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Preface

Nathalie Mitton and David Simplot-Ryl
Inria Lille — Nord Europe

Wireless sensor networks have gained much attention these last years
thanks to the great set of applications they allow and technological ad-
vances. One of these challenges is node mobility: sensors could be moved
unexpectedly if deployed in an uncontrolled environment or hold by moving
object/animals. Beyond all this, a new dimension arises when this mobility
is controlled, i.e., if these sensors are embedded in robots. These robots
cohabit with sensors and cooperate together to perform a given task collec-
tively by still presenting hardware constraints: they still rely on batteries;
they communicate through short radio links and have limited capacities.

The set of potential applications of wireless sensor and robot networks
is very wide. We can divide the applications into three categories:

e fleet of wireless robots,
e wireless sensor network serviced by mobile wireless robots,
e wireless sensor and robot networks.

Fleet of wireless robots

In such applications, the network is composed of a fleet of wireless robots
that need to cooperate to fulfill a given task. Robots constitute the nodes of
the network. The tasks may greatly differ regarding the application but the
most current envisaged ones today are operations of coverage, exploration
and substitution networks.
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Coverage

Coverage is one of the first fundamental goal of wireless sensor networks.
Due to the large variety of sensors and applications, coverage is subject
to a wide range of interpretations. For example, let’s consider a wireless
sensor network deployed in a forest for fire detection. One may ask how
well the network can observe a given area and what the chances are that
a fire starting in a specific location will be detected in a given time frame.
Furthermore, coverage formulations can try to find weak points in a sensor
field and suggest future deployment or reconfiguration schemes for improv-
ing the overall quality of service. The quality of coverage will thus depend
on sensor relative location one to each other. For a given number of sen-
sors, the best coverage will be achieved when the monitoring area of every
sensor overlaps as less as possible. At the same time, sensors should be
geographically close enough to ensure network connectivity.

The use of mobile robots instead of sensors allows the improvement of
such a coverage. Indeed, in a plain wireless sensor network, sensors are
generally deployed at random or based on a previous off-line computation
that does not take the obstacles and ground constraints into account. Using
mobile robots allows an adaptive and real time deployment that better fits
the environment dynamics. Robots could self-deploy to cover and then
monitor an area through their embedded sensors. They thus become the
network nodes. An alternative is that they are sent to dynamically drop
wireless sensors at specific positions. The choice between these options
will be lead by the application. Do we need to send robots because the
environment is highly dynamic and thus, to achieve a good coverage, they
have to continuously re-position? Is the area to monitor unaccessible or
dangerous to humans? In these latter cases, robots could be sent to deploy
a wireless sensor network by dropping sensors on positions dynamically
computed based on local features.

Coverage can concern several kinds of coverages: area coverage, barrier
coverage or simply a point of interest coverage. Chapter 4 will detail the
way these issues are technically addressed in the literature.

Ezploration

These issues are detailed in Chapter 7. In such applications, a fleet of
wireless cooperative robots is sent for exploration. Robots are usually used
when sending human is not possible. This is for instance the case on other
planets like the Curiosity robot on Mars planet or after/during a disaster.
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Firemen send flying drones to supervise forest fire and better anticipate
the fire propagation’. Today, all these exploration tasks are performed by
a single robot that can be powerful and thus expensive. Next steps are to
send a complete fleet instead in which robots are smaller, more manageable
and self-cooperative. This will allow a quicker, more reliable and cheaper
exploration. Also, using heterogeneous robots in such an application allows
a step further than the plain exploration as the Swarmanoid? European
project shows. It illustrates an exploration task in which a fleet of drones
is in charge of locating a book. Once the book is localized, drones guide
small ground robots to it. These small ground robots cooperate to carry a
climbing robot which is able to retrieve the book in a high shelf. This is a
simple application which gives an overview of the wide range of possibilities
that a wireless mobile robot network can achieve.

Substitution networks

Chapter 5 gives a deep insight in substitution networks and the challenges
they leverage. A substitution network is a temporary network that will be
deployed to support a base network in trouble and help it to provide best
service. When a failure in a primary network occurs, the fleet of wireless
robots self-deploy to fulfill this network application with best QoS, i.e., by
position themselves not only to relay the message but to relay the messages
with the best link quality. To do so, robots continuously measure the signal
strength and move to the position that provides the best signal.

Wireless sensor network serviced by mobile wireless robots

The second category of applications of the mobile wireless sensor and robot
networks in when a sensor network is serviced by robots. The idea here
is that there exists an operational wireless sensor network that requires
sporadic help/servicing from mobile robots. In this category, sensors and
robots perform independently.

