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Appendix A

Background on dike inspection

A quick look at the map in Figure A.1 shows why The Netherlands are known as
the “lower countries”. About 26% of the Dutch land surface is below sea level
(Dutch: Normaal Amsterdams Peil (NAP)), while an additional 33% above NAP is
susceptible to flooding. Out of this total of 59% of the Dutch land surface 55% is
located within dike rings, while 4% is located outside dike rings and is therefore
unprotected from flooding (www.pbl.nl).

Dike rings are contiguous rings of water barriers like dunes, dikes, dams, and
other artificial structures. The area within a dike ring is therefore protected from
flooding. This thesis uses the word dike, when referring to any of the structures
in a dike ring. Formally a dike (also known as levee, dyke or embankment) is an
elongated naturally occurring ridge or artificially constructed fill or wall, which
regulates water levels [89]. With most of the Dutch land surface being flood-prone
and protected by dike rings, ensuring the quality and safety of dikes is of the
utmost importance. The Netherlands has a long tradition in the construction and
inspection of dikes and has a global reputation for its expertise in advanced water
defense systems (Figure A.2). The next section provides an overview of current
dike inspection methods in The Netherlands.

Within dike rings
Below sea level (NAP): 26%
Above sea level (NAP): 29%

Unprotected area outside
the dikes: 3%
Undiked part of the River
Meuse: 1% *)

*) Floodable stretch of the undiked
     part of the River Meuse within
     the 1/250 contour.

Figure A.1: Flood-prone areas within the Netherlands in 2005 (Source: PBL Netherlands
Environmental Assessment Agency (www.pbl.nl)).

http://www.pbl.nl/
http://www.pbl.nl/
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Figure A.2: Maeslantkering near Rotterdam, part of the Delta works (Source: Rijkswater-
staat).

A.1 Dike inspection in The Netherlands

All dikes in The Netherlands can be divided into two types: primary dikes, which
protect The Netherlands from water from outside (North Sea, Wadden Sea, big
rivers, IJssel- and Markerlake), and regional dikes, which protect The Netherlands
from water from inside (lakes, small rivers, canals). In total there are about
17,500km of dikes, out of which 3,558km are primary and approximately 14,000km
is regional [52]. Needless to say, this creates an enormous task for the water boards,
who are responsible for inspecting and evaluating the dikes.

The Ministry of Infrastructure and the Environment (Rijkswaterstaat) created
the Act on the Water Defenses (Dutch: Wet op de Waterkering) which provides
standards for a maximum exceedance probability for different types of dikes. The
Act on the Water Defences obliges water boards to inspect dikes every five years.
Although some (sensor) technology has entered dike inspection activities (see also
Section A.2), the vast majority is done via visual inspection by dike wardens (Dutch:
dijkgraven) and inspectors.

Visual inspection is carried out by well-trained inspectors. Training used to be
organized in a master apprentice setup, where new inspectors learn by experience
under the supervision of experienced inspectors. To ensure that inspectors are qual-
ified, in 2014 an official training program has been established to teach inspectors
basic knowledge on dikes, damage, failure mechanisms, and how to perform a dike
inspection unambiguously (see www.wateropleidingen.nl for more information on
the training programme). In short, visual inspection is about checking the dike
surface for irregularities like holes, cracks, and shearing of the dike surface.

http://www.wateropleidingen.nl
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Figure A.3: The IJkdijk test facility near Bellingwolde, The Netherlands. The two basins in
the front were used during the piping experiment in 2009 (Source: Stichting IJkdijk).

Looking back, it shows that visual inspections actually perform quite well.
However, recent dike breaches such as in Wilnis in 2003, Stein in 2004, and
Terbregge in 2003; near-disasters such as in the Betuwe in 1994, 1995 and 1996;
and the evacuation in Woltersum in 2012 point out that visual inspections alone
are insufficient to guarantee safety. In words of the newspaper Trouw: “After the
dike breach in Wilnis, the utility of visual inspection is open for discussion”1. A new
line of research applying sensor technology to dikes started up with the foundation
of the Stichting IJkdijk with the goal to develop the dike of the future.

