(d) Number of collisions (e) Progress per node (f) Ratio of mileage over progress 

Figure 3.10: Results from a network of size fixed to v(7) and a dropping area of size varying 
from 02 to 4002 

its peak value at the point around n = v(7). As a matter of fact, MP can go to infinity in the 

case of P - 0. Although this extreme situation may not come into reality, but it is possible 

in theory, for example, when all the nodes are by any change located at the right deployment 

points at initiation. Additionally, it is observed that MP decreases and approaches 1 closer and 

closer as n increases or decreases toward the two end values. Through a comparative study 

on the two figures 3.9(c) and Figure 3.9(e), the reason for this phenomenon becomes fairly 

obvious: PG has a way smaller value (nearly equal to 0) than MG round n = v(7) and it climbs 

at a much faster speed than MG with increased/decreased n. 

Fixed-sized network with varied-sized field 

Figures 3.10(a) - 3.10(c) respectively show CT, NM and MG as a function of SZ. The 

curves in the three figures share a similar trend. When nodes are all located at the POI (i.e., 

when SZ = 02), they spread out with equal probability in every direction along TT edges. 

In this simple scenario, neither rotation nor greedy advance often occurs, and nodes are very 
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likely to travel a short distance to their final position through continuous retreat movement 

(moving away from the POI). As SZ increases, rotation and greedy advance take place more 

and more frequently, complexing the self-deployment process. In such a complicated situa

tion, nodes are prone to move intermittently and perform wasted greedy advance, rendering 

the increase of CT, NM and MG. As shown in the figures, the curves keep ascending until SZ 

reaches certain value about 202 and then descends thereafter. It is because SZ gradually be

comes large enough for continuous node movement and for reducing the possibility of wasted 

greedy advance. But, after the network becomes sufficiently sparse (i.e., SZ > 2002 or 2502), 

the curves rise again because nodes block each other during the course of their concentrat

ing self-deployment, leading to large amounts of non-progressive rotation, frequent stops and 

therefore increased waiting time. 

In the three figures 3.10(a) - 3.10(c), GA is always located below GRG due to its algo

rithmic simplicity. It is also observed that GRG-CV stays below GRG-CW before SZ = 3002 

and surpasses it thereafter as SZ increases. The reason for this phenomenon is rooted at the 

semi-greedy nature of GRG-CV. As we know, GRG-CV generates no greedy-rotation colli

sion due to its strict greedy rules, and it therefore yields less wasted greedy advance compared 

with GRG-CW. Under this circumstance, GRG-CV outperforms GRG-CW in a dense net

work (SZ < 3002), where greedy advance does not occur as often as other types of movement; 

in an adequately sparse network (SZ > 350) where greedy advance is prevailing, GRG-CW 

however performs better than GRG-CV because the latter yields more frequent stop and non

progressive rotation. 

Figure 3.10(d) illustrates NC versus SZ. When SZ = 02, collision-prone retreat movement 

overwhelmingly dominates the self-deployment process and gives rise of high-valued NC. 

With a slight increase of SZ, the occurrence frequency of retreat movement does not change 

apparently, but rotation and greedy happen relatively much often, leading to the rise of NC. 

However, as shown in the figure, this rising trend exists only within a small range of SZ, 

from 02 to 502. Note that the boosting phenomenon in this SZ range happens to other metrics 
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like CT, NM and MG as well (refer to Figure 3.10(a) - 3.10(c)). After SZ is beyond 502, re

treat movement gradually loses its dominating role, and retreat-related collision becomes less 

and less possible, inducing the monotonic drop of NC. In fact, if the network is very sparse, 

the nodes close to the POI could possibly stop moving before remote ones arrive, leading to 

NC = 0. In a dense network (SZ < 2002), rotation helps reduce the probability of retreat-

related collision, making GRG outperforms GA. In a sparse network (SZ > 2002), GRG-CW 

has worse performance than GA because it can generate extra greedy-rotation collisions, and 

GRG-CV stays superior to GA as it brings no additional collisions (it in fact prevents greedy 

collision at II). 

Recall that PG = \Dini - D/in\. Because n stays unchanged, the average node final distance 

Dfin to the POI is fixed, and PG depends solely on Dini, which is in turn subject to the size of 

dropping area. Figure 3.10(e) shows PG in relation with SZ. It is observed that, for both GA 

and GRG, PG is lowest (nearly equal to 0) when SZ = 2002, and that it rises as SZ approaches 

the two end values, rendering the curves in "V" shape. This phenomenon indicates that the 

closer SZ is to 2002, the closer Dini is to Dfin. We can see that the two variants of GRG have 

the same performance, and that they always yield larger PG than GA. We can also find that 

the gap between GRG and GA becomes larger and larger after SZ exceeds 2002. It is because 

rotation increases the chance of nodes for greedy advance, especially in a sparse network. 

Note that the curves in this figure do not match those in Figure 3.10(e) but show a sharper 

change, because nodes do not move straight to their final position but through curly paths in 

the TT, especially in GRG that involves rotation. 

Figure 3.10(f) exhibits MP in relation with SZ. It is observed that MP is lower than 5 (in 

fact, very close to 1) for both GA and GRG almost for all the values of SZ. The figure shows 

that MP reaches its peak value when SZ = 2002. However, there is no maximum value for 

MP since PG could be equal to 0 in theory. Additionally, it is displayed that MP decreases 

and approaches 1 closer and closer as SZ increases or decreases toward the two end values. 

Through a comparative study on Figure 3.10(c) and 3.10(e), the reason for this phenomenon 
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becomes fairly obvious: PG has a way smaller value (nearly equal to 0) than MG at SZ = 2002, 

and it climbs at a much faster speed than MG with SZ increased/decreased from 2002. 

3.7 Summary 

Sensor self-deployment is an emerging research problem. It requires localized solutions 

that provide coverage guarantee. To our knowledge, no such a sensor self-deployment algo

rithm exists in the literature. In this chapter, we pinpointed a new sensor self-deployment 

problem, focused coverage formation around a Point of Interest (POI) and introduced an eval

uation metric, coverage radius. We proposed two solution algorithms, Greedy Advance (GA) 

and Greedy-Rotation-Greedy (GRG), which are resilient to node failures and able to work 

regardless of network partition. 

Both GA and GRG generate a network with an equilateral triangle tessellation layout and 

with no sensing hole. They are the first localized sensor self-deployment algorithms that 

provide such coverage guarantee. We proved their correctness and analyzed their coverage 

radius property. Our study shows that GA does not guarantee maximized coverage radius, 

and that GRG however ensures optimal hexagonal coverage radius and (near) optimal circular 

coverage radius. We also evaluated, through an extensive set of simulation, the performance 

of GA and GRG on convergence time, energy consumption and node collision. 



CHAPTER 4 

FOCUSED COVERAGE BY MOBILE SENSORS II 

F ocused coverage formation is a new sensor self-deployment problem, where mobile 

sensors are required to autonomously surround a coverage focus, called Point of Interest 

(POI). In Chapter 3, we presented a strictly localized solution algorithm GRG. This algorithm 

is proven to generate an optimal hexagonal focused coverage, which may however not be op

timal in terms of circular coverage radius. An optimal circular coverage radius has maximized 

circular radius. In this chapter, we modify GRG so as to achieve this optimality guarantee. 

The modified version of GRG is referred to as GRG*. It follows the same combined 

greedy-rotation philosophy as GRG for sensor self-deployment; yet it differs from GRG in 

its employed polygonal sensor rotation trajectories that best approximate circles. Through 

an extensive set of simulation, we comparatively evaluate GRG* with GRG in the aspects of 

convergence time, energy consumption and node collision. 

In Section 4.1, we introduce focused coverage and algorithm GRG at very short length, 

and describe the working principle of GRG* briefly; in Section 4.3, we define deployment 

polygons to be used by GRG* for sensor rotation; in Section 4.4, we present the algorith

mic detail of GRG*; in Section 4.5, we evaluates GRG* in comparison with GRG through 

extensive simulation; Section 4.6 summarizes the chapter. 

87 
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4.1 Introduction 

In Chapter 3, we presented a strictly localized sensor self-deployment algorithm Greedy-

Rotation-Greedy (GRG) for autonomous focused coverage formation. GRG generates an op

timal focused coverage of maximized hexagonal radius. But it does not guarantee optimal 

circular coverage, even though the resulting circular radius closely approaches the maximum 

value (with a factor in [0.88,1]). In this chapter, we will address how to modify GRG so as to 

achieve guaranteed circular coverage radius maximization. 

4.1.1 Our contributions 

We propose an optimized Greedy-Rotation-Greedy algorithm GRG* for guaranteed circu

lar coverage radius maximization. Following the same philosophy as GRG, it drives sensors 

to move from vertex to vertex over a locally computed TT graph to surround the POI, greedily 

advancing and rotating in an alternate fashion. But nevertheless, unlike GRG where sensors 

rotate along concentric hexagons, it guides sensors to rotate along our so-called deployment 

polygons that best approximate circles, therefore always leading to an optimal focused cover

age of maximized circular radius. Our main contributions in this chapter include: 

• We discover deployment polygons over the TT graph that can be used to achieve maxi

mized circular coverage radius and present their localized computation. 

• We propose an optimized Greedy-Rotation-Greedy algorithm GRG* using deployment 

polygons, which produces an optimal focused coverage of maximized circular radius. 

• We evaluate GRG* on its convergence time, energy consumption and node collision in 

comparison with GRG through extensive simulation. 
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Table 4.1: Notations 

Pi The deployment polygon associated with C„ best approximating C, in GJT 

Pattiy) The neighborhood pattern of vertex v, with respect to its residence polygons 

Nl(v) The left-hand neighbor set of v, with respect to its residence polygons 

Nr(v) The right-hand neighbor set of v, with respect to its residence polygons 

N'(v) The inward neighbor set of v, with respect to its residence polygons 

N°(v) The outward neighbor set of v, with respect to its residence polygons 

Inn(Nl(v)) The left-hand vertex neighbor of v on its inner residence polygon 

Out{Nl(v)) The left-hand vertex neighbor of v on its outer residence polygon 

Ltm(N'(v)) The leftmost vertex neighbor of v in N'(v) 

Mid(N'(v)) The middle vertex neighbor of v in JV'(v) 

Rtm(N'(v)) The rightmost vertex neighbor of v in N'(v) 

Ltm(N°(v)) The leftmost vertex neighbor of v in N°(v) 

Mid(N°(v)) The middle vertex neighbor of v in N°(v) 

Rtm(N°(v)) The rightmost vertex neighbor of v in N°(v) 

4.2 Model and Definitions 

We follow the same network model, the same goal, and the same notations defined in 

Section 3.2. Some additional notations can be found in Table 4.1. 

4.3 Deployment polygon 

For a focused coverage produced by GRG, its circular coverage radius yc obviously must 

not be smaller than the radius R(CK>) of the inscribed circle CK> of the outmost fully-occupied 

hexagon 7-^. From guaranteed coverage point of view, we consider y° is equivalent to R(CK>), 

i.e., yc = R(CK>). As discussed in Section 3.5.2, IH^ may not approximate C*< best, and there 

may exist, in the corner areas of<HK', nodes that make no contribution to the accomplishment 

of y c . For this node redundancy, GRG does not guarantee maximized circular coverage radius. 

In this section, we define our so-called deployment polygons that best approximate circles 
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Figure 4.1: Relation diagram 

in GTT and present their localized computation. Later, in Section 4.4, we will show how to 

modify GRG by using these polygons to ensure circular coverage radius maximization. 

4.3.1 Definition 

In discrete graph GTT, C, is best approximated without radius reduction by a minimum 

polygon that encloses d and consists of successive vertices. This polygon must be completely 

contained in or overlapped by 7Y,, because, otherwise, *H; is a better approximation. We refer 

to this polygon as deployment polygon associated with C, and denote it by Pt. More formally, 

we define 

Definition 4.1 (Deployment Polygon). In GTT, a deployment polygon !P, is the perimeter of 

the polygonal area composed of the TT triangles inside d and those across the border ofCt-

Figure 4.1 illustrates the relation between Ph C, and 7f, in a summarized form. Observe 

Figure 4.2 that shows P( and C, for i = 14 and 15. Pt is constituted exactly by the vertices 

that are located on the border of C, as well as those that reside outside C,- and comprise the TT 

triangles crossing the border of C,. Hence, by definition, we have the following lemma: 

Lemma 4.1. In GTT, a vertex is located on Pt if and only if it itself does not resides inside Ct 

and at least one of its neighboring vertex lies inside C/. 

According to Section 3.5.2, the total number of vertices enclosed inclusively by Vi is 

exactly p(i) (Equation 3.5). 
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Figure 4.2: Deployment polygons Pu and P\5 

4.3.2 Properties 

The six vertex neighbors of any vertex v are all located on a circle centered at v. The radius 

of this circle is equal to TT edge length le. In order for v to be located on Ph this circle must 

intersect C,. It is clear that the radius of C, is equal to ih, where h = \rs is the height of a TT 

triangle. Denote by DistE{v, II) the Euclidean distance from v to II. Hence, v can be located 

only on such Pt that DistE(v, Ft) < ih + le. It can be trivially derived that a satisfactory i is 

L°"^v'n)J, and that another possibly satisfactory / is \SiSlM^B.\ _ i. For example, as shown 

in Figure 4.2, the vertices marked by solid dots are residing on both P\5 and PM. Recall 

le = V3r,s. To sum up, we have the following theorem: 

Theorem 4.1 (Residence). In GTT, a vertex v must reside on Pt where i = L ^"3* J/ # 

will also reside on Pt-\ if and only if it has a neighboring vertex w such that Distg{w, IT) < 

§(/-l)r,. 

Lemma 4.2. In GTT, no edge uv is shared by two different deployment polygons Pi and Pj 

0<i). 

Proof. Assume for the sake of contradiction that uv is part of Pt and Pj. Let w be the common 

vertex neighbor of u and v that resides on the same side of uv as C,-. By Lemma 4.1, u and v 
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Figure 4.3: Pictures for proving Lemmas 4.2 and 4.3 

must not lie inside C,; on the contrary, w must be located inside Cj (thus inside C,), namely, 

DistE(w, IT) < /?(C». 

Translate Awvw to Aw'v'v/, as shown in Figure 4.3(a), such that u' and V are both lo

cated on Ct and that w' is located inside C,. In this case, W is actually located on C,_i, i.e., 

DistE(w',U) = i?(C,_i) > i?(C,); apparently, DistE(w',U) < DistE(w,TT). Thus, we have 

DistE(w, TI) > R(Cj), which contradicts our previously derived result. • 

Lemma 4.3. On Pt, the two vertex neighbors of any vertex v can not be adjacent to each other. 

Proof. Because v resides on Ph it can not lie inside C, by Lemma 4.1. Denote the 6 vertex 

neighbors of v respectively by a, b, c, d, I and r. Further, let / and r be the two located on Pt. 

Assume for the sake of contradiction that / and r are adjacent to each other, as shown in Figure 

4.3(b). By Lemma 4.1, at least one of the four vertices a, b, c and d lies inside C,-. Let a be 

that vertex. Then b must be inside C,-, because, otherwise, b will be on Pt as well, which is 

not possible. Since b is inside C„ c must be inside Q for the same reason. In this way, every 

vertex neighbor of v other than / and r is inside C,-. Then we reach a contradictory result: v 

itself must be located inside C, too. This completes the proof. • 

According to Lemmas 4.2 and 4.3 and through exhaustive enumeration, we derive the 

following theorem: 

Theorem 4.2 (Neighborhood Pattern). In Grr, a non-POI vertex has four and only four pos

sible neighborhood patterns, with respect to its residence polygons: 
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Figure 4.4: Neighborhood patterns of vertex v 

(1) edge (-): it has one residence polygon and is located on a polygon edge; 

(2) convex corner (A): it has one residence polygon and is located at a convex corner; 

(3) concave corner (V): it has one residence polygon and is located at a concave corner; 

(4) joint corner (x): it has two residence polygons and is located at a joint corner. 