The first application to be highlighted is the node deployment. Indeed, if
there is a need to monitor a specific area through the use of wireless sensors
and that this area is unreachable by humans, a fleet of mobile robots can
be sent instead to drop sensors on the area. Please refer to Chapter 4 for
more details.

Thttp://www.bfmtv.com/planete/un-micro-drone-aide-les-pompiers-a-lutter-contre-
les-incendies-220860.html
2http://www.swarmanoid.org
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Then, once the network is deployed, mobile robots can bring new ser-
vices. Some of them could be continuous like for instance providing recharge
to nodes. The idea is that mobile robots travel around sensors to reload
their energy, such allowing no network death. Such an issue is discussed in
Chapter 6. The challenge here is to provide enough energy to every sensor
node to ensure the whole network proper functioning. Several parameters
have to been considered like the recharge time, the rate of energy to provide
to sensors at once (the more energy, the longer the recharging time and the
less sensors recharged).

Another examples of continuous services that could be provided by
robots to sensors is localization and data gathering. In the former, the
idea is that robots are aware of their real time position and travel close to
every sensor in the network to share this information with it (See Chap-
ter 9). Depending on the network dynamics, such a service could be done
only once or coupled with the recharging model. In the latter, autonomous
robots can travel over the area to be monitored to gather information from
sensor nodes (See Chapter 2). These sensor nodes could be either fixed or
mobile. In such a case, the purpose is to allow sensors to empty their mem-
ory and collect more monitoring information without lost. Robots have
thus to be efficient enough to self-organize and path plan such that every
sensor is visited regularly and on time.

One of the most interesting example of kind of services that could be
brought by wireless robots to wireless sensors is on-demand ones. Such
services mostly require real-time, which leverage a new challenge. In ad-
dition to gathering and reporting data from the environment, sensors may
also report failures of neighboring sensors or lack of coverage in certain
neighborhood. Such event information may be gathered by nearby mobile
robots through multi-hop paths. Once an event has been detected, robots
coordinate with each other to make a decision on the most appropriate way
to perform the action. The main such applications are intruder tracking
and fire detection and limitation. In the latter case, sensors trigger an
alarm upon fire detection that is routed to robots. Robots cooperate and
self-organize to reach the fire point and try to confine the fire by moving
around it or if they can to deaden it while waiting for firemen. Issues related
to such applications are addressed in Chapters 3 and 8.

In the intruder detection application, sensors detect an unusual intru-
sion and report it to robots and central entity. Robots speed up to the
intrusion point, locate him/her based on data collected by the wireless sen-
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sors and track him/her. Note that such safety application is well on demand
currently?.

Wireless sensor and robot networks

This section gives a quick overview of what a wireless sensor and robot
network can bring if all devices cooperate at the same level, taking hetero-
geneity features into account at each decision step and improving locally
all performances. The basic applications could be the ones as described in
Chapters 4 and 1 in which the robots are part of the wireless sensor net-
work and act only to improve the performances of this latter like routing
or coverage.

Wireless sensor and robot networks can be used for rescue operations.
Imagine a disaster such as the Fukushima nuclear power plant that was
damaged in 2011 by an earthquake and a tsunami. Human workers are
better not to be sent to measure the damages because of radiations. Imag-
ine that a fleet of robots is sent instead. Robots will cooperate to explore the
area efficiently without interfering. They have to move in a cooperative and
coordinated way to maintain communication links between them. Robots
will evolve in an autonomous dynamic way in this hostile area taking deci-
sions based on environmental information. These local data, either physical
if directly sensed from their environment (such as a radiation rate) or from
the other robots (for cooperation and communication purposes) will drive
their actions and movements. They may drop static sensors along their
paths for ensuring a communication link between several area points, or
to ensure a continuous monitoring while they move ahead. These sensors
will be later re-used for further explorations and accurate monitoring com-
parisons. How has the radiation level evolved since last exploration in this
accurate place?

Similarly, wireless sensor and robot networks can be used for regular
place monitoring and switch to an emergency situation by simply adapting
to the events they sense and changes in environments. Let’s illustrate such
an application for museum safety and security. For this purpose, sensors
are deployed in the museum to measure specific values such as temperature,
humidity, carbon concentration, that impact the art major works preser-
vation. Robots patrol to gather data from remote sensors or to change
sensor batteries. In normal use, data collected by sensors and robots are
normally sent to database for daily monitoring. If an anomaly is detected

3http://www.ocdelibrairie.org



X Wireless Sensor and Robot Networks

by the sensors, it has to adapt. If an intrusion is detected after the museum
closure, sensors triggers an alarm, robots will locate and possibly surround
the intruder guided by sensor data and protect art major works located
and identified thanks to sensors. If a fire or a flood is detected, sensors will
guide robots that will shut up endangered areas, guide evacuated people to
the exit via a safe way and guide rescue operations to victims. Sensors will
also allow robots to identify high value art major works, isolate, evacuate or
protect them. Then, robots will explore the damaged area dropping sensors
to ensure a continuous monitoring.

