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Abstract

Wireless Sensor Networks (WSNs) are application-specific systems, each having its
own requirements related to the design. Using WSNs for emergency rescue operations
is one such special application having localization of sensor nodes in a simple manner,
tracking of moving nodes, usually worn by rescue workers and navigation support for
rescue workers, as its major requirements. The overall objective of this research is to
develop a suit of algorithms for localization, tracking and navigation of wireless sensor
nodes in multistory indoor environments in emergency situations.

We base our research on the DV-Hop (Distance Vector) algorithm, which is an at-
tractive option for the localization of nodes in a wireless sensor network due to its sim-
plicity. We carry out a comprehensive study of the DV-Hop algorithm and its variations
through literature review and computer simulations. We then evaluate its performance
in emergency situations, where nodes may perish, new nodes may be introduced, and
communications links may be disrupted and new links set up. We then propose a new
algorithm for the improvement of localization accuracy of the DV-Hop algorithm. The
new algorithm is based on optimizing the Hop Size estimation in the original algorithm,
which is its key source of error.

We next present a new approach for target tracking in WSNs by combining the
DV-Hop algorithm with Kalman filtering. The DV-Hop algorithm is used for pre-
localization of the target and measurement conversion. Finally, we present a novel
navigation support algorithm for rescue personnel in emergency situations by emulating
virtually through WSN nodes, the lifeline used by the fire fighters.

The key contribution of this work is the development of WSN localization and tracking
techniques which are distributed in nature and resilient in emergency situations.

Index terms— DV-Hop, Localization, Wireless Sensor Networks, Target Tracking,
Navigation Support

11




To My Parents



Acknowledgements

First and foremost, I would like to extend my deepest gratitude to my supervisor
Prof. Dileeka Dias for her continuous guidance, advice and support throughout
my research.

I wish to extend my earnest gratitude to members of my project panel Prof.
K.S. Walgama, Dr. K.C.B.Wavegedara and Dr. Dilum Bandara, for their valu-
able comments on my research work.

I also thank my dear friends and colleagues in department of Electronic and
Telecommunication Engineering, University of Moratuwa for their assistance and
encouragement.

I would like to thank National research Council, Sri Lanka for funding my re-
search under the grant number 11-113 for the entire duration to make it a success.

Last but not lease I would like to thank Zone 24 x 7 for providing additional |
support for my research.




Contents

Declaration i
Abstract ii
Acknowledgements iv

1 INTRODUCTION 1
1.1 Wireless Sensor Networks . . . . . o0 0 00 1
1.2 Emergency Situations and Application of WSNs . . . . . . .. .. 2

1.2.1 Fire Rescue .. .« . oo w ot S 2
1.2.2  Requirements for Systems to Support Fire Rescue Operations 3
1.3 Basic Functions Required of a WSN to Support Rescue Operations 4

1.3.1 Localization . ... c . 0 o i )

1.3.2 Target Tracking . . . . . .o o = S e 5)

1.3.3 Navigation SUpport . . . & o i )

1.4 Challenges for Localization, Tracking and Navigation Support in

Emergency Situations . .. & oo o et 6

1.5 SOPE v o vov i e e S 7
1.6 Objectives . . . . « o ot i S 7
1.7 Methodology .c.o:wiviiie v vvidn Siil S 8
1.8 Organization of the Thesis . . 9
2 RELATED WORK 11
2.1 Imtroduction . . . . . 0 s 11
2.2 Overview of Localization . « « . vt s 11
2.2.1 Centralized vs Distributed Algorithms . . ... ... ... 12
2.2.2 Range Based vs Range Free Algorithms . . . . . . ... .. 12
2.2.3 Event-{HEEEN] ocalization .« o o 13

2.3 Node Self LocallZation. .« .« i o ot i e 13
2.3.1 Range Based Localization o e e 13
2.3.1.1 Ranging Techniques =5 i i i 13

Vv



2.3.1.2 Location Estimation: .50 o 15

2.3.2 Range Free Localization' . 18

2.4 The DV-Hop algorithm & G 20
2.5 Review of Improvements to the DV-Hop Localization Algorithm . 23
2.5.1 Improvements using Modified Hop Size . . . . . . ... .. 23