Figure 4.4 illustrates the four neighborhood patterns. As we can see from this figure, the 

vertex neighbors of v may be divided into four disjoint sets: left-hand neighbor set Nl(v), right-

hand neighbor set iV"(v), inward neighbor set N'(v) and outward neighbor set N°(v). Nl(v) 

and iV(v) respectively contain the vertex neighbors of v residing on its residence polygons 

in the clockwise direction and in the counter-clockwise direction around II; N'(v) and N°(v) 

respectively contain the vertex neighbors of v residing on an inner deployment polygon and 

on an outer deployment polygon. 

By Theorem 4.1, v must reside on Pt where i = [ ^ " ^ W j , For ease of description, define 

/' = / - 1 ifPj-i is also a residence polygon of v, or i' - i otherwise. With no difficulty, we can 

conclude that the vertices in N'(v) are all located on Vt-\ and that the vertices in JV°(v) are all 

located on Pi+\. Let Inn(Nl{v)) and Out(Nl(v)) be the vertex neighbors of v located on Pt>-i 

and Pi+i, respectively. Apparently, Inn(N!(v)) = Out{N\v)) when |JV'(v)| = 1. 

We denote by Patt(v) the neighborhood pattern of v, and by Ltm(N'(v)), Mid(N'(v)) and 

Rtm(N'(v)) the leftmost, the middle, and the rightmost vertex neighbors of v in JV'(v), respec

tively. If |JV;(v)| = 2, then we define Mid(N'(v)) = Rtm(N'(v)); in the case of |iV''(v)| = 1, we 
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Table 4.2: Neighborhood patterns 

Edge (-) 

Convex corner (A) 

Concave corner (V) 

Joint corner (x) 

|iV(v)| 

1 = 11/11 
1 = \{f)\ 

1 = \{f)\ 

2 = \{e,f}\ 

|iV(v)| 

1 = \{c}\ 

1 = \{b}\ 

1 = M\ 
2 = \{c,b}\ 

\NXv)\ 

2 = \{a,b}\ 

1 = \{a}\ 

3 = \{a,b,c}\ 

1 = \{a}\ 

|iV°(v)| 

2 = \{d,e}\ 

3 = \{c,d,e}\ 

1 = |{e}| 

1 = \{d}\ 

define Ltm(N'(v)) = Mid(N'(v)) = Rtm{N'{v)). The above denotations for vertices in Nl(v) and 

N'(v) are likewise applied to those in Nr(v) and N°(v) as well. 

Table 4.2 lists the size of the four neighbor sets for each neighborhood pattern and also 

shows their composition based on the vertex notation in Figure 4.4. From this table, a neigh

borhood pattern is uniquely determined by the combination of any two set sizes (except for 

the combination of |iV*(v)| and |JV(v)|); by Theorem 4.1, Nl(v), Nr(v), JV'(v) and N°(v) can be 

computed through trivial computation once the coordinates of n and v are given. Note that the 

joint corner pattern can in fact be determined directly by Theorem 4.1. 

4.4 Protocol Description 

In this section, we present an optimized Greedy-Rotation-Greedy (GRG*) algorithm. Un

like GRG, this algorithm uses deployment polygons instead of hexagons to direct node rota

tion. As deployment polygons best approximate circles in GJT without radius degradation, 

GRG* naturally provides guaranteed circular coverage radius maximization. 

GRG* adopts the same alignment rule (Rule 3.9) and the same retreat rule (Rule 3.10) as 

GRG to deal with off-vertex sensors and node collision. It follows the same combined greedy-

rotation philosophy as GRG for sensors self-deployment. That is, a node located at a vertex 

v greedily advances to an eligible vertex in ./V'(v); in the case that no such a vertex exists, it 

moves to an eligible vertex in JV(v) instead; if no eligible greedy next or rotation next hop 

exists, it stays still for the time being and resumes deployment movement whenever possible. 
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The eligibility of a vertex for deployment next hop is determined by a set of strictly local

ized hop selection rules. These rules share the same design considerations with their counter

parts in GRG; despite design similarity, their definition is not trivial but rather complicated, as 

polygon vertices have more complex neighbor patterns than hexagon vertices, thus bringing 

more possibilities and restrictions to hop selection. 

In the following, we outline the hop selection rules of GRG* in groups in accordance 

with their purposes. We provide detailed explanation for the rules that differ a lot from their 

counterparts in GRG; the rules with no or litter change are however presented at short length. 

As for the alignment rule and the retreat rule, please refer to Section 3.4.4. 

4.4.1 Greedy 

Greedy advance ensures nodal progress toward n . It happens to a node when the node 

proceeds to a vertex from an outward vertex neighbor of the vertex. 

The situation that multiple greedily advancing nodes collide at a non-POI vertex v is pos

sible if and only if l-A^v)! > 1. According to Table 4.2, this condition is true only in the case 

of Patt(v) = " - "|" A ". 

Examine the corresponding graphs in Figure 4.4. If two nodes are greedily moving to v 

from vertices e and d in parallel, they may collide at v. But this situation can be locally avoided 

by the following priority rule as e and d are adjacent to each other. 

Rule 4.1 (Priority rule). If two nodes are both aiming at a non-POI vertex vfrom two different 

vertices Ltm(N°(v)) and Mid{N°(y)), the one located at Mid(N°(v)) has higher priority than 

the other. 

Note that, in the case of Patt(v) = "A", if the two nodes are instead from e and c, they could 

also collide at v. To prevent this greedy collision from happening, the following forbiddance 

rule can be used. 

Rule 4.2 (Forbiddance rule). A node that is located at Rtm(N°(v)) does not take vertex v as 

greedy next hop in the case ofPattiy) = " A ". 
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As a special vertex, II has 6 many outward vertex neighbors. Its occupancy is ensured by 

the following innermost-layer rule. 

Rule 4.3 (Innermost-layer rule). A node located at a vertex on Pi (i.e., <Hi) moves to U as 

long as II is to its knowledge not occupied. 

The innermost-layer rule may induce node collision at n, but fortunately no more than 

once according to Section 3.4.1. As in GRG, this potential greedy collision can be avoided by 

a gateway rule to be introduced later, in Section 4.4.3. 

4.4.2 Rotation 

Rotation resumes blocked greedy advance by guiding nodes around occupied vertices. It 

happens to a node when the node moves to a vertex from the vertex's left-hand vertex neighbor. 

Again examine Figure 4.4. If a node is moving to v from / while another node is pro

ceeding to v from e, the two nodes are likely to collide at v. This potential collision, called 

rotation collision if Patiy) = " x " or greedy-rotation collision otherwise, can be prevented by 

the following competition rule. 

Rule 4.4 (Competition rule). If two nodes are competing for vertex vfrom two different vertices 

Out(N'(v)) and Ltm(N°(v)) (or, Inn{N'{v)) and Out(Nl{v))), the one from Out(Nl(v)) (resp., 

Inn(N!(v))) wins. 

If the two nodes are instead from a and an outward vertex neighbor, different than e, of v, 

they could also collide at v. But this collision is no longer avoidable by the above rule. We 

will elaborate and resolve this situation later, in Section 4.4.3. 

Figure 4.4 implies that Rtm{N°(v)) is always adjacent to Out{Nr(v)). If a node located at v 

discovers that some node is rotating to Rtm(N°(v)), then it knows that the node will proceed to 

Out(Nr{v)) if it itself does not chose Out{Nr(v)) as rotation next hop. This is the design con

sideration of the following suspension rule, which prevents rotation loop and ensures nodes' 

greedy advance, as analyzed in Section 3.4.2. 
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Rule 4.5 (Suspension rule). A node located at vertex v does not rotate to 0w/(./V(v)) if any of 

its neighbors is currently rotating to Rtm(N°(v)). 

Note that, when the collision avoidance rules (to be denned in Section 4.4.3), are applied, if 

greedy advance at Rtm(N°(v)) is not allowed by those rules, the above suspension rule should 

be ignored, since in this case rotation suspension does not make any sense and might even 

cause sensing holes. 

4.4.3 Collision avoidance 

The greedy rules preclude non-POI-based greedy collision (i.e., collision between greedily 

moving nodes) but leave the POI-based still possible. The rotation rules prohibit rotation-

rotation collision completely but eliminate greedy-rotation collision only in part. It is because 

they rely on the adjacency of the greedy prior hop and the rotation prior hop of a vertex, 

which however does not always remain. Below, we will discuss how to totally preclude these 

collisions. 

We start with the easiest part, i.e., enabling GRG* to generate no greedy collision at II. 

This goal can be accomplished simply by the following gateway rule of GRG, which serves 

as the replacement of the innermost-layer rule. 

Rule 4.6 (Gateway rule). A vertex on f\ (i.e., "Hi) is pre-defined as the gateway to II. For a 

node located on f\, it performs only greedy advance if its home vertex is the gateway, or only 

rotation otherwise. 

In the rest of this section, we will focus on greedy-rotation collision avoidance. For ease of 

description, we say a node's greedy advance is "safe" if and only if the movement will cause 

no greedy-rotation collision. 

Undoubtedly, in order not to generate greedy-rotation collision, a node must not perform 

greedy advance unless it knows the movement is definitely safe. From a localized perspective, 

a node is able to make such an assurance if and only if all the left-hand vertex neighbors of 

the greedy next hop is shared or neighbored by the home vertex of the node. 
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(a) Patt{a) - " A " (case 1) (b) Patt{a) = " A " (case 2) (c) Patt(a) = " - " (case 1) 

(d) Pattia) = " - " (case 2) (e) Pa«(a) = " V " (f) Pa«(a) = " x " 

Figure 4.5: The leftmost inward vertex neighbor a of v 

Consider a vertex v on £>,- for /' > 1. Suppose that a node is located at v and that it has 

decided by the greedy rules to move to Ltm(N\v)). Figure 4.5, where a = Ltm(N'(v)) and 

/ = Inn(Nl(v)), enumerates all the possible scenarios with respect to Patt(a). 

In the case of Patt(a) = " A " (where Out(N'(a)) - Inn(N'(a))), there are two possible 

scenarios, i.e., v = Rtm(N°(a)) or v = Mid{N°(a)), as illustrated in Figure 4.5(a) and 4.5(b). In 

the first scenario, whatever Patt(y) is, the node is not allowed to move to a by the forbiddance 

rule. This scenario is then out of our consideration. Examine the second scenario, where 

Patt(v) must be either " A " (defined by / and b) or " x " (defined by / , b, e and c). As we see 

v is not adjacent to Out(N!(a)), the node's movement is not safe. 

In the case ofPatt(a) = " - " (where Out(Nl(a)) = Inn(Nl(a))), there are also two possible 

scenarios. One, as shown in Figure 4.5(c), is that v = Rtm{N°{a)). In this scenario, v is not 

adjacent to Out(N!(a)) (i.e., g), although Patt(v) can be any of" - " (defined by / and c), " V " 

(defined by / and d), " A " and " x ", implying that the node's greedy advance is not safe. The 
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other is that v = Ltm(N°{a)). In this scenario, Pattiy) = " A "|" x ", and the node's greedy 

advance is always safe since Inn{Nl{v)) = Out{Nl{a)) = f. 

If Patt(a) = " V "|" x ", then Inn(Nl(v)) = Out(N<(a)) = f and Patt{v) = " - "|" A "|" x ". 

Notice that Patt{v) * " V ". In the case of Patt(a) = " V ", which is depicted in Figure 4.5(e), 

the node can safely advance to a since Inn{Nl(y)) = Out(Nl(a)), just similar to the scenario 

given in Figure 4.5(d); whereas, in the case of Patt{a) - " x ", which is displayed in Figure 

4.5(f), it can not, since v is not adjacent to Inn(N'(a)) (i.e., g) and Inn{Nl(a)) £ Out(Nl(a)). 

When Pattiy) = " - "|" V ", as we can see from Figure 4.4, b = Mid(Nl(v)) and a -

Out(N'(b)). Assume that a node located at v has determined to move to b by the greedy 

rules. If Out{Nl{b)) = Inn(Nl(b)), namely, if Patt(b) * " x ", the node's movement will be 

safe; otherwise, it is "dangerous" as the node may possibly collide with some unknown node 

moving to b from Inn(N!(b)) that v is not adjacent to. 

In the case of Pattiy) = " V ", v has yet one more inward vertex neighbor c in addition to 

a and b. If the node decided to move to c instead of b, it may execute the movement safely, 

because b must be the only left-hand vertex neighbor of c. 

According to the above analysis, we define the following three collision avoidance rules: 

Rule 4.7 (Edge rule). A node located at vertex v with Pat{v) = " - " does not take Ltm(N'(v)) 

(or Rtm(N'(v))) as greedy next hop ifPat{Ltm(N\v))) = " - "|" X " (resp., PatiRtmiN'iv))) = 

" X "/ 

Rule 4.8 (Concave-corner rule). A node located at vertex v with Patiy) = " V " does not move 

to Ltm(N'(v)) (or Mid{N\v))) ifPat(Ltm(NXv))) = " - " (resp., " x "). 

Rule 4.9 (Convex-corner rule). A node located at vertex v with Pat(v) = " A "|" x " does not 

move to LtmiN'iv)) i/PatiLtmiN'Cv))) = " A "|" X "|" - ", where " - " additionally requires 

Out(Nl(Ltm(N'(v)))) * Inn(N'(v))). 

We would like to indicate that, GRG* is not collision free in general as GRG largely due 

to stochastic node distribution. If node were initially place at distinct vertices, GRG* would 

generate no collision at all after the above four collision avoidance rules are applied. 
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4.5 Performance evaluation 

In this section, we shall present our comparative simulation study on GRG and GRG*. 

Because the two algorithms follow the same self-deployment strategy, they have similar per

formance in general, which can be clearly seen from the same shape of their performance 

curves in Figures 4.7(a) - 4.7(f). As our simulation results are consistent with those detailedly 

presented in Section 3.6.3, here we emphasize on the difference between GRG and GRG* 

only. 

Through simulation we wish to study the performance difference of GRG and GRG* for 

achieving the same coverage radius yc, with proper network size n. We chose the following 

evaluation metrics, which are also adopted in Chapter 3: 

• Convergence Time (CT): the number of time units that it takes the network to stabilize 

(have no floating node); 

• Number of Collisions (NC): the number of times that node collision occurs during the 

course of deployment. 

• Progress (PG): the average progress a node makes toward IT during its self-deployment 

process. 

• Mileage (MG): the average distance that a node travels during the course of its self-

deployment; 

• Mileage over Progress (MP): the ratio MG over PG, which gives an idea about how 

costly zigzag node movement is. 

• Number of Moves (NM): the average number of times that a node changes its status 

from still to moving; 
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Figure 4.6: Number of nodes (nN) v.s. Coverage radius (cR) 

4.5.1 Simulation setup 

We implemented GRG and GRG* within a custom network simulator, and simulated their 

execution over a mobile sensor network randomly and uniformly dropped in two-dimension 

free plane. The geographic center of the dropping area is taken as Point of Interest (POI), 

denoted by IT. Nodes have sensing radius rs = 10 and communication radius rc = V-Sr, = 

V3 x 10 « 18; they may move at different speeds, ranging from 0.05 to 0.2 per simulated time 

unit, for their every single step. 

In simulation, we fixed the size of dropping area to 5002 and target at different coverage 

radius yc by varying network size n properly. For a yc less than 8, GRG* and GRG produce 

exactly the same focused coverage according to Equation 3.5. Thus we considered the cases 

of yc - 8 , . . . , 18. Figure 4.6 shows n as a function of yc; it is generated using Equations 3.1 

and 3.5. By using fixed dropping area and varied n, we were able to study the impact of node 

density on algorithm performance. 

In order to minimize data noises, for each simulation setting, we executed GRG and GRG* 

over 50 randomly generated network scenarios and computed average results. 
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4.5.2 Experimental results 

Convergence and collision 

Let us first examine the convergence time (CT) and the number of collision (NC) of GRG 

and GRG*. As we will see, GRG* has better performance than GRG in these two aspects, 

especially in dense networks. 