A.2 Dike inspection using sensor technology

After Wilnis a thorough investigation demonstrated that the dike breach was caused
by a combination of the dike material (peat, Dutch: veen) and severe dryness
during the summer of 2003. The peat dried out and started floating on the ground
water causing a shift in the dike body. Wilnis showed that there was a lack of
data structure in combination with a lack of dike inspection and observation. This
observation gave rise to the establishment of the Stichting IJkdijk in 2004.

Stichting IJkdijk was initialized by the Investment and Development Agency
for the Northern Netherland (N.V. NOM), Foundation for Applied Water Research
(STOWA), Foundation IDL Sensor Solutions, Deltares, and the Netherlands Orga-
nization for Applied Scientific Research (TNO). The goal of Stichting IJkdijk was
the development of a “smart dike” using a combination of dike technology, sensor

12003, September 1. Gevaar voor de dijken nog niet geweken. Trouw. Retrieved from www.trouw.nl.

http://www.trouw.nl
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networks and monitoring systems. In 2014 Stichting IJkdijk merged with Stichting
FloodControl into Stichting FloodControl IJkdijk. The goal of FloodControl IJkdijk
is to develop international marketable monitoring systems for dikes to contribute
to the improvement and renovation of Dutch and international dike management.

To enable the development and experimental validation of such sensor systems
a test facility was constructed near Bellingwolde, The Netherlands (see Figure A.3).
The IJkdijk facility enabled three groundbreaking experiments during the period
2007–2012. The macro stability test in 2008, piping experiment in 2009 (see
Figure A.3) and all-in-one/sensor validation experiment in 2012 (see Figure 1.3)
provided many new insights into dike failure mechanisms and the important role
of sensor technology in the monitoring and inspection of dikes.

Current dike monitoring systems can be divided into three types of sensor
systems: in-situ sensors, ex-situ sensors, and remote sensing. In-situ sensors are
positioned inside the dike. The main advantages of in-site sensors are the ability
to measure at large depths and the extensive experimental validation during the
IJkdijk experiments. Drawbacks include the high failure rates [20], the high
investment costs and the risk for collateral damage when installing the sensors
[52].

Contrary to in-situ sensors, ex-situ sensors are positioned on the dike surface,
rather than inside the dike. The main advantage over in-situ sensors is their
mobility, thereby extending their action radius significantly. Major drawbacks of
ex-situ sensors are the limited penetration depth and the sensitivity to external
disturbances [52].

Remote sensors are another non-invasive sensor technology. The difference
with ex-situ sensors is that remote sensor systems are located (far) away from
the dike, while ex-situ are positioned on the dike surface. The major advantage
of remote sensing is the fast coverage of large surfaces (e.g. using satellites for
deformation measurements). The main drawback is that remote sensors can only
provide superficial measurements (i.e., zero penetration depth). Therefore, these
systems provide a similar kind of information as visual inspection.

While for the construction of new dikes installation of static in-situ sensor
networks might be feasible, for existing dikes it is not, due to the high costs of
installation (more than 1 million euro per km of dike) and the huge number of
sensors needed (17,500 km dike). An alternative inspection and monitoring strategy
is to employ a network of mobile robotic sensors. Sensor-equipped autonomous
mobile robots have great potential to be applied to infrastructural security like
dikes [21]. It is exactly this (dike inspection using robotic sensor networks) that
motivated the ROSE project (see Section 1.2.1 and Appendix B).



Appendix B

ROSE project partners and utilization

ROSE is a collaboration between academia and industry under the auspices of
technology foundation STW. A short description of the ROSE partners and their
interest in the utilization of the results is given below.

Controllab Products B.V. is an engineering company
with a broad experience in model based design. Tailor
made solutions using model based design enable com-
panies faster and more accurate development of their
machine controllers. Controllab offers a range of prod-
ucts, of which 20-sim is the most well-known. Simulation package 20-sim enables
the modeling of multi-domain systems using equations, block diagrams, phys-
ical components and bond graphs. These models may be used for simulation,
analysis, control system design, and even rapid prototyping and hardware-in-the-
loop-simulations.

For the ROSE project Controllab provided their 20-sim simulation package,
which is very suitable for the modeling and design of a robotic sensor network.
Modeling systems using (a combination of) equations, physical components and
bond graphs, nicely align with the features of the port-Hamiltonian modeling
framework presented in this thesis. In this project, 20-sim was used for the
modeling of a network of robotic sensors, the analysis of deployment (Section 3.5)
and obstacle avoidance, and three-dimensional visualization [52].