2.5.2 Improvements using Controlled Deployment of Anchor Nodes 24
2.5.3 Improvements combining RSSI with the DV-Hop Algorithm 25

2.5.4 Improvements using Other Techniques . . .. ... .. .. 25
2.6 Overview of Target Tracking in WS NG 2
2.6.1 Related Wotk . . . o 0 28

PERFORMANCE EVALUATION OF THE DV-HOP ALGO-

RITHM AND ITS VARIATIONS 32
3.1 Introduction . . . . . o o i e e 32
3.2 Simulation Environment: . .o L 32
3.3 Analysis of Shortcomings of the DV-Hop Algorithm . . . . . . . . 33
3.4 Evaluation Criteria for Localization Algorithms . . . . . .. . .. 37
3.4.1 Localization Accuracy . . . & S S 37
3.4.2 Communication Cost » & 38
3.4.3 Computational Cost & & . 38
3.5 Behavior Analysis of Localization Accuracy . . . . . . ... .. .. 38
3.5.1° Simulation Scenarios . ... 0 oS 38
3.5.2 Analysis of Resultisi .0 0 0 i . 40
3.6 Behavior Analysis of the DV-Hop in Different Shaped Environments 41
3.6.1 - Simulation Scenarios . . o i 41
3.6.2 Comparison of Performamnce 42
3.7 Influence of Anchor Placement . . o 43
3.8 Grid based Sensor: Networks . . . ct 45
3.9 Effect of Radio Range Irregularity on DV-Hop . . . . . ... ... 45
3.10 DV-Hop in 3D Environments: 1 48

3.11 Performance Analysis of Selected Improved DV-Hop Algorithms . 50
3.11.1 An Improved DV-Hop Localization Algorithm for Wireless

Sensor Networks (DV-Hop Average) . . . . . .. ... ... 50
3.11.2 A New Improved DV-Hop Localization Algorithm (DV-Hop

MarkeR[BRE:. . . . o v < vooaihe e 52
3.11.3 A Weighted DV-Hop Localization Scheme for Wireless Sen-

sor Networks (DV-Hop Weighted) . . . . . .. ... .. .. 53

vi



3.11.4 Improved DV-Hop Node Localization Algorithm in Wire-
less Sensor Networks (DV-Hop Improved) . ... ... .. 55
3.11.5 Iterative Algorithm for Locating Nodes in WSN based on
Modifying Average Hopping Distances (DV-Hop Iterative) 58

3.12 Comparison through Simulations . . 58
3.12.1 Simulation Environment' . & 0 28
3.12.2 Discussion . : . . .. . . s 59

NOVEL APPROACHES FOR IMPROVED DV-HOP LOCAL-

IZATION 63

4.1 Proposed Algorithm 1 .. . . . o 63
4.1.1 Overview . . ..o 0 B 63
4.1.2 Recalculating the Anchor Positions (Step 2 of the Proposed

Algorithm) - .. oo Lot o i 64
4.1.3 TIterative Hop Size Correction (Step 3 of the Proposed Al-
gorithm) . . . oo o i v 66

4.2 Proposed Algorithm:2 . oo o o 67
4.2.1 OVELVIEW i v v vie s s o 67
4.2.2  Recalculating the Distance between the Anchors . . . . . . 68

4.3 Simulation Results and Discussion . . o i 69
4.3.1 Simulation Environment . . . 00 69

4.4 Performance Evaluation . ... .. & 0 i 70
4.4.1 With variable number of Anchor Nodes . . . . . . .. ... 70
4.4.2 With variable Total number of Nodes . . . . . ... .. .. 71
4.4.3  With variable Radio Range & & 0 0 71
444 Communication and Computational Cost . . . . . . . . .. 72
445 Conclusion . . . . .. . v o 73

4.5 Proposed Algorithm 3 . . .. o0 oo 0 74
451 OVEIVIEW . . v v vivvn oo d s 74
4.5.2 Simulation Results . . . o ot 76
4.5.3 DiseusSIOn . . < ¢ .. i e e s e ek S S S i

4.6 Localization in Emergency Environments . . . . .. .. ... ... {4

4.7 Introduction of New Nodes to the Network . . . . . . .. ... .. 8
4.7.1 Proposg@ll¥eorithm .. . .00 i 79
4.7.2  SimulatiBRBResulis: « « wy as e 80