Since GRG* uses less nodes than GRG to achieve the same yc (specifically, when yc is 

larger than 7), it should naturally spend less number of time units stabilizing the network, i.e., 

to converge, than GRG. This is indeed true as confirmed by Figure 4.7(a), from which we can 

see the curves of GRG* always stays below those of GRG. Notice that the gaps between these 

curves intend to be bigger and bigger after yc is beyond number 13. Later we will see that this 

"magic" yc value is the one that leads to the lowest PG in GRG in magnitude. 

Figure 4.7(b) depicts NC as a result of yc. It is observed that GRG always generates a 

larger NC than GRG*. This difference is rooted at the fact that GRG requires more nodes than 

GRG for achieving the same yc. Since the dropping area is fixed, the more nodes, the larger 

node density, and thus the more often node collision occurs. According to Figure 4.6, the two 

algorithms' difference on required network size n actually becomes bigger and bigger as yc 

goes up. This change is reflected by the growing gap between the NC curves of GRG and 

GRG* in Figure 4.7(b). 

Energy consumption 

We shall now study the energy consumption of GRG* in comparison with GRG. As we 

will see, GRG* consumes slightly more energy in sparse networks, but much less energy in 

dense networks, than GRG. 

Let Dini and Dfln be the average node initial distance and average node final distance to 

n , respectively. Then PG is equal to Dini - D/in. Because nodes are randomly and uniformly 

placed at initiation, DM is approximately a constant value; whereas, Dfin ever increases as yc 

goes up, regardless of initial node placement. In this case, PG is expected to be a monotoni-
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Figure 4.7: Experimental results 

cally decreasing function of yc. 

When node density is low, nodes intend to move toward IT, i.e., Dini > Dfin, and thus PG 

has a positive value. As the network becomes increasingly dense, £)/,„ approaches to Dini, and 

PG gradually drops to 0 as a result. In this case, the network exhibits a rotating behavior. As 

node density continues to increases, the network eventually show an expanding behavior since 

nodes try to move outwards, rendering PG negative. 

The above expectations about PG have been confirmed in Section 3.6.3 and are once again 

validated by our experiments as shown in Figure 4.7(c). Observe this figure and notice the 

difference between GRG and GRG*: the curve of GRG* is always above that of GRG. It is 

because of the larger Dfin of GRG, which is in turn due to the coverage redundancy of GRG. 

Figure 4.7(d) shows the difference between GRG and GRG* in MG. Observe that MG 

reaches the lowest value later in GRG* than in GRG. It is because GRG* uses less nodes than 

GRG for achieving the same yc, delaying the behavioral change of the network. From this 

figure, it is additionally observed that, GRG* has slightly larger (or much smaller) MG than 

that of GRG in concentrating (resp., expanding) network. 
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In both GRG and GRG*, nodes move along curly path to their final position; thus their 

MG is usually larger than their PG. The ratio of Mileage over Progress (MP) gives an idea 

about how costly zigzag node movement is. From Figure 4.7(e), MP is most of time below 5; 

it increases dramatically only when yc is around the value leading to lowest PG in magnitude 

(see Figure 4.7(c)), although MG approaches the lowest value at the same time (see Figure 

4.7(d)). Again, as shown in the figure, the economic node usage of GRG* delays the appear

ance of the peak value of its MP; GRG and GRG* have nearly the same MP performance in 

the other cases. 

Nodes in GRG* are regulated by more hop selection rules and have to stop moving more 

often than in GRG. On the other hand, GRG requires more nodes than GRG* for achieving 

the same y° and therefore possibly causes relatively frequent node blocking. As confirmed by 

Figure 4.7(f), when yc is not too large compared with the dropping area, in other words, when 

node density is moderate, the impact of hop selection rules dominate algorithm performance 

on NM, making GRG generate less NM than GRG*; but it is slowly overwhelmed by the latter 

as yc becomes increasingly large, rendering GRG* eventually overtake GRG. 

4.6 Summary 

Focused coverage formation is a new sensor self-deployment introduced in the previous 

chapter. The solution protocol Greedy-Rotation-Greedy (GRG) proposed earlier can provide 

hexagonal coverage guarantee. But its resulting circular coverage radius is not optimal event 

though it approaches the optimal value in a factor close to 1. 

In this chapter, we optimized GRG to enable it to guarantee circular coverage radius maxi

mization. The optimized version of GRG is called GRG*. It follows the same greedy-rotation 

idea for sensor self-deployment as GRG. But nevertheless, unlike GRG which guides sen

sors to rotate along hexagons, GRG* direct sensors to rotate along our so called deployment 

polygons that approximate circles best in TT graph without radius reduction. The use of de-



4.6. Summary 105 

ployment polygons enable OGRG to always produce maximized circular coverage radius. We 

evaluate OGRG in comparison with GRG through extensive set of simulation. Our study show 

that OGRG has better performance than GRG in many aspects. 



CHAPTER 5 

DISTANCE-SENSITIVE SERVICE DISCOVERY 

A s hardware technology advances, WSNs are evolving toward service-oriented robotic 

networks such as MSNs and WSANs, where mobile/robotic service providers offer 

services, via geographic relocation, to other nodes or to the physical world. This evolution 

necessitates the research of distance-sensitive service discovery, where a solution protocol is 

expected to provide closesl/nearby selection guarantee. Existing generic service discovery 

algorithms and adoptable techniques are developed without distance sensitivity in mind. They 

are not a practical candidate for their large overhead in communication and/or in storage. In 

this chapter, we for the first time formalize the distance-sensitive service discovery problem, 

and propose a purely localized algorithm, iMesh. 

In Section 5.1, we give the problem formalization and a brief description of iMesh; in 

Section 5.2, we define the network model; in Section 5.3, we present iMesh in detail and 

study its properties including message complexity, storage load and distance sensitivity in 

grid sensor networks; in Section 5.4, we show how to implement iMesh in arbitrary sensor 

networks; in Section 5.5, we evaluate iMesh in comparison with Quorum [48,72,74] through 

an extensive set of simulation; in Section 5.6, we summarize the chapter. 

106 



5.1. Introduction 107 

5.1 Introduction 

A WSN is a collection of micro-sized wireless sensing devices, sensors, deployed in a 

region of interest for object monitoring and/or target tracking. Traditionally, sensor nodes 

are responsible only for sampling their surroundings and reporting to a pre-defined data sink. 

As hardware technology advances, WSNs are now evolving toward service-oriented networks 

such as MSN [1,20] and WSAN [6,56,57], where some service providers, i.e., mobile sen

sors or actors, offer movement-assisted services to other nodes and/or to the physical world. 

In MSNs, redundant sensors can geographically relocate to replace failed ones; in WSANs, 

actors may move to a target location to, for example, repair faulty sensors, turn off water tap 

in cast of water-overflow, extinguish a fire in a woody area, interact with patients in a health 

care system, rescue survivors in an emergency situation, etc. 

Service discovery is a crucial component of any service-oriented network. Discovery cri

teria depend on the underlying network and the application. In the above movement-assisted 

service delivery cases, delivery distance is a primary concern for energy-saving and timely 

response. Moreover, since we are in the context of WSNs with various resource constraints, 

service discovery must be performed in an efficient way, i.e., with constant storage load on 

each node and with no global computation. Although many generic service discovery algo

rithms [24,31,35,39-41] and adoptable techniques [3,22,44,46,65,68,74] have been proposed 

for wireless ad hoc networks, they have major weaknesses. In particular, they are not suitable 

for the problem of distance-sensitive service discovery in resource-constrained WSNs, where 

the algorithms are expected to provide closest/nearby service selection guarantee. 

Definition 5.1 (Closest service selection guarantee). Denote by P the set of service providers 

and by C the set of service consumers. Va e C,\at\ = mmpep{\ap\}, where t is the service 

provider discovered by a. 

Definition 5.2 (Nearby service selection guarantee). Denote by P the set of service providers 

and by C the set of service consumers. Va e C, \at\ < 2 x mhipspfja/?!}, where t is the service 
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provider discovered by a. 

Intuitively, if we construct a Voronoi diagram [9] using service providers as creating points 

and let each of them distribute its location information along the perimeter of its Voronoi 

polygon, then the Voronoi diagram becomes a distributed service directory with bounded per-

node storage load. In this case, distance-sensitive service lookup becomes localized (restricted 

within its Voronoi polygon): a service consumer queries along a path in an arbitrary direction, 

and will find its closest service provider once it hits the perimeter of its home Voronoi polygon. 

This intuitive solution possesses all the properties that we are looking for, but it requires global 

computation. Hence, to make this solution practical, as service directory we must substitute 

the Voronoi diagram with a localized planar structure that has good proximity. 

A naive idea of improvement is to replace Voronoi digram with square mesh constructed 

by the well-known quorum based location service (Quorum for short) [48,72,74]. That is, 

service providers propagate their location information horizontally and vertically across the 

entire network; the propagation paths form a mesh structure as service directory. Although this 

method requires only local computation, it can generate inconstant storage load on network 

nodes, for example, if service providers are all placed in a line, and it also makes the localized 

in-cell lookup no longer able to provide closest/nearby service selection guarantee because the 

mesh structure bears no proximity property. 

As we show in this chapter, it is however possible to modify the quorum technique to 

obtain a planar structure that (as the mesh but unlike the Voronoi diagrams) can be constructed 

in a purely localized manner and (as the Voronoi diagram but unlike the mesh) possesses our 

required guaranteed proximity property. The needed modification is the use of distance-based 

blocking. It has been informally suggested by Tchakarov and Vaidya [77] for a different 

problem of content location service, and is formally rediscovered by us in this thesis work. 

Unlike the protocol proposed here, their proposal did not contain any (correct) theoretical 

analysis of the resulting information structure, and it did not consider the use, in addition to 

blocking, of an important extension rule that we show leads to major improvements in the 
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performance. 

5.1.1 Our contributions 

We propose a novel localized distance-sensitive service discovery protocol, iMesh, for 

WSNs. The proposed protocol is based on the planar structure, which we refer to as informa

tion mesh, created by the use of an existing blocking rule [77] in the traditional quorum-based 

mesh construction, and the use of a newly proposed information extension rule. In iMesh, 

service providers publish their location information in four directions: north, west, south and 

east. During their transmission, these information collinearly or orthogonally block each other 

according to the blocking rule: a node receiving information from multiple service providers 

forwards only the information of the closest one. They may however also be extended to other 

directions by the extension rule: a node where information x orthogonally blocks information 

y transmits x along the backward transmission path of y for a limited distance. Information 

propagation paths together constitute the information mesh that distributedly stores the loca

tions of all the service providers. To discover nearby services, service consumers can simply 

conduct a cross lookup process within their residing mesh cells. 

We presents a thorough analytical study as well as a comprehensive simulation study on 

iMesh. For ease of understanding, the theoretical analysis is conducted over a grid sensor 

network model. It focuses on the properties (construction cost and distance-sensitivity) of the 

information structure constructed by the basic version of iMesh (denoted by iMesh-A) using 

the blocking rule only, and by the complete iMesh (denoted by iMesh-B) containing both the 

blocking rule and the extension rule. The performance evaluation is provided through exten

sive simulation of iMesh-A/B and Quorum [48,72,74] in randomly placed sensor networks. 

Our experimental results show that iMesh generates significantly lower message overhead than 

Quorum, and that iMesh-A/B guarantee closest service selection respectively with probability 

> 95% and > 97%, and nearby service selection both with probability > 99%). They further 

indicate that iMesh-B noticeably improves the distance sensitivity of iMesh-A with negligible 
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extra communication. In summary, our main contributions in this chapter include: 

• We formalize the distance-sensitive service discovery problem in WSNs as well as the 

existing blocking rule for information propagation. 

• We propose a novel localized solution algorithm iMesh by combining the blocking rule 

and the new extension rule with the quorum technique [48,72,74]. 

• We derive the message complexity, the constant per node storage load property, and the 

distance sensitivity of iMesh with formal proof of correctness for grid networks. 

• We show that the claim, the blocking rule allows a node to discover a service that is at 

a distance no larger than v2 times the distance from the closest [77], is false. 

• We evaluate iMesh by extensive simulation on random networks and conclude that 

iMesh nearly (with very high probability) guarantees nearby service selection. 

5.2 Model and definitions 

We first consider a WSN of unknown size n, where nodes are placed exactly at the inter

section points of a grid structure. For this model we provide theoretical analysis. We then 

consider randomized sensor placement in the field and confirm our findings by simulation in 

this widely used setting, showing practicality of our approach. 

Nodes are classified as service providers (SPs) or service consumers (SCs). In practice, 

SCs may be the nodes that require services themselves or the nodes that require services on 

behalf of their monitored physical objects. SPs are scattered in the network at random. All the 

nodes, whether SPs or SCs, have the same communication radius. We denote such a network 

by G. We use v{G) to represent the number of SPs in G. By definition, v(G) < n. Given G, 

v(G) can be written as v without ambiguity. 

We require that all the nodes know their own geographic location through a localization 

system such as the Global Positioning System (GPS) [2]. We believe this requirement is 
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Table 5.1: Notations 

G A network grpah 
n Network size; a unknown value 
v(G) The number of service providers in G; simplified as v 

b —> a Node b blocks node a at node u 
k 

b=$ a Node b chain-blocks node a at length k 
M(G) The information mesh constructed over G; simplified as M 
r}{M) The extension of At; simplified as r\ 
HCell{a) The home cell of a service consumer a 
T(a) The target service provider of a service consumer a 
C(a) The closest service provider of a service consumer a 
TCR(a) The target over closet ration of a service consumer a 

reasonable because of the surveillance goal of WSNs. We assume the standard restrictions, i.e., 

total reliability, FIFO communication channel, bidirectional links and finite communication 

delay, which are commonly used in distributed computing domain [67]. 

The reason for choosing to study first the grid network model is that we want to emphasize 

on the theoretical aspects of iMesh. In fact, iMesh can be implemented in arbitrary network 

scenarios by using GFG routing [15,27] as part of Quorum [48,72,74]. We then use uniform 

random sensor networks in our simulation study to confirm theoretical findings. 

5.3 Protocol description 

In this section, we describe iMesh and study its properties over a grid sensor network 

model. Later in Section 5.4, we will present the implementation details in arbitrary sensor 

networks. 

5.3.1 Basic iMesh 

In this section, we will present the basic version (or version A) of iMesh, iMesh-A. This 

version uses the blocking rule alone to build the service directory, i.e., information mesh. The 
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(a) A complete mesh (b) An information mesh 

Figure 5.1: Information mesh construction 

complete version (or version B) of iMesh, iMesh-B, which contains both the blocking rule and 

the extension rule, will be presented later, in Section 5.3.2. 

Information mesh construction 

Consider only the residing rows and columns of the SP nodes in G. They intersect each 

other and constitute a complete mesh, as illustrated in Figure 5.1(a), where SP nodes are 

represented by solid big dots, and their residing rows and columns are highlighted by thick 

lines. If each SP distributes its own location information (by a registration message) among the 

nodes along its residing row and column, this complete mesh distributedly stores the location 

information of all the SPs and therefore can be used for the purpose of service discovery. 

Let us closely examine the complete mesh structure in Figure 5.1(a). SP node c is closer to 

the area above the mid-point node v between itself and the vertically collinear SP node a, and 

thus it has relatively high priority to be discovered by the SC nodes in that area. In addition, 

SP node b might be a better choice for the SC nodes located in its right-side area than SP node 

a. In these cases, a does not need to distribute its location information in those areas. Similar 

argument can be made again for other SP nodes. According to this observation, we define the 

following blocking rule, an informal definition of which can also be found in [77]. 