Challenges

Many challenges arise due to the introduction of the controlled mobility.
All these challenges many depend on the application requirements and ex-
pectations but globally, some of them are common to all of them. First,
where and when a robot should move? How does it cooperate with the
other robots of its fleet and coordinate to fulfill a given task without being
in each other’s way and with minimum energy? And one of the most im-
portant: the energy? How to preserve it as much as possible while ensuring
a high quality service? When and who to reload and how much? Some of
these challenges are discussed in the different chapters of this book and in
particular in Chapter 10.

Energy is the most challenging issue. Indeed, before performing an
action, a robot has to ensure that it will have enough energy to come back
to its base station for reloading, except if the application tolerates to loose
robots, which is rare because of the robots cost. The energy consumption
is mostly due to robot communication and movement. Algorithms should
thus consider in their design these consumption sources in order to minimize
them by fitting with shorter path length and less communications. Then, it
is strongly connected with hardware and battery discharge and reloading.
How long does a robot need to recharge fully, half, etc. should be considered
as well.

Then, task assignment is the second most challenging issue. It consists
in selecting robots that will be sent together by assigning them specific
distributed tasks such that the fleet at the whole will act in a coordinated
and efficient way. Robots have to be selected carefully still with regards
to energy consumption and environment. Should the algorithm select the
closest robots? Or the ones with the higher level of energy? How many?
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Some aspects of task assignment may require real-time or synchronization,
short wireless communications, etc. Some solutions considering all these
aspects jointly and reduce action redundancy should be investigated.

Globally, wireless robot and sensor networks need a unified framework in
order to constitute a flat network with different services and heterogeneous
components. Several cross-layer integration issues among the communica-
tion layers should be integrated in order to improve the global efficiency and
performance of a wireless sensor and orbit network. There is still a need
for real-time communication protocols for robot and sensor coordinations.

With the advance in hardware technology, all these applications are
about to be deployed. There exist more and more wireless sensors and
robots to be networked. We can also witness the apparition of new plat-
forms for experimental testing like FIT* or Project Lab® that allow the
improvement of software protocols allowing the autonomy of such networks.

There exist several actions around the world dealing with such issues.
This is for instance the case of the following projects COGX®, ROBOT-
CUBT or PACO-PLUS in which cognitive robotics approaches are used to
make the robot self-understand and self-extend its abilities. SPARK?28,
IWARD?, ROBOSWARM!? and SENSOPAC!! analyze cognitive collab-
orative models inspired by swarm behavior or for emerging cooperative
robot behavior. COMPLACS aims at developing a unified toolkit for intel-
ligent control in many different problem areas. This toolkit will incorporate
many of the most successful approaches to a variety of important control
problems within a single framework, including bandit problems, Markov
Decision Processes (MDPs), Partially Observable MDPs (POMDPs), con-
tinuous stochastic control, and multi-agent systems.

At the ERA (European Research Area), several collaborative projects
have been performed in robotics, 15 of them involve collaboration robot-
robot. Among them, some deal with micro-robots (REPLICATOR and
MICRON), underwater robots (MORPH, Co3 AUVs, CoCoRo and NOP-
TILUS) and thus focus on a specific environment, some are devoted
to flying robots (sFLY and COMETS). Others investigate various re-

4fit-equipex.fr
Shttp://nootropicdesign.com/projectlab/2010/03/04 /wireless-robotics-platform/
Shttp://cogx.eu/
"http://www.robotcub.org/
Shttp://www.spark2.diees.unict.it/
9http://www.iward.eu/cms/index.php
10http://roboswarm.cu/
Uhttp: //www.sensopac.org/
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search /application problems for ground mobile robots. For instance AR-
CAS, MARTHA, IWARD, DustBot and ROBOSWARM projects deal with
a fixed asset of sensors for transportation, area cleaning, construction or pa-
trolling and URUS and GUARDIANS address the aspects of sensor placing
and adaptation.

