COLLABORATIVE URBAN SENSING:

BIO-INSPIRED APPROACH

SUMANT MUKHERJEE

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
DECEMBER 2016



© Indian Institute of Technology Delhi (IITD), New Delhi, 2017



COLLABORATIVE URBAN SENSING:

BIO-INSPIRED APPROACH

by
SUMANT MUKHERJEE

Department of Electrical Engineering

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
DECEMBER 2016



Certificate

This is to certify that the thesis titled “COLLABORATIVE

URBAN SENSING: BIO-INSPIRED APPROACH " being

submitted by Mr. SUMANT MUKHERJEE to the Department of
Electrical Engineering, Indian Institute of Technology Delhi, for the
award of the degree of Doctor of Philosophy, is a record of bona-fide
Research work carried out by him under our guidance and
supervision. In our opinion, the thesis has reached the standards
fulfilling the requirements of the regulations relating to the degree.
The results contained in this thesis have not been submitted to any

other university or institute for the award of any degree or diploma.

Professor. Santanu Chaudhury
Department of Electrical Engineering
India Institute of Technology Delhi

New Delhi - 110016



To my family



Acknowledgements

First and foremost | want to express my deep gratitude to almighty
God for steering my life. The successful completion of this thesis is
due to supervision and encouragement of my supervisor Professor
Santanu Chaudhury. | deeply appreciate the support given by my
supervisor for his patience and assistance in clearing my confusions.
The thesis would not achieve its present shape without his continuous
guidance. | acknowledge help given by my friends and the staff of
Multimedia lab during the course of this thesis. Last but not the least |
thank my family members for their support throughout the course of

this research work.

Sumant Mukherjee



Abstract

This thesis explores use of bio-inspired approach for
collaborative urban sensing involving motion coordination and task
allocation among sensor nodes. We propose a novel unified bio-
inspired model for multi-agent spatial motion coordination. A unified
model of bio-inspired mechanisms of attraction/repulsion, spreading,
aggregation and evaporation is proposed that helps aggregate
information received by agent from environment for motion control

decision making.

Next we present cooperative mobile sensing architecture for

distributed estimation of sensor data, motion control of sensor nodes

and task allocation to the nodes. For cooperative sensing we propose a
distributed sensor fusion algorithm that uses measurements from

neighboring sensor nodes to iteratively reach agreement on estimate



of the scalar field using linear consensus protocol. For mobility
coordination between mobile sensors for sensor measurements, we
develop a distributed motion-control algorithm that adaptively senses
the scalar field for improving quality of sensing. For coverage of the
entire field by mobile sensors, we develop a distributed task allocation
algorithm that assigns target locations to sensor nodes taking into

account currently unexplored areas.

Finally we present mobile crowd sensing (MCS) framework for
delay tolerant online opportunistic task allocation. We mathematically
formulate optimization problem for maximizing MCS task utility
while maintaining constraint of tasking environment. Utility
optimization is achieved in two stages of user registration and task
allocation. In first stage the server selects a subset of users that are

predicted to achieve required coverage of cells by end coverage cycle.

In the next stage the server selects subset of sensing opportunities (i.e.
specific user at specific sensing location) in each sampling cycle for

maximization of total utility by end of coverage cycle while

Vi



maintaining given task constraints. To solve these combinatorial hard
problems we use heuristic approach of ant colony optimization (ACO)
to propose two novel algorithms for user registration and task

allocation.

Vii



d

=g N{F F v Ja IR RPIUT F1 START HET Usar & g gH@-ag 3T F
A ATHAA A arel AN AE Fdgd G Al H e §H Teh 3UAH
Uil d§-Tolc TUTfAh I FHT & AT AlSel Teh Tehlepel 3ThYIT /
ufdedor & Sta ARG &7 &1 A, TAR, ThAhor 3R aredienior gEarfaa S
Pl H FAGE BT & Afd fATF0r & fow wafarer & vele g1 urg Sdwrd

ot a4

SHSP IIC & Tehll Harsel WA IMTheFy P GEgd Hd & Tdeh el &
Hded & o0 §H Th &I UEANdd dd & [ddRd Hdegh Todd TedRYA S o
AY T ST HIAT & TSR Fdeeh AZH A W FHASld W ggaa & fow

@F 3 FEATT Wicthicl HT 3TN FXh Thek 819 o1 Ifasfiadr & for &
AT & foT AEEd W & fa gda-ag, g7 aaia afa @Fer gemiea
faepffd &Y S 3rgepell Sfgal Hdaa &1 Iuraar 3 guR & fow Fhor &7 39
T TRz S TR aAsd & o I & fov affia Ty« & 3mdfed aar §