Rule 5.1 (Blocking Rule - A Formalization). A node u shared by the residing rows/columns 

of two SPs a and b (a t b) stops the further propagation of the information of a, iff\ua\ > 
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|wZ>|V|wa| = \ub\hcolline{a,b)\/\ua\ = \ub\A->colline(a,b)Ahorizon(b), where colline(a, b) and 

horizon(b) denote the case that a and b are (vertically or horizontally) collinear and the case 

that the involvement ofb is along the horizontal direction, respectively. When this blocking 

happens, we say "b blocks aatu" and denote it by a <— b or b —> a. 

The application of above blocking rule will cause some edges of the complete mesh struc

ture to be removed and therefore the merge of their adjacent mesh cells. The resulting pruned 

mesh structure is what we call information mesh. We denote the information mesh constructed 

on top of G by At(G) (or simply by At). Figure 5.1(b), where solid small dots represent the 

nodes at which the blocking rule is applied, shows the information mesh corresponding to the 

complete mesh structure in Figure 5.1(a). According to the definition of the blocking rule, we 

have the following corollary. 

Corollary 5.1. Mis a planar structure. 

In an asynchronous environment, a node c, at which an SP node b is supposed to block an

other SP node a, may wrongly retransmit the registration message of a, because of the late ar

rival of the registration message of b, violating the blocking rule. Fortunately, this problematic 

situation can be identified by c, as soon as it receives both of the two messages. Once c notices 

its wrong retransmission, it as initiator starts a revocation process, in which the inconsistent 

information is erased from At. More specifically, c sends a revocation message following the 

forward path of a's registration message. The revocation message stops at a node where a's 

registration message stopped propagating. All the nodes that receive this revocation message 

remove a's information from their local repositories. Such a revocation process can possibly 

lead to chain effect. That is, the registration message of an SP node previously incorrectly 

blocked will now continue to propagate until the blocking rule is satisfied again. 

Before an SP leaves the network or turns to "unavailable" status, it starts a revocation 

process itself to remove its own information from At; after it returns or becomes available 

again, it needs to re-register as a new SP. 
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(a) In-cell case (b) On-edge case 

Figure 5.2: Cross lookup 

Distance-sensitive service lookup 

For a SC node a, the objective of its service lookup is to identify the location of its target 

service provider T{a) (see below for definition). According to the position of a, there are two 

possible lookup cases: in-cell case and on-edge case. 

Definition 5.3 (Home Cell). The home cell HCell(a) of a SC a is the mesh cell where a is 

located in or the aggregation of the mesh cells which a is adjacent to. 

Definition 5.4 (SPV). The Set of Providers in Vicinity (SPV) of a SC a is the set ofSPs that 

distribute their information along the perimeter ofHCell{a). 

Definition 5.5 (Target Service Provider). The target service provider T(a) of a SC a is the 

nearest SP in the SPV of a. 

In the in-cell case, the SC node a is located inside a cell of M. When a wants to find T(a), 

it sends a search message along its residing grid row and column in four directions, as shown 

in Figure 5.2(a), where the home cell of a is marked by thick gray lines and its search paths 

are highlighted by arrowed black lines. Such a search message stops its further transmission 

as soon as it hits a mesh edge (or the border of G), and then the node at which the message 

stops replies a with the location of its recorded SP node closest to a (resp., a failure notice). If 

there is no SP in the network, what a will receive are all failure notice; otherwise, a can find 
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the location of r(a) simply by a local comparison among its received location data. Because 

the search paths of a form a cross, this service lookup method is called cross lookup. 

The cross lookup method can also be applied to the on-edge situation, namely, when the 

SC node a is riding on an edge of M. In this case, the search message that travels along 

a residing mesh edge of a will stop at the farthest end of the mesh edge on the home cell 

perimeter, as illustrated by Figure 5.2(b). By this means, a can reach all the composing mesh 

edges of its home cell and make a right decision. 

Analysis 

In this section, we shall explore the theoretical aspects of iMesh-A. As we will see, iMesh-

A has low message complexity and optimal per node storage load; however it does not always 

provide perfect nearby service selection guarantee (rare counterexample cases exist). 

Definition 5.6 (Chain Blocking). For two SPs a and b (at b), b is said "chain-blocking a at 

length k" if there is a blocking chain of length k (k > I) from b to a, i.e., a <— • • • ^- b. We 
k k 6 

denote this chain blocking by a <= b or b => a. Figure 5.3 shows a blocking chain p0 <= P(, 

along Y axis. 



5.3. Protocol description 116 

Lemma 5.1. In a blocking chain a <= 6 along Y (resp., X) axis, the distance between a and b 

alongX (resp., Y) axis is not longer than their distance along Y (resp., X) axis. 

Proof. Suppose the blocking chain is along Y axis. Consider any two consecutive SP nodes 

Pi and pi-.\ (1 < i < k) in the blocking chain. Denote their coordinates respectively by (xhy,) 

and (xj-i,yi-{). We have |x,- - x,_i| < \yt -yt-\\ because, otherwise, p, can not block p^\ in 

Y-direction. In this case, \xk - x0\ = | 2*=1 (x,- - x M ) | < 2*=i \xi ~ xi-\\ ^ Zf=i |y/ -y~t-i\ = 

I Z?=i(y/ ~~ yi-i)\ - \yk - yo\- Similarly, if the blocking chain is along X axis, we can prove 

\yk ~yo\ ^ \xk - xo\. Hence, the lemma holds. a 

Definition 5.7 (Extension). The extension n(M) (or nfor brevity) of M is the length sum of 

the edges in M. 

Lemma 5.2. In a square G, n e 0(Min{v -*Jn, n}). 

Proof. For a complete mesh that is constructed without applying the block rule, its extension is 

just the product of V" and the number / of its constituting grid rows and columns. Clearly, the 

maximum value of/ is 2v, for example, in the case that there are no horizontally or vertically 

collinear SP nodes. Therefore, the extension of the complete mesh is bounded above 0(v V")-

Because M is the result of edge pruning of the complete mesh structure by the blocking rule, 

its extension is naturally bounded above 0(v V«) as well. This upper bounder is actually 

achievable, for example, when SP nodes are all located on the same line along X-axis (or Y-

axis). Note that, when u > -^n, v s/n can be much larger than n in order of magnitude for large 

n. Furthermore, since M is accommodated within G, its extension n obviously never exceeds 

In - 2 y[h~ = 0(ri), the total number of edges in G. Hence, r\ e 0(Min{v yfh, n}). u 

Lemma 5.3. In a square G,r\- £l(v + yfn). 

Proof. In M, every SP node has exactly four incidental edges, each shared by two SP nodes 

at most, and thus the number of mesh edges is not less than 2v. Under this circumstance, 

because each mesh edge has length at least 1, TJ is bounded below 0(v). Now, let us consider 
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Figure 5.4: An information mesh of r] = 0(v + yfn) 

a northmost SP node p0. If p0 is not blocked along Y-axis, its entire residing column will be 

included in M; otherwise, there must exist a blocking chain spanning the entire network along 

Y-axis. In either case, rj is not less than V"- By the above analysis, r] - Q,(v + V")- D 

Note that, the lower bound indicated by Lemma 5.3 is achievable, for example, in the 

scenario shown in Figure 5.4. In this example, there are u = a2 + 12 SP nodes: a2 are densely 

packed in the middle of G, constituting an ax a inner grid; 12 are evenly placed around the 

inner grid at distance a - 1, forming a big square that blocks the inner grid expanding. The 

length summation of the mesh edges is less than 6v (in fact, it should be 6v - 6(a + 12)) inside 

the big square; on the outside, it is no more than 8 -07 (in fact, it should be 8 yfn - \2{a - 1)). 

Thus in total is r\ < 8 V" + 6f = 0{v + V")-

Theorem 5.1. In a square G, the message complexity of information mesh construction is 

0(tJ/(G)), where v + y/n < i//(G) < Min{v yfn, n}. 

Proof. If G is a synchronous environment, the paths that SP nodes' registration messages 

travel are exactly the edges of M. In this case, due to the blocking rule, a constant number 

(1 or 2) of registration messages are transmitted on each communication link in these mesh 

edges. Specifically, there are two registration messages transmitted on the middle link of two 

collinear SP nodes separated by an odd number of hops (as the case with c and e in Figure 
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5.1(b)), and one registration messages over all the other links. Hence, the theorem follows 

immediately from Lemma 5.2 and 5.3. If, otherwise, G is an asynchronous environment, 

because some registration messages may be incorrectly transmitted on the links in G - M, and 

revocation messages are used for consistency maintenance, the message complexity can not 

be lower than in an synchronous scenario. On the other hand, because SP nodes still block 

messages effectively, there are at most 4 messages, 2 in each direction, transmitted on each 

link in the complete mesh structure, and as a consequence the message complexity can not be 

worse than 0(Min{v yfh, n}). Hence, the theorem holds. • 

Theorem 5.2. In a square G, the message complexity of cross lookup is 0( -\/H). 

Proof. A cross lookup process of a SC node is restricted within a search cell, i.e., the home cell 

of the SC node. In worst case, for example, when SP nodes are all located on the same network 

border, a search cell spans the entire network, and a SC node in the search cell will inquire all 

the way along its residing grid row and/or column, generating 0( ^fn) search messages. This 

proves the theorem. a 

Theorem 5.3. iMesh generates constant storage load on each network node. 

Proof. At any time, each of the nodes that constitute At records at most one SP node's infor

mation from each of the four directions, i.e., the north, the south, the west and the east, due to 

the blocking rule. The nodes which are not part of M do not store any data at all. Hence, the 

theorem holds. • 

Definition 5.8 (Target over Closest Ratio). The target over closest ratio TCR(a) of a SC a is 

defined as TCR(a) = -gg | - , where C{a) is an SP closest to a. 

TCR measures the distance sensitivity of iMesh. Ideally, TCR(a) is equal to 1, meaning 

closest service selection. This happens when the residing grid row and/or column of C(d) is 

part of the perimeter of HCell{a). However, due to randomized distribution of SPs, it may 

not always be the case. To study the distance sensitivity of iMesh-A, all the possible violation 
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Figure 5.6: Example situations of TCR(a) > 2 

situations where TCR > 1 need to be identified. By an exhaustive search, it is observed that 

all violations are the variants of the following four basic cases: 

(1) Barrage case: C(a) is chain-blocked by an SP in a's SPV, before its blocking chain 

passes around HCell(a); 

(2) Clean-Pass case: the blocking chain of C(a) passes around HCell{a) at the corner where 

an SP is located; 

(3) Dirty-Pass case: the blocking chain of C(a) passes around HCell(a) at the corner where 

no SP exists, and a composing mesh edge of HCell{a) intersects the residing mesh edge 

of C(a); 
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Figure 5.7: An amplified version of the circled part in Figure 5.5(b) 

(4) Isolation case: the blocking chain of C{a) passes around HCell(a) at the corner where 

no SP exists, and no composing mesh edge of HCell{a) intersects the residing mesh 

edge of C(a). 

Figures 5.5 and 5.6, where irrelevant SC nodes are hidden and SP nodes are represented by 

solid big dots, illustrate the above four basic violation cases. In the two figures, the home cell 

HCell{a) of SC node a is emphasized by broken thick lines, and the blocking chain of c - C(a) 

is highlighted by complete thick lines; broken thin lines indicate the Voronoi diagram created 

using SP nodes, and shadowed areas are the places where TCR is greater than 1. 

Lemma 5.4. In Barrage case, TCR(a) < 2. 

Proof. Let b be the SP node in a's SPV that chain-blocks c (i.e., C(a)). We have \aT{a)\ < \ab\. 

Without loss of generality, assume that the chain of blocking happens along Y-axis, as shown 

in Figure 5.5(a). By Lemma 5.1, \bu\ < \cu\. Observe that angle Lcua can not be acute in 

any case. Thus ca is the longest side in triangle Acua. Namely, \cu\ < \ca\ and \ua\ < \ca\. 

Then \ab\ < \bu\ + \ua\ < \cu\ + \ua\ < \ca\ + \ca\ = 2\ca\. Because \aT(a)\ < \ab\, we have 

\aT{a)\ < 2\ca\, which completes the proof. • 

Lemma 5.5. In Clear-Pass case, TCR(a) < 2. 

Proof. Without loss of generality, assume that the blocking chain of c (i.e., C{a)) is toward 

HCell(a) along Y-axis, as shown in Figure 5.5(b). Examine the amplified version in Figure 
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5.7. By Lemma 5.1, |sv| < \vc\. Unambiguously, \bu\ < \sv\ < \cv\ < \cu\. From this point, the 

lemma then follows from the same proof as Lemma 5.4. • 

Lemma 5.6. In both Dirty-Pass case and Isolation case, TCR(a) may be larger than 2 but can 

not be larger than r^ji, where d{G) is spatial the diameter ofG. 

Proof. Let us examine the scenarios given in Figure 5.6, where t = T(a) and the blocking 

chain of c (i.e., C(a)) is along Y-axis. By observation, \at\ is already greater than 2\ac\, namely, 

TCR(a) > 2, and there is no restriction on the distance from t to the residing grid row of 

c. If we move b (together with d in Figure 5.6(b)) and t far apart from a while maintaining 

their blocking relation, then \at\ could be way larger than 2\ac\. On the other hand, because 

no pair of nodes have their separation larger than d(G), we have \at\ < d(G) and consequently 

TCR{a) = M < f S . D 
v ' \ac\ \ac\ 

In [77], the authors claimed that the blocking rule allows a node to discover a service that 

is at a distance no larger than V2 times the distance from the closest. Lemma 5.6 indicates 

that their claim is false. 

5.3.2 Complete iMesh 

A distance-sensitive service discovery algorithm is expected to guarantee nearby service 

selection, that is that TCR(d) < 2 for any SC node a. By Lemma 5.6, iMesh-A may violate this 

expectation in Dirty-pass case and Isolation case. In this section, we will present the complete 

version of iMesh, iMesh-B, which achieves major improvement on distance sensitivity over, 

but has the same complexity as, iMesh-A. 

Define the territory of an arbitrary SP node c as the area in which c can be discovered by 

the local SCs through the cross lookup method (refer to Section 5.3.1 for cross lookup). The 

larger the territory of c, the higher its probability of being discovered, and thus the better the 

distance sensitivity of iMesh. However, in iMesh-A, the size of an SP's territory is strictly 

restricted by the blocking rule for message saving purpose. Figure 5.8 redraws the Dirty-Pass 
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Figure 5.8: The effect of the extension rule 

situation given in Figure 5.6(a). In this figure, the territory of SP node c is represented by the 

light gray area, which is actually the aggregation of the mesh cells adjacent by the registration 

paths (marked by arrowed hollow lines) of c. 

In order to improve the distance sensitivity of iMesh, territory expansion is necessary. In 

iMesh-B, the information mesh is built not only according to the blocking rule but also using 

an extension rule. The new extension rule enables SPs to expand their territories in the case of 

orthogonal blocking. The formal definition of the extension rule is given below: 

Rule 5.2 (Extension Rule). A node u at which an SP node a orthogonally blocks another SP 

node b sends the information of a to b along the backward path from which it receives b's 

information. The information of a does not travel all the way to b but stops at the point where 

the path intersects the bisector between a and b. 

In Figure 5.8, the transmission paths of the extension messages of SP node c is highlighted 

by arrowed solid lines, and the dark gray area is the expansion part of the territory of c. By 

observation, c's territory expands into the home cell HCell(a) of SC node a, and a becomes 

able to discover c as a result. Consider another SC node a' that shares the same home cell with 

a. The closest SP node C(a') to a' is d in the blocking chain of c. In iMesh-A, TCR(a') could 

be way greater than 2 (if HCell(a) is very large) according to Lemma 5.6. On the contrary, in 

iMesh-B, we have T{a') = c and then TCR(a') < 2 following a similar proof as Lemma 5.4. 
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By the above examples, the extension rule eliminates the Dirty-Pass case, and thus the 

negative Lemma 5.6 only holds partially for iMesh-B. By definition, the extension rule does 

not either change the structure of, or remove any data from, the information mesh. Therefore, 

Lemma 5.2, 5.3, 5.4 and 5.5 and Theorem 5.2 still hold for iMesh-B. In addition, it is not 

difficult to verify that Theorem 5.1 and 5.3 are also applicable to iMesh-B. In summary, the 

extension rule enables iMesh-B to achieve improved overall distance sensitivity over iMesh-A 

at very low cost. Its effect and cost will be seen clearly later, through simulation in Section 5.5. 