Brief outline of this book

This book is composed of 10 chapters discussing about the different issues
brought by a wireless sensor and robot network. It does not pretend to
be exhaustive but at least to draw the perspectives and the possibilities
of such networks together with the challenges they raise and how previous
researches have addressed them. The first chapters show how the addition
of mobility in a wireless sensor network can improve the routing perfor-
mances (See Chapter 1) or the data collection (See Chapter 2). Following
chapters detail the issues appearing when several robots have to cooperate
to service sensors (See Chapter 3), to ensure a coverage of specific points or
areas (See Chapter 4) or to support a failing existing network (Chapter 5).
Chapters 7 and 8 describe alternative solutions, showing how the swarm in-
telligence can be used for robot cooperation and coverage area. Chapter 9
introduces the different localization techniques that could be used in such
networks. Finally, Chapter 10 concludes this book by discussing challenges
and business applications.

Acknowledgements

The editors are grateful to all authors for their valuable contribution to this
book. We hope the readers will find the information available in this book
helpful and worth reading. Every feedback from readers will be welcome.



Contents

Preface v

N. Mitton and D. Simplot-Ryl

1. Routing in Mobile Wireless Sensor Networks 1
N. Gouwy, N. Mitton and D. Simplot-Ryl
1.1  Introduction. . . . . . .. .. ... ... ... 1
1.2 Message Ferrying . . . . . .. ... ... ... ... .. 3
1.3  Network Connectivity Guarantee . . . . . ... ... ... 5
1.3.1  Relative Neighborhood Graph . . . .. .. .. .. 6
1.3.2  Connected Dominated Set (CDS) . . ... .. .. 6
1.4  Actuator Networks . . . . .. ... ... ... ....... 7
1.4.1  MobileCOP . .. .. ... .. ... .. ...... T
142 BPCM : ;i ncsssse ssaamssmssnsd s 8
143 CoMNet .. ... .. ... .. uuiueini... 8
1.4.4  CoMNet-based extensions . . . . . . .. ... ... 10
1.5 Conclnsiont : : : s s s s s s masmpas s mEEEEa 8 13
References 14
2. Accelerated Random Walks for Efficient Data Collection
in Mobile Sensor Networks 17
A. Constantinos Marios and S. Nikoletseas
2.1  Imtroduction. . . . . . .. ... Lo 17
22 Statcolthe Aotic = o o w v vowooooom o0 0 306 8 5 5 8 6 5 o 19
2.3 The Network Models . . . . ... ... ........... 21
2.4 The Sink Mobility Random Walk Protocols . . . . . . .. 23

2.4.1 Classic Random Walks . . . . .. ... ...... 23

xiii



xiv

Wireless Sensor and Robot Networks

2.4.2  Adaptive Random Walks
2.5 Performance Metrics

2.5.1 Cover time and approximate cover time . . . . . .
2.5.2  Proximity Cover Time . .. ... ... ......
2.5.3  Proximity Variation
2.5.4  Visit overlap statistics
2.6  Performance Evaluation . ... ... ............
2.6.1  Evaluation on the Grid model

2.6.2  Evaluation on the Random Geometric Graphs model 37

2.7  Conclusions

References

3.

Robot-Robot Coordination
I. Mezei, M. Luki¢ and V. Malbasa

3.1 Imtroduction . . . . . . . . . . . . ...

3.2  Single-event Scenarios . . . . . ... .. ...
3.3 Multiple-event Scenarios . . . . . . . .. .. ... ...

References

4.