More information: www.controllab.nl.

DEMCON is a high-end technology supplier with a focus on
high tech systems and medical devices. Mechatronic systems
engineering is the multi-disciplinary specialism of DEMCON.
In accordance with customers needs, DEMCON provides support starting from
proof-of-principle and pre-production up till series production. DEMCON features
specialist knowledge, an international network of suppliers and advanced facilities,
like assembly lines and clean rooms.

Within the ROSE project DEMCON provides staff hours and laboratory facilities
for the realization of a proof-of-principle of the new locomotion system developed

http://www.controllab.nl
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in collaboration with the University of Twente (Section 1.2.1). The design and
realization of the prototype is developed in close collaboration with the Robotics
and Mechatronics research group at the University of Twente. DEMCON’s particular
interest is in developing new businesses in robotics applications.

More information: www.demcon.nl.

ESA (European Space Agency) is the European institute en-
gaged with projects in the field of spaceflight, Earth investiga-
tion, space research, and development of satellite system related
technology. ESA outsources the design and development of in-
dividual satellite systems to industrial partners located in the ESA member states.
During the realization and test phase, satellite systems are tested at the Space
Research and Technology Center (ESTEC) in Noordwijk, The Netherlands. ESA is
only engaged in civilian applications and not in any military applications.

The design of an autonomous robotic sensor for dike inspection is closely related
to the design of planet exploration rovers like the ExoMars rover. ESA is particularly
interested in the energy-efficiency of the new robotic locomotion design, since there
is only a limited amount of energy available during planetary exploration.

More information: www.esa.int.

Stichting FloodControl IJkdijk came into existence
with the merge of Stichting FloodControl and Stichting
IJkdijk in 2014. FloodControl IJkdijk is dedicated to the
monitoring of dikes using sensor technology for inspection
and review purposes. In the period 2007–2014 several
groundbreaking experiments were conducted in the field of dike monitoring us-
ing sensor technology (see also Section A.2). The goal of FloodControl IJkdijk
is to develop international marketable monitoring systems for dikes (so-called
“smart levees”) to contribute to the improvement and renovation of Dutch and
international dike management.

Robotic sensor networks fit perfectly within the scope of FloodControl IJkdijk
as an innovative sensor technology for the inspection of dikes. During the course
of the ROSE project, FloodControl IJkdijk provided access to the test facility at
Bellingwolde (Figure A.3), as well as access to information and support about
the IJkdijk. Chapters 3 and 4 present formation control algorithms for two types
robotic sensors, which are enabling the coordination of robotic sensors for dike
monitoring.

More information: www.ijkdijk.nl.

http://www.demcon.nl
http://www.esa.int
http://www.ijkdijk.nl
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SRON Netherlands Institute for Space Research de-
velops pioneering technology and advanced space instru-
ments for fundamental astrophysical research, Earth sci-
ence and exoplanetary research. The acronym originates
from it Dutch name “Stichting RuimteOnderzoek Nederland”. The institute follows
four research lines: low-energy astrophysics, high-energy astrophysics, atmospheric
composition and chemistry, and planetary research.

Regarding the ROSE project SRONs main interest lies in energy efficient for-
mation control algorithms for satellites in the light of their long term project
Far-InfraRed Interferometry (FIRI) (see Section 1.2.3). Although the FIRI project is
currently on hold, there is other start up research with small satellite systems for
atmospheric investigation which is aligned with SRON’s scientific work. Chapter 5
presents a distributed control algorithm for the orbital phasing of satellites on
circular orbits.

More information: home.sron.nl.

Technology Foundation STW is the funding agency for the
ROSE project. The acronym STW stands for foundation for
applied sciences (Dutch: “Stichting voor de Technische Weten-
schappen”). STW’s goal is to transfer knowledge between tech-
nical sciences and users from industry by funding projects which
bring the two together. The vast majority of STW research fits
within the top sectors and the strategic agendas of the Dutch
government, NWO and universities. STW’s strategy is to call for proposals from the
field, concerning innovative research with a high potential for utilization. Related
projects are combined into programs around a central subject (e.g. the ROSE
project is part of the Autonomous Sensor SYStems (ASSYS) program). Representa-
tives of the users form a user committee, which is supervising the research in the
project.

More information: www.stw.nl.