Qrar AT H ST &t

Id # & A dis AT (TAATH) T B UFGA A & AfR] iAo
HIEEET B JTeed G A ANOAT THHITH B SUAINAT Pl I{™Ahcdd B
& ToIT 3Jpeled FHET JIR HIAT Sefeh PIABISN ATATARUT T qTUT BT AT
IGAT 3UAAAT JHifCeASHAA SUARAT ol oT 3R FT & & o F aIfde
fopaT a1 ¥ 3T | Ugel TROT #H HAX I3 SUANTHAIAT P Teh HIAC AT & i
fop & 37T PalsT Th ERT PIABIT HT AT Palel UTH P H JiIsIarof
TSl TROT # AR AR & HTET & FIAT P TIT Bl & (I, fafre
Afafdior T W AT SuANRdT) Ucdd dHAT Tsh H PHeksl b b 3T db
Pl SUATINAT P HFTABAH DHLAT TG T Ry AU T TATT IWAT 34 HASTAl
Pl BfST &l A P ToIT FHTIW ST H TIeT Piallar JffCcATSHA (TH3M) &




URTR—ITcHD TIVPIUT Bl ITAIT A & SUANThAT ToilhioT 31T &y & fow a
3USATH TINREGH Pl GEdd 3Tac |




Table of Contents

Certificate
Acknowledgements iii
Abstract %
List of Figures Xiii
List of Tables XVii
1 Introduction 1
1.1 Scope and ObJECtiVE ..oiiiiiiiiii i 2
1.2 Major Contributions of the Thesis ... 10
1.3 Layout of the thesis ... 21
2 Collaborative Urban Sensing: Revisited 25
2.1 Urban super organism & nature-inspired metaphors  ............ 27
2.2 Bio-inspired mechanism for multi-agent coordination ............ 30
2.3 Sensor Coverage in Mobile Sensor Networks — .......ccccoveien e, 34

2.4 Coverage & Energy Optimization in Mobile Crowd Sensing ...... 38



2.5 Motivation for the Present Work .o

3 Adaptive Multi-Agent Planning Framework

3.1 INtrodUCHION o

3.2 Adaptive Multi-Agent Planning in Cyber Physical Space ............
3.3 Simulation Platform Design............ccoiiiiiiiiiii e
3.4 Simulation Result o

3.5 CONCIUSION

4 Unified bio-inspired model for multi-agent spatial coordination

4.1 INtrodUCLiON o

4.2 Unified Bio-inspired Model for Coordination  .....................

4.3 Simulation Result oo

4.4 CONCIUSION

5 Adaptive Formations in Urban Sensing
5.11Introduction L.
5.2 Framework for Analysis of Adaptive Formations.....................