Mobile Robot Deployment in the Context of WSN
M. Erdelj and K. Miranda

4.1  Notions of Mobile Robot Deployment
4.1.1  Sensor network deployment . . . . . . .. .. ...

4.1.2 Sensor mobility . . .. ... oo

4.1.3  Deployment of multi-robot systems in the context

Of WSN iz s s 52 # 5 s s : s s: s s s somapansm

4.1.4  Network connectivity problem . . . . .. ... ..

4.1.5 Generalized robot deployment algorithm . . . . .

42 CoverageProblem . : : :: s s s s snmssmsasmnmm o
4.2.1 The full coverage problem . . ... ..... ...

4.2.2  The barrier coverage problem . . . ... .. ...

4.2.3 The sweep coverage problem . . . . .. ... ...

4.3 Deployment Approaches . . . . . .. ... ... ......
4.3.1 Deterministic deployment . . . . . . ... .. ...

4.3.2 Random deployment . .. ... ..........

48383 Static . s s s s s s s s sssmm s+ 55 55 35 5 3

434 DynamiG s smws e w@s @@ w52 5 8 568 8 5 6 e

48
49

51

51
59
62

68

71



4.4

4.6

4.7

Contents

Field Coverage Optimization . . . .. .. ... ... ...
4.4.1  The pattern-based technique . . . . .. .. .. ..
4.4.2  The grid quorum-based technique . . . .. . ...
4.4.3  The virtual force-based technique . . . ... ...
Mobile Robots in the Context of WSN . . . . . .. .. ..
4.5.1 Mobile robots as autonomous vehicles . . . . . . .
4.5.2  Mobile robots and the interaction with WSN . . .
4.5.3  Applications of mobile robotic networks . . . . . .
Discussion and Open Issues . . . . .. .. ... .. ....
4.6.1 Communication . . ... ... .. ... ......
4.6.2  Infrastructure based problems . . ... .. .. ..
4.6.3 Robot robustness, heterogeneity and scalability

4.6.4 Robots, system and sensing model design . . . . .
4.6.5 Testing . . . . .. .. .. L o

Conclusion . . . . . . . . ..

References

5. Substitution Network: Controlled Mobility for Network Rescue

1. Guérin Lassous, T. Razafindralambo

51 Introductionand Context : . : : : « : s s 05 ¢ = o 5 5 &
5.2  Objectives and Definitions . . . . . . . .. ... ... ...
5.3 Architectural and Functional Definitions . . . . . . . . ..
Bl Hardware: = s & ¢ 5 £ 2 2 6 5 5 5 E B 5 BB R A @ 6
5.3.2 Software . ... ... ... ... ...,
5.4  Substitution Network: Scientific and Technical
Challenges s « v+ v s s 55 3 s s s s s s s v 58 s w6 o &
54.1 When? . ... .. . . ... e
542 Where? . . . . . . ... ..o
Hd8 How?l o owscaisnesndddssms d@ddos
5.5  First Implementations and Recommendations . . . . . . .
56 ConcluSion . . . .« -« v v o s womowws s o e oo
References

6. Energy Restoration in Mobile Sensor Networks

N. Santoro and E. Velazquez

6.1

Introduction . . . . . . . . .. L
6.1.1 Energy management in sensor networks . . . . . .

Xv

79
80
80
80
81
81
82
83
84
84
85
85
86
87
87

88

91

91
93
94
95
96



xvi Wireless Sensor and Robot Networks

6.1.2  Energy restoration in static sensor networks . . . 114

6.1.3  Energy restoration in mobile sensor networks . . . 115

6.2  Basic Terminology and Assumptions . . . . . .. .. ... 117
6.3  Passive Approach to Energy Restoration . . . . . .. . .. 118
6.4  Proactive Approach to Energy Restoration . . . .. ... 119
6.4.1 Position based movements . . . .. ... .. ... 120

6.4.2 CreatingtheCDG. .. ... ... ......... 121

6.4.3 Migrationstrategy: « «c s s s s s s+ ¢35 5 5 5 5 = 122

644 Ex{remMecaSes « » « v s wmmws s wm v 5 s 5 5 5 & 3 125

6.5 Improving the Proactive Strategy . . . . . . ... .. ... 126
6.5.1 Exploring different topologies . . . . .. .. ... 126

6.5.2 Creating the CDGG and CDRNG . . . . .. . .. 127

6.5.3 Increasing sensor knowledge . . . . . .. .. ... 128

6.6 Experimental Results . . . .. ... ... ... ...... 130
6.6.1 Experimental environment and performance criteria 130

6.6.2 Passive vs. proactive . . . ... .. ... .. ... 131

6.6.3 Transmission range . . . . . . . . . ... .. ... 132

6.6.4 Topology comparison . . . . .. .. ... ..... 133

6.6.5 Sensor knowledge . .. .. ... .......... 135

6.7 Closing Remarks and Open Problems . . . ... .. ... 136
References 138

7. Wireless Sensor Networks Deployment: a Swarm
Robotics Perspective 143

A. Reina and V. Trianni

7.1 Introduction. . . . . . . .. .. ... 143

7.2 Challenges and Opportunities Offered by Swarm Robotics 145

7.3  Current Approaches in Swarm Robotics . . . . .. .. .. 147
7.3.1  Coverage in swarm robotics . . . . . .. ... ... 148

7.3.2  Chain formation . . . . .. ... ... 152

7.3.3 Communication assisted navigation . . . .. . .. 154

7.4  DiscussionsS . . . . . . ... i 156

7.5 CONCHBIONS v v o v v o v o i 0 2 s e s e s s 5 o admEd s @ 158
References 158
8. Robot Cooperation and Swarm Intelligence 163

N. El Zoghby, V. Loscri, E. Natalizio and V. Cherfaoui