5.4 Implementation details 

In an arbitrary sensor network, there is no grid structure that we can make use of for infor

mation mesh construction and cross service lookup. Under this circumstance, we accomplish 

our goal by using routing protocol GFG [15,27], which is known for its guaranteed packet 

delivery and has been used to support quorum formation in Quorum [48,72,74]. 

5.4.1 Information mesh construction 

An arbitrary SP generates four registration messages carrying its location information re

spectively for the four directions, i.e., the north, the south, the west, and the east. Then it sends 

them to the corresponding directional foremost neighbors, namely, the northbound message 

to the northmost neighbor, and the southbound message to the southmost neighbor, and so 

on. These registration messages are retransmitted by receiver nodes following protocol GFG. 

More specifically, upon receiving a registration message, a node retrieves the embedded SP 

node information from the message, stores it in local storage, records the message's desig

nated transmission direction and then greedily forwards the message to its foremost neighbor 

in the same direction. When a registration message reaches a void area, it is switched to the 

face routing mode and then passed around the void area in the clockwise (counterclockwise) 

direction by the left (resp., right) hand rule. Greedy forwarding resumes whenever possible. 
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(a) One SP node (b) Seven SP nodes 

Figure 5.9: Information mesh construction in an arbitrary sensor network 

If the source is the only SP in the network, due to the absence of the network's boundary 

information and the nature of GFG, a registration message will finally stop at the globally 

foremost node in its transmission direction, and its transmission path will include the entire 

network boundary, as shown in Figure 5.9(a) where the registration paths (i.e., the transmission 

paths of the registration messages) of the only SP is highlighted by arrowed lines. In the 

case that there is more than one SP in the network, SPs' registration paths intersect one and 

another inside the network and/or overlap on the network boundary. For two intersecting 

registration paths, they will be either in a node-sharing situation or in a link-crossing situation. 

In the former case, the two paths intersect at a common node, while in the latter case, they 

have a pair of crossover links. As explained in Appendix A.l, a link-crossing situation can 

be locally (without extra message transmission) transformed to a node-sharing situation in a 

sensor network modeled as unit disk graph. 

By above analysis, for any two different SPs, their registration paths are guaranteed to have 

some nodes in common. Then these common nodes apply the blocking rule as in the context of 

grid sensor networks. Finally, an information mesh structure is established as a result. Figure 

5.9(b) shows an information mesh created by seven SP nodes in an arbitrary sensor network. 

In this figure, SP nodes and their registration paths are differentiated by different colors, and 

gray dots represent the nodes where the blocking rule applies. 
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(b) Irregular shape 

Figure 5.10: Cross lookup in an arbitrary sensor network 

5.4.2 Distance-sensitive service lookup 

The implementation of cross lookup is simple. A SC node a sends a query message to 

its directional foremost neighbors. Each of these messages is retransmitted through protocol 

GFG and stops at the first receiver node that resides on the information mesh. Then this 

receiver node sends a a positive reply containing its locally stored SP information. However, 

if there does not exist any SP in the network, which is possible when all the SP nodes become 

unavailable, such a query message will reach a boundary node b and then traverse the entire 

network boundary starting from there, by the property of GFG. In this case, once the query 

message gets back to b along the network boundary, b sends a a negative reply, indicating the 

failure of service lookup. If all received replies are positive, a can easily determine its target 

service provider T(a); if at least one of them is negative, it knows its service lookup fails. 

If no void area appears in the network topology, the greedy forwarding part of GFG will 

never fail. As a result, every cell in the information mesh has a rectangular shape, and thus 

the cross lookup method always works. However, in the presence of void areas, messages are 

routed along the perimeters of the void areas, causing zigzag message transmissions and thus 

possible cross lookup failures. Figure 5.10, where arrowed gray lines indicate search paths, 

shows two examples. In the scenario demonstrated by Figure 5.10(a), the search messages of 

SC node a all hit the same curly edge of its home cell; in the scenario illustrated by Figure 

5.10(b), the home cell of a is composed of five edges, causing that no search message reaches 

the northmost edge. Apparently, a fails to find its true target service provider in the two cases. 
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(a) Curly edge (b) Irregular shape 

Figure 5.11: Perimeter lookup in an arbitrary sensor network 

To ensure successful nearby service lookup in such undesirable situations, an alternate 

perimeter lookup method can be used. By this method, any SC a sends a search message to 

an arbitrarily selected direction through protocol GFG. This search message will hit o's home 

cell perimeter at certain node, called entry node, which then retransmits the message along the 

cell perimeter, e.g., in the clockwise direction. The search message picks up the information 

of the closest SP that it have seen during its perimeter traversal. After it travels all the way 

along the cell perimeter back to the entry node, it has found the target service provider T{a) 

of a. Therefore, upon receiving the search message back, the entry node returns the message 

to a as a reply. This perimeter lookup method is illustrated in Figure 5.11 where light blue 

dots denote the entry nodes that start perimeter traversal. A special case is that a SC is riding 

on the information mesh. Under this circumstance, the SC performs the perimeter lookup in 

its every home cell. But since it is already on its home cell perimeter in this case, it can start 

perimeter traversal directly. 

5.4.3 Tolerating node failures 

Node failure may lead to loss of SP information. Similar to the fault-tolerance approach 

employed in Quorum [48,72,74], iMesh uses thick registration paths to increase information 

redundancy and consequently its fault-tolerance capability. Specifically, during the informa

tion mesh construction process, SP nodes' registration messages are transmitted along paths 

of certain thickness. For thickness 1, all the nodes that overhear a registration message store 
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the embedded SP location information; for thickness k, these overhearing nodes are required 

to broadcast the registration message within their (k - l)-hop neighborhood. 

Another impact from node failure is loss of control messages for service lookup. To toler

ate such message loss, iMesh uses a simple yet effective fault-tolerance approach, transmission 

retrial. That is, during a service look up process, if the SC node does not get any reply to its 

lookup message, it backs off for a while and then retries. 

It is also possible that SP nodes fail without notification. To handle SP failures, iMesh 

requires that the neighbors of each SP monitor the SP node's liveness, e.g., by listening to a 

periodic beacon message. Once they find the SP node fails, they immediately start a revocation 

process (refer to Section 5.3.1) to removes the SP's information from the information mesh. 

5.4.4 Keeping storage load constant 

According to the way of information mesh construction, the storage load of a node is 

subject to the number of its incidental mesh edges. In an arbitrary network scenario, the 

number of nodal incidental mesh edges is bounded above node degree, which is an inconstant 

value and can be equal to n - 1 in the worst case. To keep storage load constant, an node 

where the blocking rule applies does not store the location information that it blocks but adds 

a mark (nearly at no extra storage cost) to the neighbor from which it receives the blocked 

information, such that it can later find the blocked information without actually storing it. 

5.5 Performance Evaluation 

As summarized in Section 1.2.1 and 2.3.2, existing service discovery algorithms and 

adoptable techniques usually rely on global computation and therefore generate large message 

overhead, and they may in addition impose inconstant storage load on network nodes and/or 

induce bottleneck problem in the network. Our proposed protocol iMesh however has obvious 

advantages in all these aspects. It aims to yield optimal (constant) per node storage load and 
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avoid long service registration/lookup paths while providing satisfactory distance-sensitivity. 

In the case that no comparable work actually exists, we choose to evaluate iMesh in com

parison with Quorum [48,72,74], through an extensive set of simulation. As we will see in 

the following, iMesh has considerably low message overhead when compared with Quorum, 

and iMesh-B guarantees closest service selection with high probability, larger than 97%, and 

nearby service selection with very high probability, larger than 99%, significantly impoving 

the distance sensitivity of iMesh-A at negligible communication cost. 

5.5.1 Evaluation metrics 

We study the message overhead of iMesh in comparison with Quorum's using the follow

ing metrics: 

• Total Number of Construction Messages (TNCM): the total number of messages trans

mitted in the network for information mesh construction; 

• Number of Construction Messages per SP (NCMSP): the average number of messages 

generated by an SP for the purpose of information mesh construction; 

• Number of Search Messages per SC (NSMSC): the average number of service lookup 

messages generated by an arbitrary SC (reply messages are not counted); 

As Quorum guarantees closest service selection (i.e., TCR = 1), the following evaluation 

metrics are for iMesh only: 

• Average TCR and Peak TCR: the average TCR and the peak TCR of all the possible 

SCs in the network. 

• PTCR1, PTCR2, and PTCR3: the probability of TCR = 1, 1 < TCR < 2, and TCR > 2. 

5.5.2 Simulation setup 

We simulated iMesh-A, iMesh-B and the Quorum within a custom network simulator. Our 

simulation was carried out over a large-scale WSN, which contains 1,000,2,000,..., 10,000 
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Figure 5.12: Message overhead in a WSN of 10,000 nodes 

nodes and fully covers a square sensory field with average node density 8 - 9 . The scenarios 

with larger node densities are also tested; but the results are even better (because less nodes 

are involved in message transmissions) and therefore off our interest. 

We run two sets of experiments. In the first set, the network is set to be a synchronous 

environment with simultaneous execution and unified link delay; in the second set, the network 

is configured to be an asynchronous environment where SP nodes start the protocol maximally 

30 simulated time units off each other, and each communication link has transmission delay 

of 10 simulated time units at most. We choose the settings with the percentage of SPs (PSP) 

in the network varying from 0.1% to 50%. For each setting, we executed iMesh-A, iMesh-B 

and Quorum over 100 randomly generated network scenarios to get average results. 

5.5.3 Experimental results 

We shall now elaborate on our experimental results, whose confidence interval is within 

15%. We will closely examine the message overhead and the distance sensitivity of iMesh in 

a network of size 10,000. We will show when iMesh outperforms Quorum [74] in message 

overhead based on the results obtained in the networks of size 1,000, 2, 0 0 0 , . . . , 10, 000. 

Message overhead 

We first study the communication cost of the two versions of iMesh in a synchronous 

environment and in an asynchronous environment with 10,000 nodes. Later, in Section 5.5.3, 
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we will further analyze the message overhead of iMesh in other sized networks, in comparison 

with protocol Quorum [74]. 

Figure 5.12(a) show the TNCM of iMesh in relation with PSP. For reference, mesh exten

sion (Definition 5.7) is also drawn in the figure. As PSP grows, the information mesh has a 

more and more complex structure and is therefore expected to exhibit an increasing extension 

and a growing construction message overhead. The expectation is confirmed by the ascending 

trend of the curves in the figure. The small gap between the TNCM curves for iMesh-A and 

iMesh-B in either environment indicates that the overhead of the extension rule (Rule 5.2) is 

minor. And, from the figure we can also see that TNCM will never exceed some constant 

times mesh extension. This observation verifies Theorem 5.1. 

Examine again Figure 5.12(a) and pay attention to the difference of TNCM in the two 

environments. It is observed that TNCM is always higher in the asynchronous environment 

than in the synchronous environment. This is due to the extra messages used for eliminating 

the information inconsistency caused by asynchrony. Further, as PSP grows in either envi

ronment, TNCM curves deviate more and more from the curve of mesh extension, and the 

TNCM of iMesh-B approaches to the that of iMesh-A closer and closer. It is because, when 

there are more SP nodes, the situation that two collinear SP nodes are an odd number of hops 

away happens more often, causing more overlapping registration messages on mesh edges, 

and the mesh cell has smaller size, leading to the reduction of the travel distance of extension 

messages. 

Figure 5.12(b) displays the NCMSP of iMesh as a function of PSP. From the figure, we 

can see that NCMSP drops and approaches to 4 as PSP goes up. It is because, when SP density 

increases, an SP node's registration message travels a decreased hop-distance (on average) in 

each direction before being blocked, and the travel distance can be as low as 1-hop, result

ing in merely 4 registration messages in the extreme case. As shown in the figure, each SP 

node uses slightly more construction messages in the asynchronous environment than in the 

synchronous environment due to the cost of information consistency maintenance; iMesh-B 
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Figure 5.13: Distance sensitivity in a network of 10,000 nodes 

generates slightly larger NCMSP than iMesh-A in both environments, which again implies the 

negligible message cost of the extension rule. 

Figure 5.12(c) depicts the NSMSC of iMesh, which is irrelevant to synchrony and to the 

application of the extension rule, as a result of PSP. It is observed that NSMSC drops and 

approaches to 4 as PSP climbs. It is because, when SP density increases, a SC node's search 

message travels a decreased hop-distance (on average) in each direction before finding an SP, 

and the travel distance can be as low as 1-hop, resulting in merely 4 search messages in the 

extreme case. 

To sum up, the results given in Figure 5.12 clearly indicate that protocol iMesh (whether 

the A version or the B version) use a considerably small, compared with network size, number 

of messages for service registration and service lookup. At a detailed level, iMesh-B generates 

slightly larger message overhead than iMesh-A; but the difference is actually negligible. 
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Distance sensitivity 

We will now study the distance sensitivity of iMesh, which is regardless of the (syn

chronous or asynchronous) nature of the execution environment. In our simulation, iMesh 

exhibits consistent distance sensitivity in different sized networks. Below we will present the 

results from a network of 10,000 nodes only. The results from a network of size 1,000 can be 

found in Appendix A.2, while those obtained from other sized networks are omitted. 

Figures 5.13(a) and 5.13(b) respectively show the average TCR and the peak TCR in rela

tion with PSP. From Figure 5.13(a) we can see that the average TCR is nearly equal to 1 in all 

the PSP cases. This is because of the low probability of TCR > 1. In both of the two figures, 

the curves decline and approach to 1 closer and closer as PSP increases. This phenomenon 

is due to the decreasing probability of TCR > 1. According to the two figures, iMesh-B al

ways has better distance sensitivity than iMesh-A. It is because the extension rule (Rule 5.2) 

effectively eliminates the Dirty-pass case (refer to Section 5.3.1 for definition). 

Figures 5.13(c) - 5.13(e) depict PTCR1, PTCR2 and PTCR3 as a function of PSP. By 

Figure 5.13(c), both iMesh-A and iMesh-B provides closest service selection with high prob

ability, respectively larger than 96% and 97%. By Figure 5.13(d) and 5.13(e), both PTCR2 and 

PTCR3 quickly drop down nearly to 0 as soon as the density of service providers increases to 

10%o. The three figures together indicate that iMesh guarantees nearby service selection with 

very high probability, larger than 99%, in all PSP cases, and they also confirm our analysis 

about TCR value in previous paragraph. 

Figures 5.13(c) - 5.13(e) also imply that iMesh-B always has better distance sensitivity 

than iMesh-A. It is because iMesh-B eliminates the Dirty-Pass case by the extension rule. 

Examine the part for PSP in range 1% - 10%> in Figure 5.13(e) (an amplified version of this 

part is given in Figure 5.13(f)). The PTRC3 of iMesh-A and iMesh-B are both extremely low, 

i.e., smaller than 0(1O~3). In particular, due to the application of the extension rule, iMesh-B's 

PTCR3 is significantly lower, in terms of oder of magnitude, than that of iMesh-A. 

The experimental results shown in Figure 5.13 indicate that iMesh (whether version A or 
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Figure 5.14: iMesh v.s. Quorum in a WSN of 10,000 nodes 
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Figure 5.15: iMesh v.s. Quorum in a WSN of 1,000 nodes 

version B) has satisfactory distance sensitivity. Compared with iMesh-A, iMesh-B performs 

much better in both closest service selection aspect and nearby service selection aspect and 

has lower probability of undesired distance service selection. According to Section 5.5.3, 

iMesh-B in fact achieves these advantages over iMesh-A at the negligible cost of messages. 

iMesh v.s. Quorum 

As Quorum is irrelevant to network synchrony and guarantees closest service selection, 

we focus only on the difference between iMesh and Quorum in message overhead (measured 

by TNCM, NCMSP and NSMSC) in asynchronous environments. Let us first examine Figure 

5.14 and 5.15, which show iMesh v.s. Quorum with varying PSP respectively in a WSN of 

size 10,000 and a WSN of size 1,000. 