5.3 Theoretical Analysis ...



5.4 Simulation RESUITS oo 116

5.5C0NCIUSION L, 121

6 Self Coordinated Exploration in Mobile Sensor Networks 123
6.1 Introduction ... 123

6.2 Problem Formulation ... 128

6.3 Mobile Sensor Architecture ... 131

6.3.1 Data Fusion Layer ..., 134

6.3.2 Motion Control Layer ...........ccciviiiiiiiiiiiiinnn, 137

6.3.3 Task Allocation Layer ...........ccoooviiiiiiiiiiinninnnnn, 142

6.4 Simulation Result .. 151

6.4.1 Scalar Field Mapping .........ccooviiiiiiiiiiieea, 154

6.4.2 Accuracy of Built Map ... 156

6.4.3Timeto Explore ... 157

6.4.4 AdapPLIVENESS  ...oiviii i 159

6.4.5 Robustness ... 160

6.5 CoNCIUSION Lo 161

7 Delay Tolerant Task Allocation in Mobile Crowd Sensing 163
7.1 Introduction Lo 163

xi



7.2 Delay Tolerant Task Allocation ...............occoiiiiiiiiiiiinnn, 170

7.2.1 Problem formulation ... 174

7.2.2 Solution approach ... 177

7.2.3 ACO based Registration Algorithm — ..................... 180

7.2.4 ACO based Task Allocation Algorithm — ............ 182

7.3 Simulation Result .., 190

7.3.1 User Registration Algorithm Performance  ............. 193

7.3.2 Task Allocation Algorithm Performance  ............. 199

T4 CONCIUSION L, 204

8 Conclusions 205
8.1 Summary of the Contributions ..., 207

8.2 Scope of Future WOork ..o 211
BIblOgrapny ..o 215
Publication L 235
BIOgrapPNY 237

xii



List of Figures

1.1: Functionality-based classification of Urban Sensing  ........................ 9
1.2: Bio-inspired urban sensing taxonomy & mapping to contribution .......... 19
2.1: Notional Architecture of Urban Super Organism.....................ccceeee .28
2.2: Relation between bio-inspired mechanisms ...l 31
2.3: Relation between taxonomy, contribution & bio-inspired mechanisms .....34
3.1: Adaptive Multi-Agent Collaboration - Proposed Approach  .............. 53
3.2: Hierarchy of Planners ... ..., 55
3.3: Multi-Agent Planning Flow ... 56
3.4: Hierarchical task decomposition for rescue operation in a region ............57
3.5: Multi-Agent Organisation Structure  ..........ooiiiiiiiiiieeene, 59
3.6: Penalty Function .. 60
3.7: System ArChiteCture ..o 62
3.8: EQS Server Graphical User Interface  ...........coooiiiiiiiiiiiieen, 64

3.9: Snapshot views of simulation run ... 67

3.10 Analysis Graphs of simulationrun ... 69

Xiii



3.11: Comparison of performance of different personality types  ............. 70

4.1: Overall flow of urban dynamics ... .. 75
4.2: Abstract Urban SPacCe  ....iiiiii 79
4.3: Basic Bio-mechanism ... ..o 81
4.4: Penalty FUNCLION Lo 85
4.5: Snapshot of sample run 90

4.6: Analysis of sample run (a) force strength (b) inter-force distance

(c) nonself neighbors of self agent and (d) centre of mass plot.............. 92
4.7: Analysis of sample run (a) sensor coverage (b) mobility trace

(c) spatial entropy (d) pheromone activity...............oooevviriniiiiiiieennns 93
4.8: Comparative analysis (a) self force strength (b) average inter-force

distance (c) self force sensor coverage and (d) spatial entropy .............. 97
5.1: Application scenario of urban pervasive system cereeenieenenen.e..103

5.2: Different abstract deployment scenarios (a) Zigzag (b) Arrow

(c) Straight (d) Slant ..o 106
5.3: Agent model 107
5.4: Distributed interactive control algorithm....................cccco il 111
5.5: Aggregated feedback computation 112
5.6: Algorithm response time to changes in deployment scenario —............... 116

Xiv



5.7: Algorithm response time to different initial scenario  ......................118
5.8: Robustness of algorithm to actuation failures (a) Zigzag (b) Arrow

(c) Straight (d) SIaNt ..o 119
6.1: Overall ArchiteCture ... oo 125
6.2: Scalar Field Measurement ... i 130
6.3: Mobile Sensor Architecture ... 132
6.4: Data FUusiOn Layer ..o e 134
6.5: Penalty function ... 138
6.6: Frontier Cell - Utility & CoSt ... 146
6.7: Task Allocation Algorithm ... ... e 151
6.8: Snapshot of Scalar Field Mapping ... 153
6.9: Sample Run (a) Coverage (b) Actual Error (c) Estimated Error

(cell-index wise) (d) Estimated Error ......c.....ooveviiiiiiiiiiiiieeenn 155
6.10: Accuracy of Built Map ..o 157
6.11: Time to reach Error Threshold ..., 158

6.12: Testing scenarios with different initial locations (a)-(c) Error

reduction over time (d)-(f)Coverage for Cases 1,2,3 ..................... 159
6.13: Robustness of algorithm to actuation failures ~ ..................... 160
7.1: Urban Sensing SCeENArio ..ot 166

XV



7.2: Discretization of time-space ... 171
7.3: Workflow of DTO-TA e, 173
7.4: ACO-UR - User Registration Algorithm ... 182
7.5: ACO-TA - Task Allocation Algorithm ... 190
7.6: Performance with different number of cells (a) Number of registered

nodes selected (b) projected K-COVErage ..........covveviiniiiiiiiiiiinannnn, 194
7.7: Performance for different duration of coverage cycle

(a) Number of registered nodes selected (b) projected k-coverage ......... 196
7.8: Performance for different number of nodes (a) Number of registered

nodes selected (b) projected k-coverage ............cccoeviiiiiiiiiiiiininnn, 197
7.9: Performance for different desired coverage (a) Number of registered

nodes selected (b) projected k-coverage ...........cocoveviiiiiiiiiiiinnnn, 198
7.10: Performance of Task allocation algorithms for different number

OF CellS o 200

7.11: Performance for different duration of coverage cycle (T¢)  .............202
7.12: Performance for different number of nodes (N) ...l 203

XVi



List of Tables

4.1: Simulation Configuration Parameter ... i 87
4.2: Measures for Quantitative Analysis ..., 88
4.3: Simulation Run Configuration ... ... 95
5.1: Scalability of algorithm to increase in number of agents ~ ...................... 121

XVii



	Sumant-Thesis-Final.pdf