4.8 Introducing a New Node in an Emergency Situation . . . . . . . . 82
4.8.1 New Node outside the Fire . . 0 i 0 e 82

vii




4.82 New Node inside the Fire' ... 0 & 0 82

4.8.3 New Node inside a Spreading Fire . . . . . ... ... ... 83
4.8.4 Discussion . . . ¢ .. ies oo 83

5 TARGET TRACKING 86
5.1 Introduction . . . . .. .. o L 86
5.2 Target Tracking by Particle Filtering in Binary Sensor Networks . 86
5.2.1 Network Description . . .. 0 87
0.2.2 Mathematical Models . . o 87
3.2.3 Tracking Algorithm . . . .0 0 90
5.2.4 Simulation Results . . . . . . 00 92

5.3 A Novel Target Tracking Algorithm . . .. 0 96
5.3.1 Measurement Model . . . . . 97
0.3.2 Target Tracking Algorithm . . . 99
5.3.2.1 Noise Statistics Computation = 1 = uE— 99

5.3.2.2 Pre-localization using the DV-Hop algorithm . . 100

8.3.2.3 Kalman Filterimg . . 102

6.3.3 Simulation Resultis: . . . . 0 104
5.3.4 Performance Comparisen'. . . . - = 107

5.3.5 Proposed Tracking Algorithm in an Emergency Environment110

5.3.6 Conelusion . . . . . . . 08 00 112
6 NAVIGATION SUPPORT 113
6.1 Importance of Localization and Navigation . . . . . . ... .. .. 113
6.1.1 Gurrent Practices . . . o & il i 114
6.2 Related Work . . . .. oo oo 114
6.3 Proposed Method to Emulate Lifeline Technique using WSNs. . . 116
6.3.1 Algorithm .. . . ..« o0 G i 116
6.3.2 Simulation Results. . -« @ o o 117
6.3.3 Conclusion . . . v i il v o i 119
7 CONCLUSION 120
7.1 Research Summary . .« « ... oa ooy 58 120
7.1.1 Introduetion to Localization . . . i 120
7.1.2 Study aSEee [DV-Hop Algorithm . .« o« o0 o0 0 S 120

7.1.3 Proposed Improved DV-Hop Algorithms for Improved Lo-
caliZabion '« ih i vih e RN 121
7.14 Proposed Target Tracking Algorithm . . . ... ... ... 121

viii




© 7.1.5 Extending the DV-Hop Algorithm f
THENGS: h G el Stral e S G Gh

7.1.6  Proposed Navigation Support Technique for

7.2 Key Contributions i
Future Work . i . 00 e e




List of Figures

1231
142

oL

1.3

3.3
3.4

3.9
3.6

3.7

3.8

3.9

3.10

Typical Deployment of a Wireless Sensor Network . . . . . . . . .
Overall aspects of the research project” & i o Ll s

Thesis Organization in relation to Research Methodology . . . . .

Classification of node localization algorithms . . . . . . . ... ..

Time of Arrival . . . .« .0 0 0 0 0

Distribution of sensor nodes in the monitoring area . . . . . . . .
Effect of sensor node distribution in DV-Hop localization (Total
Number of Nodes = 100, Radio Range = 50m, Simulations = 100
HMES) v v e e
Communication between an anchor and unknown nodes . . . . . .
The effect of link failures in localization accuracy of DV-Hop algo-
othm o.oooon o s e
Hlustration of Radio Range Irregularity . . . . . . ... ... ...
(a) Error Percentage with different number of anchors (b) Error
Variance with different number of anchors . . . . ... .. .. ..
(a) Error Percentage with different number of sensor nodes (b)
Error Variance with different number of sensor nodes . . . . . . .
(a) Error Percentage with different radio range (b) Error Variance
with different.radio range.. v« iiues o -
DV-Hop on a square shaped area (Number of Nodes = 250, An-
chors = 30) U . . . . . ool USRI
DV-Hop on a L shaped area (Number of Nodes = 110, Anchors =
I R e e L

36
37

39

39

39

41

41



3.11

312

3.13

3.14

3.15

3.16

Al

208

3.19
3.20

3.21

3.22

3523

3.24

3.25

3.26

3.27

DV-Hop on a U shaped area (Number of Nodes = 145, Anchors =

e 41
DV-Hop on a rectangular shaped area (Number of Nodes = 75,
Anchors=9) . ... ... bn S d 42
DV-Hop on a O shaped area (Number of Nodes = 196, Anchors =
e 42
DV-Hop Localization Error in different shaped environments . . . 42