Figure 5.14(a) and 5.15(a) depict TNCM as a function of PSP. It is observed that, as PSP 

increases, TNCM climbs quickly in Quorum but at a very slow speed in iMesh, almost starting 
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from the same point. It is because, an SP's registration message always propagate across the 

entire network in Quorum; but, as discussed in Section 5.5.3, it travels a shorter and shorter 

distance due to message blocking in iMesh when PSP ascends. 

Figure 5.14(b) and 5.15(b) exhibit NCMSP as a result of PSP. We can find that the curves 

corresponding to Quorum is nearly a horizontal line. It is because in Quorum an SP's registra

tion message has to travel across the entire network, whose width is constant. On the contrary, 

iMesh has very low NCMSP due to message blocking, and the larger PSP, the more often 

message blocking happens, and therefor the lower NCMSP. 

Figure 5.14(c) and 5.15(c) display NSMSC in relation with PSP. It is seen that that Quorum 

generates almost constant but dramatically larger NSMSC, regardless of PSP, when compared 

with iMesh. This phenomenon is reasonable because a SC in Quorum has to search across 

the entire network and along the whole outer boundary for a closest SP; while in iMesh, a SC 

does not query along the outer boundary of the network, and its service lookup operation is 

restricted within a search cell, whose size generally decreases as PSP increases. 

The similarity in the trend of the curves in Figure 5.14 and 5.15 undoubtedly indicates the 

performance consistency of iMesh in different-sized networks. Let us now turn our attention 

to their difference, which is actually more of our interest. 

In Figure 5.14, Quorum surpasses iMesh in TNCM and NCMSP (i.e., message overhead 

for service registration) for very small PSP (< 0.3% in iMesh-A, < 0.2% in iMesh-B). The 

reason is quite obvious: cross registration paths used in iMesh lead to more messages in total 

when message blocking rarely happens. Similar crossover is also observed in Figure 5.15, but 

in a different PSP range (< 2% in Mesh-A, a 3% in iMesh-B). However, this difference is 

important in that it provides us a guide about when iMesh can replace Quorum at best. 

In order to ease our study on crossover point of iMesh and GRG in service registration 

overhead, we define Proportional Difference of Construction Cost (PDOCC) as follows: 
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Figure 5.16: Proportional Difference of Construction Cost (PDOCC) of iMesh and Quorum 

PDOCC = 
TNCM(Quorum)-TNCM(iMesh) 

TNCM(Quorum) 

NCMSP(Quorum)-NCMSP(iMesh) 
NCMSP(Quorum) 

By definition, the larger PDOCC is, the more advantageous iMesh is over Quorum; if 

PDOCC is negative, then iMesh is not as efficient as Quorum. In this case, a crossover point 

of iMesh and GRG will be a point where PDOCC = 0. Figures 5.14 and 5.15 suggest that 

PDOCC starts to exhibit a positive value with a delayed PSP threshold, in order words, iMesh 

gradually becomes less and less advantageous than Quorum, as the network size descends, and 

that the degradation would be very slow compared with the decreasing speed of the network 
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size. It is indeed true, as further confirmed by Figure 5.16. 

In Figure 5.16(a) and 5.16(b), the X, Y and Z axises represent PSP, network size and 

PDOCC, respectively. The curves on the surfaces in the two 3D figures are plotted on the XY 

plane in Figure 5.16(c) and 5.16(d), respectively; they are composed of the crossover points of 

iMesh and Quorum and indicate the boundary beyond which a X-Y combination would yield 

a positive PDOCC of iMesh. For example, in a network of 6,000 nodes, iMesh-A produces 

positive PDOCC when PSP > 0.2%, and iMesh-B does not until PSP > 0.3%. By Figure 

5.16, in order for iMesh-A (iMesh-B) to generate positive PDOCC before PSP exceeds 1%, 

the network should have a size larger than 1,500 (resp., 2,000). 

5.6 Summary 

Swift advance in hardware technology favors the evolution of WSNs toward service-

oriented networks and renders WSN-based service discovery a rising research issue. Some 

emerging service-oriented WSNs, for example, MSNs and WSANs, indicate the particular 

need in distance-sensitive service discovery algorithms. Although many generic service dis

covery approaches and adoptable techniques have been proposed for wireless ad hoc net

works in the literature, they have weaknesses in message overhead and/or storage load and are 

thereby not a good option for WSNs with severe resource constraints. 

In this chapter, we proposed a lightweight distance-sensitive service discovery protocol, 

iMesh. It is grounded on a novel localized planar structure, i.e., information mesh, with good 

proximity property. We analytically studied the properties of iMesh and show that it has very 

low message complexity and constant per node storage load. Through extensive simulation 

we evaluated the performance of iMesh in comparison with Quorum [48,72,74]. Simulation 

results confirm our theoretical findings and indicate that, iMesh nearly provide closest/nearby 

service selection guarantee with message overhead way smaller than Quorum. They indicate 

that iMesh-B outperforms iMesh-A in distance sensitivity practically at no cost. 



CHAPTER 6 

AUTONOMOUS SENSOR RELOCATION 

N ode failure is a common phenomenon that may induce coverage loss in WSNs. Deploy

ing a large number of redundant sensors is the only way to preserve coverage against 

node failures in static WSNs; whereas, there exists an alternative solution, sensor relocation, 

in MSNs. To our knowledge, only two sensor relocation protocols WCP [79] and WCPZ [80] 

were proposed for coverage maintenance in the literature. They both lack node replacement 

guarantee and have many other major drawbacks. In this chapter, we propose two localized 

sensor relocation protocols, ZONER and MSRP, which are respectively applications of Quo

rum [48,72,74] and iMesh (Chapter 5). The two protocols require no pre-knowledge of the 

sensory field or of the underlying network and guarantee efficient node replacement. 

In Section 6.1, we review the literature at short length and briefly describe ZONER and 

MSRP; in Section 6.2, we define the network model; in Section 6.3, we introduce a restricted 

flooding technique, ZFlooding; in Sections 6.4 and 6.5, we present and ZONER and MSRP in 

detail; in Sections 6.6 and 6.7, we discuss how to deal with node failure and node contention 

during sensor relocation; in Section 6.8, we discuss the properties of ZONER and MSRP in 

comparison with WCP [80] and WCPZ [31]; in Section 6.9, we summarize the chapter. 

137 
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6.1 Introduction 

Coverage is an important QoS factor in sensor networks. It is measured by the overall 

area that a sensor network is currently monitoring. The larger the coverage is, the better 

surveillance service the network can provide. As a sensor network operates, its coverage 

decreases because of runtime node failures. In order to maintain service quality, a sensor 

network must have the capability of preventing such coverage loss. In static sensor networks, 

using a large number of redundant nodes is the only way to preserve coverage in the face of 

node failures; relevant research concentrates mainly on how to schedule sensor activities to 

save energy without jeopardizing existing network coverage [29,81]. In MSNs, node mobility 

can be exploited to facilitate coverage maintenance, that is, it can be used to enable strategic 

and autonomous sensor movement for sensing hole filling. 

At the time of writing, only two sensor relocation protocols WCP [79] and WCPZ [80] 

were proposed in the literature. They are both inferior for possible applications, compared to 

the protocols to be proposed in this chapter, for variety of reasons. WCP is a flooding-based 

protocol that generates inconstant migration delay and unbalanced energy usage, and may 

cause frequent topological change. WCPZ is a quasi-distributed algorithm that relies on pre-

knowledge of the border of the sensory field and thus has limited applicability in real-world 

scenarios. They both use global or cross-network message transmissions for replacement 

discovery, generating 0{n' -^n) (or even 0{n'n)) messages, where ri and n are respectively 

the number of redundant sensors and the number of non-redundant sensors; they both require 

inconstant per node storage load 0(n'), and address no issue of guaranteed discovery of a 

replacement sensor when one in fact exists and is connected to the area where it could move. 

Some sensor self-deployment algorithms, e.g., [33,36,38,52,59,62], are adaptive to node 

failures and thus may be adopted to solve the sensor relocation problem. These algorithms aim 

at a uniform sensor distribution; once the uniformity is broken, they will reorganize a portion 

of or even the entire network to recover. Considering the fact that MSNs are failure-prone 

networks, such a sensor self-deployment algorithm will however lead to frequent change in 
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network topology, complexing networking protocols and causing considerable energy loss. 

6.1.1 Our contributions 

In this chapter, we proposed two localized protocols, a ZONE-based sensor Relocation 

(ZONER) protocol and a Mesh-based Sensor Relocation Protocol (MSRP), with replace

ment guarantee. ZONER outperforms WCP [79] and WCPZ [80] for its localized and pre-

knowledge free nature as well as its guaranteed closest node replacement; MSRP is yet ad

vanced protocol that is superior to not only WCP and WCPZ but also ZONER for its consid

erably low message complexity and constant per node storage load. Thanks to its employed 

replacement discovery algorithm iMesh (refer to Chapter 5), MSRP ensures closest (nearby) 

node replacement with very high probability, larger than 97% (resp., 99%). 

ZONER is based on a new restricted flooding technique, ZFlooding, featured with void-

area penetration capability. Like WCPZ [80], it is also an application of protocol Quorum 

[48, 72, 74]. In ZONER, each redundant node registers with all the non-redundant nodes 

inside a vertical registration zone spanning the entire network. When a node fails, some of its 

neighbors inquiry all the non-redundant nodes inside a bounded horizontal request zone for 

redundant nodes. Because the request zone intersects with a number of registration zones, the 

non-redundant nodes in the intersection areas as recommender can provide the requester with 

redundant node information. Once a satisfactory and available redundant node is identified, 

it will be relocated in a shifted way along a natural migration path to replace the failed node, 

without changing network topology. Because no network-wide flooding is used, and because 

only selected nodes are required to move, ZONER is both bandwidth and energy efficient. 

Figure 6.1, where big dots and small dots stand for redundant nodes and non-redundant 

nodes respectively, gives a general view of how ZONER works. In this example, after node 

a fails, its westmost neighbor w and its eastmost neighbors e collaboratively find a nearest 

redundant node v through a recommender node c; then, v as the replacement of a is relocated 

in a shifted manner to the position of a along a natural migration path, which is the aggregation 
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Figure 6.1: A general view of how ZONER works 

of its registration path to the recommender c and the request path of its discover e to c. 

MSRP is based on our previously proposed distance-sensitive service discovery algorithm 

iMesh. In MSRP, some non-redundant nodes are selected by redundant nodes as proxy and 

construct an information mesh over the network. The information mesh distributedly stores the 

location information of all the proxy nodes. Upon a node failure, the neighbors of the failed 

node find a nearby proxy node via the information mesh and take the proxy node's nearest 

delegated redundant node as the failed node's replacement. In order to generate constant 

relocation delay and balanced energy consumption, MSRP fulfills the replacement migration 

task by a shifted node relocation method. That is, it establishes a path between the failed 

node and the replacement node, and shifts all the nodes' position along the path toward the 

failed node. The novelty of this method stems from its localized energy-aware relocation 

path discovery mechanism that combines routing protocol GFG [15,27] and the COST over 

PROGRESS ratio concept [73]. 

Figure 6.2 gives a general view of how MSRP works. In this figure, redundant nodes are 

represented by small solid circles; proxy nodes are denoted by big solid circles; the informa

tion mesh built by proxy nodes is highlighted by thick links. After a non-redundant node a 

fails, its northmost, southmost, westmost, and eastmost non-redundant neighbors n, s, w, and 

e collaborate to find a replacement, redundant node r in this example, in a's vicinity. The 
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Figure 6.2: A general view of how MSRP works 

paths along which the four nodes discover r are shown by arrowed lines. The replacement 

node r is then relocated to the position of failed node a in a shifted way along the migration 

path marked by thin lines. 

6.2 Model and definitions 

We consider a connected MSN randomly deployed in plane, and assume the network has 

achieved a full coverage over the coverable area in the sensory field through a sensor self-

deployment algorithm. The nodes that constitute the network are non-redundant. They always 

remain active and thus are called active nodes (or A-nodes). We also assume that some pre

determined redundant nodes (or R-nodes) are scattered in the network at random. R-nodes run 

a sleep/wakeup protocol to save energy and do not contribute to network connectivity. Both 

A-nodes and R-nodes stay static unless they are requested to move. Nodes are homogeneous. 

They are aware of their own location, which is an (x,y) coordinate, by a localization system 

like the Global Positioning System (GPS) [2] and have a two-hop neighborhood map through 

lower level protocols (minor modifications may apply). All the nodes use omni-directional 

antenna for communication, and their communication radius rc is at least twice as large as 

their sensing radius rs. Any node may fail at any time for any reason. 
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The our goal is to develop, based on the above network model, sensor relocation protocols 

that can maintain a network's coverage by relocating nearby R-nodes to the position of failed 

A-nodes. Note that, in a disconnected network, there is no guarantee that failed A-nodes are 

successfully replaced. For this reason, we additionally assume the network alway remains 

connected in spite of node failures. Furthermore, message collision and transmission errors 

can also affect the effectiveness of solution protocols. However, since these are MAC layer 

issues and beyond our scope, we assume reliable wireless communication channels so that we 

can concentrate on the sensor relocation problem itself. 

6.3 Range-restricted geographic flooding 

Flooding is a basic tool widely applied to a variety of network operations such as rout

ing and service discovery. Because network-wide flooding involves the entire set of network 

nodes, its application is quite controversial in bandwidth- and/or energy- constrained networks 

like WSNs. For resource saving purpose, flooding ought to be restricted within a bounded 

range, which may be represented either by hop count or by geographic boundary. 

A range-restricted geographic flooding algorithm could be as simple as follows: a node 

starts a flooding process by broadcasting a packet carrying the geographic border of the area to 

be flooded; a receiver node rebroadcasts the packet only when it is inside the specified flooding 

area; the flooding process terminates after all the nodes in the flooding area obtain the packet. 

But, if there is a void across the flooding zone, this simple algorithm may fail. Face routing is a 

proven effective building block for conquering the void problem in geographic routing [15,27]. 

In this section, we combine the above simple flooding algorithm with face routing and devise 

a range-restricted flooding technique, Zone Flooding (ZFlooding), featured with void-area 

penetration capability. This technique will be used later in Section 6.4 by protocol ZONER 

for node registration and discovery. 

A node is said to be a local minimum in some direction (west, east, north, or south) if 
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(a) The scenario of traversing an inner (b) The scenario of traversing the outer 
face. face. 

Figure 6.3: An illustration of closed traversal circles 

it is the foremost node in that direction in its one-hop neighborhood. For a local minimum 

a in direction d, its two incidental edges, which respectively have the smallest angle and the 

largest angle with d, identify a particular face in the GG built on top of the underlying network. 

This face could contain a void area that stops the message transmission going through a in 

direction d. To simplify expression, we call this face d-face. Before retransmitting a received 

ZFlooding packet Pkt, node a replicates it and stores the replica, denoted by Pkt', locally. 

After retransmission, it attaches its own coordinate to Pkf and then sends two copies of Pkt', 

one in the clockwise direction and the other in the counterclockwise direction, to traverse its 

J-face. 

When a perimeter node x receives Pkf for the first time, it checks if it itself is inside the 

flooding zone and is meanwhile more foremost than node a in direction d, or if any of its 

neighbors satisfies the two conditions. If the answer is yes, it terminates the face traversal 

process as terminator, or otherwise forwards Pkt' to the next perimeter node in the traversal 

direction as forwarder. During face traversal, if a forwarder node did not ever receive Pkt 

before, it also takes the following extra actions: restore Pkt by removing the coordinate of 

node a from Pkt' and broadcast Pkt locally. 

If node a is the foremost in direction d in the flooding zone, its attempt to pass the ZFlood-
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ing packet Pkt around its c/-face will end up with a closed traversal circle as shown in Figure 

6.3. Observe that, if a is by any chance the globally foremost in direction d, Pkt' will actually 

traverse the outer face as displayed in Figure 6.3(b). In this case, provided each boundary node 

is aware of the fact that it itself is a boundary node, face traversal can be terminated earlier, 

and thus saving both bandwidth and energy. To enable this early termination, a separate (or, 

integrated) boundary detection process can be performed after GG construction. 

6.4 ZONER: a ZONE-based sensor Relocation protocol 

This protocol accomplishes the replacement discovery task and the replacement migration 

task respectively by the quorum technique [48,72,74] and by the shifted migration method. All 

its involved flooding operations are range-restricted flooding accomplished by the ZFlooding 

technique. In the following, we will go through this protocol in detail. 

At initiation, or when necessary, a R-node v floods its registration zone by a registration 

message and registers with all the A-nodes inside the zone. The registration zone is a long 

narrow area centered at v and vertically crossing the entire network; its width is a pre-defined 

the system parameter. During this registration process, an A-node in the registration zone may 

receive the registration message multiple times, each time along a different path. It maintains 

the backward shortest registration path of v by remembering the neighbor from which it re

ceives the message; it rebroadcasts the registration message if and only if the message comes 

along a path shorter than the one that it currently knows. 

After an A-node a fails, its westmost A-node neighbor w and eastmost A-node neighbor e 

independently start a discovery process by flooding their request zones with a request message. 

The request zone of w (e) is a westbound (resp., eastbound) bounded area adjacent by a, as 

shown in Figure 6.1; its width is a pre-defined system parameter. The two nodes w and e are 

called server of the failed node a, and act as discovery partner of each other. 

Consider server e. It first searches in its local memory for a registered R-node with shortest 
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migration path, and then takes this node as reference to inquires all the A-nodes inside its 

request zone for a R-node with yet shorter migration path to a. The migration path of the 

reference node is in fact its registration path. For message-saving purpose, the length of the 

request zone is set to be proportional to the length of the migration path of the reference node 

(if any) or infinity (otherwise). During the discovery process, every A-node in the request zone 

maintains a backward shortest request path of e. The request zone of e intersects a number of 

registration zones. An A-nodes c in an intersection area replies e's request as recommender if 

it has a registered R-node whose migration path to e, i.e., the aggregation of the registration 

path of the R-node to c and the request path of e to c, is shorter than reference node's migration 

path to e. The reply messages is sent back to e along previously established backward request 

path of e, meanwhile establishing the forward request path from e to c. 

Servers w and e perform replacement discovery independently. Finally, they exchange 

their discovery results and take the one with shortest migration path among all discovered 

R-nodes as failure node a's replacement. The server that discovers the replacement is called 

replacement discoverer. Nodal relative position can be used to break ties. Figure 6.1 shows a 

big picture about a discovery process where e is replacement discoverer. 

Subsequently, replacement discoverer, say e, starts a migration process by sending a mi

gration request along its request path to recommender c, which in turn forwards the message 

to replacement node v along the backward registration path of v; v grants the request by send

ing an ACK message back to e along the migration path; then it waits for an action message. 

Note that, as the migration request is transmitted from c to v, the forward registration path of 

v to c is established. Having received the ACK message, e sends an action message along the 

migration path to v, triggering nodes' physical movement. By shifted migration, e moves to 

the position of a, while every other node along the migration path of v moves to the position 

of its path neighbor toward e. Note that, before moving, the replacement node v revokes its 

information in its registration zone using ZFlooding. In order to maintain information con

sistency and not to jeopardize the execution of other network protocols, every migrating node 
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transfers all its local data to the newcomer at its original position immediately after. 

6.5 MSRP: a Mesh-based Sensor Relocation Protocol 

This protocol fulfills the replacement discovery task and the replacement migration task 

respectively by our previously proposed distance-sensitive service discovery algorithm iMesh 

(see Chapter 5) and by a novel shifted migration method. In the following, we will elaborate 

on its detail. 

At initiation, each R-node spontaneously takes the nearest A-node as proxy, by sending 

that A-node a delegation request. In case of ties, nodal relative position can be used to help 

make decision. A R-node has one and only one proxy; whereas, a proxy is allowed to be 

shared by multiple R-nodes. Since proxy nodes locally record the location of their delegated 

R-nodes, unlimited R-node delegation may cause inconstant storage load on some A-nodes 

in case R-nodes are densely distributed. For instance, if all the R-nodes are located within 

the communication range of the same A-node, they may all chose this A-node as their proxy, 

yielding 0(ri) storage load on it. In order to keep per node storage load constant, MSRP re

quires that an arbitrary A-node grant a delegation request from a R-node only when the number 

of its already delegated R-nodes is below a pre-defined threshold value. R-nodes whose dele

gation requests are rejected reissue delegation requests every time when they become awake. 

While being awake (by a wakeup/sleep protocol), a R-node monitors the liveness of its proxy; 

once it finds its proxy node fails, it moves to replace the proxy node directly. 

Proxy nodes execute algorithm iMesh to construct an information mesh. Upon an ordinary 

(i.e., non-proxy) A-node failure, the A-nodes neighboring the failed A-node cooperate to dis

cover a replacement, which is defined as the nearest delegated R-node of the target proxy of 

the failed A-node, by executing iMesh. For brevity, the target proxy (which is target service 

provider in iMesh) of a failed A-node is referred to as replacement proxy. During the replace

ment discovery process, the two lookup methods, i.e., cross lookup and perimeter lookup, may 
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be selectively used, depending on requirement. For the cross lookup method, the northmost, 

the southmost, the eastmost and the westmost neighbors of the failed A-node, as servers, send 

four query messages respectively to the north, the south, the east, and the west direction, as 

shown in Figure 6.2. After receiving replies, they exchange their discovery results through 

underlaying routing protocol to find the replacement proxy. For the perimeter lookup method, 

only one neighbor, say the northmost neighbor, acts as the server of the failed A-node. It sends 

a query message to an arbitrarily selected direction, and later receives a reply that contains the 

replacement proxy's location. Whichever lookup method is employed, only the server that is 

closest to the replacement proxy is considered as replacement discoverer. 

The replacement discoverer issues a migration request to the replacement proxy, which 

then grants the request by replying with an ACK message. In this hand-shaking process, 

message transmission is supported by routing protocol GFG [15,27]. After receiving the 

ACK, the replacement discoverer starts a migration path discovery process by sending an 

action message to the replacement proxy again by GFG, but in a different way. 

Migration path discovery is in essence a QoS routing process. Its objective is to establish 

a path, between a replacement discoverer and a replacement proxy, which yields minimized 

energy usage and time delay for shifted migration. Recall that the shifted migration method 

requires all the node along a migration path to shift their position toward the failed A-node. 

From energy-saving point of view, node migration should involve shortest total moving dis

tance and a least number of moves. In other words, a migration path is expected to have both 

minimized length and minimized hop count. On the other hand, to reduce migration latency in 

the case of simultaneous shifting, longest hop length in a migration path must be minimized, 

which is virtually equivalent to maximizing the hop count of the migration path. Under this 

contradictory circumstance, MSRP takes COST over PROGRESS ratio [73] as routing crite

rion and combines it with the greedy forwarding part of GFG during migration path discovery. 

Here, COST is defined as the Euclidean distance from current node to the considered next hop; 

PROGRESS is defined as the difference between the Euclidean distance from current node to 
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the destination, i.e., a replacement proxy, and the Euclidean distance from the considered next 

hop to the destination. More formally, denote by a^ the source, i.e., a replacement discoverer, 

and by at the i-th hop along the path from a^ to destination d. Then, the (i + l)-th hop ai+\ 

must be closer to d than at and meanwhile minimize the following objective function: 

Normally, a shifted migration process starts after the migration path is constructed. How

ever, in order to save messages and reduce migration latency, in MSRP, node migration and 

migration path discovery are performed in parallel. More specifically, after sending the action 

message, the replacement discoverer moves to the failed node's location right away; interme

diate nodes move to the position of their priori hop after forwarding the action message. The 

replacement proxy informs, after receiving the action message, the replacement node to fill its 

current position and then moves toward the location of its prior hop. In order not to jeopardize 

the information mesh structure or the execution of other network protocols, every migrating 

node transfers all its local data to the newcomer at its original position immediately after. 

6.6 Fault Tolerance 

Node failure can cause loss of control messages in replacement discovery and replacement 

migration. To tolerate such message loss, both ZONER and MSRP use a simple yet effective 

fault-tolerance approach, transmission retrial. During a replacement discovery process, if a 

server does not get any reply to its query message, it backs off for a while and retries. The 

server will receive a reply sooner or later, because any failed message forwarding A-node is 

going to be eventually replaced. However, in MSRP if the perimeter lookup method is applied, 

more care must be taken to avoid waiting loops. Fortunately, it is sufficient that, if an A-

node participating a perimeter traversal finds that its next hop has failed, it immediately sends 

the query message back to the entry point. During a replacement migration process, if the 
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replacement discoverer does not receive a reply (i.e., an ACK message) from the replacement 

proxy to its relocation request, it reissues the request. If, after a predefined number of trials, it 

still does not get any reply, it considers that the replacement node is unavailable and then tries 

to discover another one. 

Run-time node failure may offset the effectiveness of ZONER and MSRP. Specifically, 

if all the default servers (i.e., the directional foremost A-node neighbors) of a failed A-node 

fail, or if the replacement discoverer fails, the failed A-node can not be replaced according 

to protocol design. Therefore, both ZONER and MSRP requires that, every other A-node 

neighbor of the failed A-node monitor the default servers via underlying routing protocol 

(i.e., by send them a prob message and expecting a reply) until the failed A-node is actually 

replaced. If a server fails during the monitoring period, the second foremost A-node neighbor 

in the corresponding direction takes over immediately. Note that, if some intermediate A-

nodes along a migration path fail in a node migration process executed for a failed A-node, the 

failed A-node is replaced by the replacement discoverer due to the nature of the shifted node 

migration method anyway, while those failed intermediate A-nodes will be locally identified 

(since they will never arrive their target position) later and eventually replaced with some other 

R-nodes. 

6.7 Contention Resolution 

Because of the distributed nature of ZONER and MSRP, node contention is very likely to 

happen during node migration. There are two types of node contention. Type-I is that multiple 

A-nodes are attempting to relocate the same R-node to replace different failure A-nodes; type-

II is that an A-node appears in multiple migration paths and is required to shift its position 

along those paths. ZONER and MSRP handle the two types of node contention on a first-

come-first-serve basis. Recall that, a node migration process is triggered by a replacement 

discoverer after its migration request is granted by the replacement or replacement proxy. It is 
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Table 6.1: Protocol comparison 

Protocol Classification 

ZERO Pre-knowledge 

Guaranteed Node Replacing 

Constant Migration Latency 

Constant Per-node Storage Load 

Replacement Discovery Method 

Closest Replacement Discovery 

Message Complexity 

Node Migration Method 

Guaranteed Migration Path Discovery 

Energy-aware Migration Path 

WCP [79] 

quasi-distributed 

V 

flooding 

0{n'ri) * 

direct 

N/A 

N/A 

WCPZ [80] 

quasi-distributed 

V 

quorum 

0(n' V̂ ) * 
shifted 

V 

ZONER 

localized 

V 
V 
V 

quorum 

V 
0(n' V«) * 

shifted 

V 

MSRP 

localized 

V 
V 
V 
V 

mesh 

0(HG)) + 

shifted 

V 
V 

* n and «' denote the number of A-nodes and the number of R-nodes, respectively; 
+ v + ^Jn < i//(G) < Min{v ^/n, n], where v < Min{n',«} is # of proxies, can be much less than 0(n) in order of magnitude when v > -Jn. 

required that, once a R-node or a proxy node grants some A-node's migration request, it reject 

all the upcoming requests, preventing type-I node contention from happening. A replacement 

discoverer, whose migration request is rejected, backs off for a while and then tries to find 

some other R-node by a new replacement discovery process. An A-node in a migration path 

will start to relocate as soon as it forwards the corresponding action message. If the A-node 

also belongs to another migration path, then the decision on where it should move depends on 

which path it receives an action message first along. After moving, the A-node will transfer 

all the local data to the new comer at its original position, which then respond to buffered or 

upcoming action messages. By this means, type-II node contention is solved properly. 

6.8 Protocol Analysis 

In this section, we are going to analyze the characteristics of our new protocols ZONER 

and MSRP, and show their advantages in comparison with the two existing relocation proto-
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cols, i.e., WCP [79] and WCPZ [80]. 

Both MSRP and ZONER are a localized algorithm because they require sensors to know 

merely about their (two-hop) neighborhood information and do not involve any global compu

tation like network-wide flooding or clustering; whereas, both WCP and WCPZ require certain 

centralized control (for mobile node management or for cluster management) and thus belong 

to the quasi-distributed algorithm category. Further, WCPZ relies on the pre-knowledge of 

the sensory field for grid formation. Considering scalability and applicability, the localized 

and pre-knowledge free protocols MSRP and ZONER are more desirable than the other two 

protocols WCP and WCPZ, especially for dense MSNs deployed in unknown environments. 

Because the goal of a sensor relocation protocol is to maintain coverage, guaranteed node 

replacing is a crucial evaluation criterion. Both MSRP and ZONER employ the face routing 

technique to pass messages around void areas appearing in network topology. The void-area 

tolerance ability ensures replacement discovery and relocation path discovery, and therefore 

successful node replacing. On the contrary, because both WCP and WCPZ do not uses the 

face routing technique, they become problematic in the presence of void areas. Considering 

the guaranteed node replacing property, MSRP and ZONER defeat the other two protocols 

WCP and WCPZ already. 

Considering the severe resource constraints of MSNs, a sensor relocation protocol is ex

pected to generate constant per node storage load. MSRP does possess this property due to 

its application of algorithm iMesh, while the other three protocols including ZONER do not. 

In WCP, if all the mobile nodes are compactly located in a small area, some static nodes may 

be within the advertisement (flooding) range of every mobile node and thus have to store the 

information of all the mobile nodes. Similarly, in WCPZ and ZONER, if all the R-nodes are 

horizontally or vertically collinear, the A-nodes along a quorum may have to store the informa

tion of every single R-node. Thus, WCP, WCPZ and ZONER all require memory space 0(n') 

on each sensor node. The big difference in storage space requirement shows the unbeatable 

advantage of MSRP over the other relocation algorithms. 
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In all the four protocols, majority of the messages are generated for replacement discov

ery. In a network with arbitrarily bad topology, both MSRP and ZONER can work probably 

with increased message overhead (due to the application of the face routing technique); the 

effectiveness of protocols WCP and WCPZ can however not be guaranteed. Under this cir

cumstance, to have a clear and fair comparison on message overhead, we only consider a 

network with square-grid-like topology, where greedy forwarding always works. Hence, the 

message complexity of MSRP for replacement discovery can be expected to be within the 

range of \0(v + yfn), 0(Min{v -\/n,«})], where v stands for the number of proxies, thanks to 

its employed iMesh algorithm. Those of protocols WCPZ and ZONER are expected to be 

0(n' yjn) due to their quorum-based replacement discovery method. Protocol WCP uses a 

simple restricted flooding-based node discovery method, which is questionable because of the 

difficulty in the predefinition of the size of flooding areas. If the size of each flooding area is 

proportional to the size of the network, the message complexity of this method will be 0{n'n). 

By above analysis, we can see that, from message complexity point of view, MSRP performs 

at least as well as the existing protocols and ZONER in the worst case but obviously better 

than them in average case. 