Influence of anchor placement on localization accuracy of DV-Hop
algorithm (Number of Nodes = 200, Anchors = 20, Radio Range
=22M) i e 43
Influence of regular anchor placement (a)Anchors distributed ran-
domly (b)Anchors placed on a grid (c)Anchors placed on diagonal
(Number of Nodes = 200, Anchors = 20, Radio Range = 22m) . . 44
(a)Anchors are placed randomly inside the monitoring area, no an-

chors on the border (b)Anchors are placed only along the border
(c)Potion of anchors are placed along the border and rest are ran-
domly deployed inside the monitoring area (Number of Nodes =

200, Anchors = 20, Radio Range = 22m})F 1= S 45
(2)25 nodes on a grid (Anchors = 5, Radio Range = 30m) (b)64
nodes on a grid (Anchors = 10, Radio Range = 20m) (c)100 nodes

on a grid (Anchors = 20, Radio Range = 15m) . . . . . ... ... 46
Radio Range Irregularity Model . . 0 0 47
(a)Localization error with different number of anchors (b)Localization

error with different total number of nodes (c¢)Localization error

with different radioiranges’ i 47
Missing connections due to radio range irregularity . . .. ... . 48
Sensor node distribution in a 3D environment . . . . ... .. .. 30

(a)Localization error with different number of anchors (b)Localization

error variance with different number of anchors (Nodes = 200, Ra-

dio Range = 50m, Area = 100mx100mx100m) . .. .. ... .. 50
(a)Error percentage with different number of anchors (b)Error vari-
ance with different number of anchors (N--200,R=22m) . . . . . . 59

(a)Error percentage with different total number of nodes (b)Error
variance with different total number of nodes (AR=10%,R=22m) 59
(a)Error percentage with different radio range (b)Error variance
with different radio range (N=200,A=20) . . . . . .. .. ... .. 60

Time Ratio with different number of anchors . . . . . . . . .. .. 60



4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.10

4.11
4.12

4.13

4.14
4.15

4.16

4.17

4.18

4.19

9.1

Algorithm T .. .0 od i o i 64
Algorithm 2 . . . oo il o aiie vl L e 68
Actual and Estimated locations of anchors . . . . ... ... ... 69
Optimum Hop Size Correction for AHS computed in initial step . 69
(a)Error percentage with different number of anchors (b)Error vari-
ance with different number of anchors (N=200,R=22m) . . . . . . 71
(a)Error percentage with different total number of nodes (b)Error
variance with different total number of nodes (AR=10%,R=22m) 72
(a)Error percentage with different radio range (b)Error variance
with different radio range (N=200,A=20) -5 72
Time Ratio with different number of anchors . . . . . . . ... .. 73
Sensors deployed on a grid in a random manner . . . . .. .. . . 5}
Grid based DV-Hop algorithm: .1 - . 0 0 75
(a)25 nodes on a grid (b)64 nodes on a grid (c)100 nodes on a grid 77
(a)64 nodes on a grid (b)DV-Hop algorithm (c)Nearest grid point
DV-Hop algorithm (d)Proposed DV-Hop based algorithm (e)Localization
error of each node when Nearest grid point DV-Hop algorithm used
(f)Localization error of each node when proposed DV-Hop based

algorithm used . . ... ¢ oin n il 78
Performance of the proposed grid based DV-Hop algorithm in dif-

ferent node distributions: . . 0 0 79
Localizing a newly added mode . . & . 80

Localizing a newly added node using DV-Hop algorithm (Nodes =

200, Anchors = 20, Radio Range — 22m}} 1 . 81
(a)Localization error with different number of anchors (b)Localization
error with different total number of nodes (c)Localization error

with different radioiranges & o S 81

Localizing a new node in a node destroying environment (Nodes

= 200, Radio Range = 22m) . . &« o o0 0 82
Localizing a new node in a node destroying environment (Nodes
= 200, Radio Range = 22m) . . . o000 08 0 83
Localizing a new node inside a spreading fire (Nodes = 200, An-
chors = 20, Radio Range = 22m, New node = (30,20)) . .. ... 84
A binary sensor with a moving target . . . . . .. ... ... .. 87

xii




9.2

5.3

9.15

5.16

6.1

6.2

6.3
6.4
6.5
6.6

A realization of a target trajectory (Nodes = 121, Radio Range =
22m) (a)Deterministically deployed sensor network (b)Randomly

deployed sensor metwork . . . 93
RMSE:s of the location estimates of the target (Nodes = 121, Radio