Migration delay and energy consumption are important evaluation metrics. Protocol WCP 

moves mobile nodes directly to sensing holes, while protocols MSRP, WCPZ and ZONER all 

relocates a replacement node to the location of a failed A-node in a shifted manner. By the 

direct method, migration distance can be as bad as the spatial diameter (bounded by 0(n)) of 

the network. Therefore, WCP can cause the battery power of a mobile node over-consumed 

and generate inconstant relocation delay. By the shifted method, all the the nodes along a 

relocation path shift their position toward a failed A-node. In this process, a node's moving 

distance is always bounded by its communication radius rc, a constant value. Hence, MSRP, 

WCPZ and ZONER have balanced energy consumption and constant relocation delay (in the 

case of simultaneous shifting). Mentionably, although these three protocols use a similar 

shifted migration method, the difference between the ways that they discover a migration 



6.9. Summary 153 

path make them actually perform differently. MSRP uses an advantageous localized routing 

mechanism to establish a migration path between a replacement and a failed A-node, while 

WCPZ employs a undesired flooding-based routing mechanism to do so. ZONER integrates 

migration path discovery within replacement discovery processes for message-saving purpose 

but without energy-saving consideration. 

A replacement selected by ZONER for a failed A-node is always a R-node geographically 

closest to the failed A-node, while this may not be the case for WCP, WCPZ and MSRP. 

In WCP, void areas, for example, due to physical obstacles, can block the advertisement of 

mobile sensors, causing the loss of the closest replacement property. For the same reason, 

WCPZ may fail to find the nearest R-node as replacement for a failed A-node. In MSRP, 

closest proxy node selection is guaranteed with high probability larger than 96% according to 

siumation. For WCP, the lack of the closest replacement property is indeed a major drawback 

because the direct migration method that it uses is vulnerable to Euclidean distance. However, 

for WCPZ and MSRP, we do not consider so, because the shifted node migration method 

employed by them weakens the gravity of Euclidean distance. In particular, it is a tradeoff 

with all the other nice properties for MSRP. 

Table 6.1 comparatively lists the characteristics of the four relocation protocols MSRP, 

WCP, WCPZ and ZONER. Note that, to have fair comparison, message complexity is only for 

a network with square-grid-like topology, where greedy forwarding always works. 

6.9 Summary 

In this chapter, we presented two localized sensor relocation protocols: ZONER and 

MSRP. As WCP, but unlike WCPZ, ZONER does not require any pre-knowledge of the sen

sory field or of the network; As WCPZ, but unlike WCP, ZONER employs the shifted mi

gration method that yields bounded migration delay and balanced energy usage. Unlike both 

WCP and WCPZ, ZONER does not rely on global computation or communication, and it 
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guarantees closest replacement discovery and node replacing with no concern with void ar

eas (e.g., due to node failures or unbalanced node distribution). This guarantee stems from a 

restricted flooding technique ZFlooding, which combines simple geographic range-bounded 

flooding with the face routing technique. 

MSRP is an application of protocol iMesh. Like ZONER, it is also a pre-knowledge free 

algorithm. It aims to replace failed sensors with nearby redundant ones through autonomous 

nodal movement. Its novelty exists in not only the use of iMesh but its purely localized energy-

aware migration path discovery mechanism, which combines GFG [15,27] with the concept of 

COST over PROGRESS ratio [73]. MSRP is superior to WCP and WCPZ as well as ZONER 

in message complexity and per node storage load. It guarantees replacement discovery and 

node replacing, which are both however not addressed by WCP and WCPZ. 



CHAPTER 7 

CONCLUSIONS 

A s nodes obtain controlled mobility, WSNs appears in a form as MSNs. Many design 

challenges of traditional static WSNs are now embrassing new possibilities and ideas. 

Among many important MSN-based research problems, we particularly emphasize on the 

problem of mobility-controlled coverage improvement in this thesis. We comprehensively and 

detailedly surveyed existing solutions, and pinpointed and solved two new research problems. 

We as well presented two new sensor relocation protocols, each of which has its own beauty 

and exhibits significant advantage over existing ones. In the following, we will summarize the 

contributions of this thesis and briefly discuss our future work. 

7.1 Sensor self-deployment 

We pinpointed a new sensor self-deployment problem, focused coverage formation, and 

defined an evaluation metric. We then proposed two solution algorithms GA and GRG. The 

two algorithms are the first in the literature that operate in a strictly localized manner and are 

yet able to provide coverage guarantee. Due to their localized nature, they are resilient to 

node failures and able to work regardless of network partition. Both GA and GRG are capa

ble of generating a network of an equilateral tessellation layout and with hole-free coverage. 

155 
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We presented two versions of GRG, which respectively ensure optimal hexagonal coverage 

radius and optimal circular coverage radius. We proved the correctness of GA and GRG and 

evaluated their performance through extensive simulation. 

7.1.1 Open Problems 

In this thesis, we have been in the simple context where there is a single geographic point 

as the POI. Complex scenarios exist in reality. For instance, there are a series of continuous 

POIs forming a Line of Interest (LOI), representing an object like the trace of certain event or 

the border of a landmark (e.g., a building). A yet complex and general scenario is that there 

are multiple discrete target objects, each of which is abstracted either as a POI or a LOI. 

GA does not provide coverage radius guarantee, and the connectivity of its resulting net

work relies on the occupancy of the POI. These two shortcomings restricts the applicability 

of GA. Contrarily, GRG can be applied to every case and always guarantees optimal coverage 

radius. It is extendable to the multi-POI scenarios mentioned above. However, the extension 

is not trivial and will be part of our future work. Below we will discuss how it can be done in 

a nutshell to show feasibility. 

Line of Interest (LOI) 

To form a focused coverage around a LOI, the entire LOI must be given as input to every 

sensor. An arbitrary sensor first takes a point, say the north-east most point, on the LOI as 

reference and then construct a TT graph. Then, it finds the smallest set of successive TT 

vertices that best represent the LOI. These vertices constitute a coverage backbone. All the 

sensors must apply the same set of rules so that they can construct the same TT graph and the 

same coverage backbone. Once the coverage backbone is established, sensors may greedily 

move towards or rotate around it following the same philosophy as GRG. Note that, if the LOI 

is a closed line, its inside will not be covered by any sensor. This is reasonable, for example, 

in the case that sensors are required to surround a building, a lake or a hill. 
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Multiple target objects 

Assume that there are n number of target objects, each of which is represented either by 

a POI or by a LOI. Sensors assign themselves to the n objects automatically and take care of 

their assigned object by running GRG. Since sensors know how to surround a POI or a LOI, 

the problem that they are facing now is how to perform self-assignment. And, because no 

global knowledge is available, it must be solved through a probabilistic approach. Note that, 

with small modification, this extension can be applied to the situation where the deployment 

field contains physical obstacles. 

Suppose that it is sufficient from QoS viewpoint for any object to have a focused coverage 

with hole distance equal to \rsq. In other words, an object is expected to be surrounded by q 

number of hexagons of sensors. How many sensors that an object needs depends on the size of 

the object. The larger the size, the more sensors needed. Consider two objects with separation 

less than 2#-hexagon distance. They will share the sensors in between so as to make a twofold 

benefit: saving sensors and reducing inter-sensor signal interfere, causing the decrease of the 

total number of their demanded sensors. Hence, sensor assignment must consider both object 

size and object separation. 

Now, we are ready to give a simple localized probabilistic sensor self-assignment method. 

Sensors group the n objects into ri clusters according to their separation and the parameter q 

and treat every cluster C, (0 < t < ri) as an integrated object. For every C,, they compute the 

number rt of sensors for surrounding it in q hexagons, estimate the number g, of sensors for 

covering the gaps between its member objects, and get the total number m, = r,+gt of sensors 

needed. Afterwards, sensors compute their probability pt = y—^— of being assigned to each 

Ct and chose a cluster with corresponding assignment probability. The whole process is local 

computation with no message transmission. 
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7.2 Service discovery 

The emergence of service oriented robotic WSNs such as MSNs and WSANs gives rise 

of a new research problem, distance-sensitive service discovery, which is formalized in this 

thesis for the first time. We proposed a localized solution algorithm iMesh that employs a 

novel localized planar structure information mesh with good proximity property as service 

directory. With the help from information mesh, service lookup in iMesh is restricted within 

certain bounded (usually small) search cell and is performed also in a purely localized. That 

is, each service consumer searches in four directions within its residing home cell(s) and is 

guaranteed to discover a nearby service provider once hitting its home cell perimeter. We 

analyzed the properties including construction cost and distance sensitivity of iMesh in depth. 

Our study shows that iMesh has very low message complexity and preferred constant per node 

storage load; our extensive simulation verified our finds and indicated that iMesh guarantees 

closest (nearby) service discovery with very high probability larger than 96% (resp., 99%). 

7.2.1 Open problems 

Extension to multi-service scenarios 

In this thesis, iMesh was presented under the assumption of single-service networks, which 

is however not a common setting in practice. When there is more than one type of service pro

vided in the network, a multi-layered information mesh can be constructed to support service 

discovery. That is, the same type of service providers together constitute a mesh layer, and 

different layers correspond to different types of services. For a network with k > 1 service 

types, the height, i.e., the number of layers, of the information mesh is equal to k. Note that a 

node offering multiple types of services will appear in more than one layer of the information 

mesh. Fig. 7.1 shows an information mesh of three layers. In this figure, SP-node p offers all 

the three type of services and thus exists in every single layer of the information mesh. 

With cares, the message complexity of constructing a multi-layered information mesh can 
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Figure 7.1: A 3-tier information mesh 

be made not larger than the summation of the message complexity of building every single 

mesh layer separately. For instance, a SP-node shared by t number of mesh layers does not 

necessarily distribute its location information t times. Instead, it attaches t bits to the location 

information to indicate its offered services. The information is virtually blocked in one layer 

by flipping the corresponding bit; it physically stops propagating when all the attached bits 

are flipped or when it reaches the network border. By this means, the SP-node fulfills its 

construction duty in all its residing layers simultaneously, thus saving a considerable number 

of messages. An obvious coarse upper bound of the message complexity is v yjn. 

With the multi-layered information mesh, when a node wants to discover a particular type 

of service, it just needs to perform cross service lookup in the corresponding layer as if it is 

still in a single-service network. In this way, the distance sensitivity and the service lookup 

message overhead of iMesh naturally stay unchanged. Because a node shared by t (1 <t<k) 

mesh layers has to store a constant amount of information for each of its residing layer (by 

Theorem 5.3), it has 0(t) < 0(k) storage load in total. Since k is usually a known value at the 

network deployment time, iMesh still yields constant per node storage load. 



7.3. Sensor relocation 160 

Guarantee on nearby service selection 

Since remote service selection is still possible, with very low possibility though, modifying 

the information mesh structure, or developing other structure (e.g., triangular mesh), to achieve 

nearby service selection guarantee will be our possible future work. 

7.3 Sensor relocation 

In this thesis, we presented two sensor relocation protocols ZONER and MSRP. Protocol 

ZONER is a variant of the quorum-based location service [48,72,74]. It uses a restricted 

flooding technique, ZFlooding, for quorum formation and adopts the shifted method for re

placement migration. Compared with an existing quorum-based sensor relocation protocol 

WCPZ [80], ZONER has the following advantages: it requires no knowledge of the sensory 

field such as the geographic border as a priori and thus has strong availability to unknown en

vironments; it uses no global computation such as clustering, and its replacement discovery is 

performed in a localized manner using solely local knowledge; thanks to the void-area pene

tration property of ZFlooding, it is able to provide guarantee on closest replacement discovery 

with no concern with obstacles or unbalanced node distribution. 

Protocol MSRP is a yet advanced localized pre-knowledge free sensor relocation proto

col with novelty in both replacement discovery and in replacement migration. For replace

ment discovery, MSRP employs our proposed distance-sensitive service discovery algorithm, 

iMesh, whose novelty and efficiency have be summarized previously. As for replacement mi

gration, MSRP adopts the shifted method along with a novel migration path discovery scheme 

that combines GFG routing technique [15,27] with the COST over PROGRESS ratio [73]. By 

this means, it yields energy-aware migration path in a purely localized way. A comparison of 

WCP, WCPZ, ZONER and MSRP can be found in Table 6.1 in Chapter 6. 
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7.3.1 Open problems 

Despite the clear hints on their behaviors, ZONER and MSRP are both lacking simulation 

study. In the future, we are going to implement these two algorithms and empirically evaluate 

their performance in comparison with WCPZ [80]. Certainly, looking for other more effective 

and efficient relocation protocols will also be part of our future work. 
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.COMPLEMENTARY RESULTS 

A.l Intersection transformation 

'/A^'& ' J S — 

(a) a is not neighboring c but d (b) a is neighboring neither c nor d 

Figure A.l: A pair of crossover links ab and cd 

In the following, we show that a link-crossing case can be locally transformed to a node-

sharing case in a sensor network modeled as a unit disk graph. Consider a pair of crossover 

links ab and cd. We need to show that one of ab and cd has an end node neighboring the two 

end nodes of the other link. Randomly take one node from each link, say a from ab and c 

from cd. If a is adjacent to both c and d, then we are done. Let us assume, without loss of 

generality, that a is not neighboring c, as illustrated in Fig. A. 1. 
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Figure A.2: TCR in a WSN of 1,000 nodes 

In order for ab to crosses cd, b must satisfy the following conditions: (1) it is located on 

the different side of cd from a or on cd between c and d; (2) it is located on ad or on the 

same side of ad as c; (3) it is located on ac or on the same side of ac as d; (4) it is within the 

transmission range of a. In Fig. A.l, the residence area of b is enclosed (inclusively) by solid 

thick line. It is provable that, if a is neighboring d, then b must be neighboring d, or both c 

and d otherwise. 

A.2 iMesh in a WSN of 1,000 nodes 

Observe the experimental results depicted in Figures A.2 and A.3 Figures and those given 

in Figure 5.13. It is not difficult to find that iMesh has consistent distance sensitivity perfor

mance in different sized networks. 

Note: Figures A.2 and A.3 indicate that iMesh has best distance sensitivity, i.e., TCR = 1 

and PTCR1 = 1 (PTCR2 = PTC3 = 0), when PSP = 0.1% in a WSN of size 1,000. It is 
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Figure A.3: PTCR in a WSN of 1,000 nodes 

indeed true since, in that case, the network contains only one SP that is naturally closet to 

every SC. 
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.ACRONYMS 

A-node: Active node 

CPU: Central Processing Unit 

CT: Convergence Time 

CV: Collision aVoidance 

CW: Collision allowance 

ECD: Essential Coverage Disc 

FIFO: First-In, First-Out 

GA: Genetic Algorithm 

GA: Greedy Advance 

GFG: Greedy-Face-Greedy 

GG: Gabriel Graph 

GPS: Global Positioning System 

GRG: Greedy-Rotation-Greedy 

IMLM: Intelligent Mobile Land Mines 
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LOI: Line of Interest 

MANET: Mobile Ad hoc Network 

MG: Mileage 

MP: Mileage over Progress 

MSN: Mobile Sensor Networks 

MSRP: Mesh-based Sensor Relocation Protocol 

NC: Number of Collisions 

NCMSP: Number of Construction Messages per Service Provider 

NM: Number of Moves 

NSMSC: Number of Search Messages per Service Consumer 

PDOCC: Proportional Difference of Construction Cost 

PG: Progress 

POI: Point of Interest 

PSP: Percentage of Service Providers 

PTCR1: Probability of TCR=1 

PTCR2: Probability of 1 < TCR < 2 

PTCR3: Probability of TCR > 2 

QoS: Quality of Service 

RF: Radio Frequency 

RNG: Relative Neighborhood Graph 

ROI: Region of Interest 

R-node: Redundant node 

SC: Service Consumer 

SP: Service Provider 
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SPV: Set of Providers in Vicinity 

SZ: Size 

TCR: Target over Closest Ratio 

TNCM: Total Number of Construction Messages 

TT: Equilateral Triangle Tessellation 

WSN: Wireless Sensor Network 

WSAN: Wireless Sensor and Actor Network 

ZONER: ZONE-based sensor Relocation 
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