Range = 22m) . . . . .., . 94
RMSEs of location coordinates and velocity components (Nodes =

121, Radio Range = 22m)) . . o 94
CDF of RMSEs (Nodes = 121, Radio Range = 22m) . ... . .. 95
(a)RMSE with different total number of nodes (b)RMSE with dif-

ferent number of particles’ . . 95
Localizing a newly added node . . 0 97
Novel tracking algorithm . . (0 0 L 97

A realization of a target trajectory (Nodes = 200, Radio Range =

22H) o v e s e s e e e S G 105
CDF of RMSEs (Nodes = 200, Radio Range = 22m) . . ... .. 105
(a)RMSE with different number of anchors (b)RMSE with different

total number of nodes (¢)RMSE with different radio ranges . . . . 106

Comparison of target tracking (Nodes = 200, Radio Range = 22m) 107

Average positioning error with different number of nodes (Nodes

= 200, Radio Range = 22m) . . L8 0 108
Computational cost comparison (Anchor Ratio = 10%, Radio Range
= 2210 .. i e o 109
Average positioning error with different number of nodes (Nodes
= 200, Radio Range = 22m)) 0 110
Target tracking in a fire situation (Initial configuration: Anchors
= 20, Nodes = 200, Radio Range =22m). . . . .. ... .. ... 111
RMSE in position with different radius of fire (Initial configuration:
Anchors = 20, Nodes = 200, Radio Range = 22m) . . . . . . . . . 111

Lifeline for fire fighters (taken form Shropshire Fire and Rescue

Service - Brigade Order 7). ., .0 A St . 115
Incoming team follows the lifeline (taken form Shropshire Fire and

Rescue Service - Brigade Order 7).« 5 5 i 115
Localizing a nef@added node . . . . . .« o0 0L oo 117
Spreading fire in an indoor environment . . . . . . ... ... .. 118
Temperature Distribution. « o i e 118
Laying new sensors to emulate the lifeline . . . . ... ... ... 119

Xiii



List of Tables

3.1 ‘Simulation Instances ™ 0 1 S
3.2 ‘Simulation Instances:'. . .

3.3 Simulation Instances . .. 0 1 RS e e 59
3.4 Performance Comparison of selected algorithms relative to the DV-
Hop algorithm . "o inia o ool s i et

4.1 Simulation Instances: i 8 i B T

e e bt e

4.2 Performance Comparison of Algorithms . . 0
4.3 Hop Count Table . . o atul e S cow e R
4.4 Hop Count Table. ... v ittt . 80
4.5 Localization accuracy of a new node in a node destroying environ-
MENE . . .o e e e s e O

4.6 Localization accuracy of a new node in a spreading fire (New node
£(30,20)) . h i e

5.1 Simulation Instances; = s

7.1 Performance Comparison of novel algorithms relative to the DV-
Hop:algorithim: e e
7.2 Estimation error comparison of novel trackmg algorithm (Radio
Range = 22m) . T .
7.3 Estimation time comparison of novel trackmg algorithm
Range = 22m) .« ..o s

7.4 Estimation error comparison of novel tracking alg
emergency environment (Radio Range = 22m)




List of Abbreviations

Abbreviation  Description

WSN Wireless Sensor Network
BS Base Station
GPS Global Positioning System
MDS Multi-Dimensional Scaling
DV-Hop Distance Vector Hop
TOA Time of Arrival
TDoA Time Difference of Arrival
RSS Received Signal Strength
AOA Angle of Arrival
APIT Approximate Point in Triangulation
| MSP Multi-Sequence Positioning
RSSI Received Signal Strength Indicator
CoG Center of Gravity
EKF Extended Kalman Filter
PDF Probability Density Function
CDF Cumulative Distribution Function
RS@ Particle Swarm Optimization

RMSE Root Mean Square Error