TNO stands for Netherlands Organisation for Applied
Scientific Research (Dutch: “Nederlandse Organisatie
voor Toegepast Natuurwetenschappelijk Onderzoek”).
The institute creates innovations by developing and apply-
ing knowledge for practical applications. In addition, TNO tests, certifies, evaluates
quality and sets up new companies for innovations. The research of TNO is catego-
rized according to five themes: industry, healthy living, defense, safety and security,
and urbanization and energy.

As a founding father of the Stichting IJkdijk (which merged into FloodControl

https://home.sron.nl
http://www.stw.nl
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IJkdijk in 2014), TNO has been a sparring partner in setting up the contents of
the ROSE project. TNO has provided consultation about current dike inspection
and sensor technologies, support at the IJkdijk test facility, and scientific support.
Current interest is on remote sensing technology for dikes, where no invasive
sensors are needed. An exploratory study using boreholes for dike monitoring has
been carried out in [20].

More information: www.tno.nl.

University of Groningen is represented by the research
groups Discrete Technology and Production Automa-
tion (DTPA) and Systems, Control and Applied Analysis
(SCAA) which are embedded in respectively the ENgi-
neering and TEchnology institute Groningen (ENTEG) and the Johann Bernoulli
Institute for Mathematics and Computer Science (JBI). Both research groups are
part of the Jan C. Willems Center for Systems and Control.

ENTEG is an engineering science and technology institute that focuses on a
number of processing and production sectors such as chemical processing, high
tech and discrete production, and interface industries. The DTPA group develops
quantitative and analytical theories and methodologies, based on mathematical
models for design and control of complex industrial processes and systems. Appli-
cation areas for the group are found in robotics, sensor networks, micro-assembly
systems, energy systems, mechatronic systems, semi-conductor devices, and space
systems.

The main goal of JBI is to perform performing research at a high international
level, leading to publications in international scientific journals and a steady stream
of highly qualified researchers (at PhD level) in mathematics and computer science.
The SCAA group focuses on the analysis and design of complex and heterogeneous
systems and optimization. Application areas are found in physical engineering
systems, networked systems, and systems biology.

DTPA and SCAA have a shared interest in the modeling, analysis, and design
of robotic sensor networks. The aim is to develop generic algorithms which are
not only applicable to dike inspection, but to a much broader class of applica-
tions. Furthermore the groups’ expertise on modeling, analysis, and design of
complex multi-domain systems within the port-Hamiltonian framework has a direct
connection to the content of this thesis.

More information:
www.rug.nl/research/enteg (ENTEG),
www.rug.nl/research/jbi (JBI),
www.math.rug.nl/gcsc (Jan C. Willems Center for Systems and Control).

https://www.tno.nl
http://www.rug.nl/research/enteg/
http://www.rug.nl/research/jbi
http://www.math.rug.nl/gcsc/
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University of Twente is represented by the research
group Robotics and Mechatronics (RaM), which is embed-
ded in the Institute for ICT research in context (CTIT) and
the Research Institute for Biomedical Technology and Technical Medicine (MIRA).
RaM is application oriented and has a focus on modeling and simulation of physical
systems, intelligent control, robotic actuators, computer vision and medical imag-
ing, and embedded control systems. Application area’s are in inspection robotics,
medical robotics and service robotics.

The main interest for RaM in the ROSE project is the design and realization
of a energy-efficient legged locomotion system for the mobile sensor-equipped
robot (Section 1.2.1). In close collaboration with DEMCON the aim is to realize
a prototype of the new controlled passive actuation locomotion system using the
concept of Continuously Variable Transmissions (CVT).

More information: www.ce.utwente.nl.

http://www.ce.utwente.nl




Appendix C

Experimental setup e-pucks

This appendix describes the e-puck wheeled robot and the experimental setup
which is used for the execution of the experiments in Sections 3.3, 3.5, 4.3 and 4.4.

C.1 The e-puck robot

The e-puck wheeled robot (Figure C.1) is wheeled robot developed for engineering
education at university level [79]. Due to its particular design, the e-puck can also
be used for experimental validation as in Sections 3.3, 3.5, 4.3 and 4.4.

The robot has a diameter of 75 mm and a height which varies with the (possibly)
connected extensions. The robot structure is made from only four plastic parts:
the main body, light ring and two wheels. Two stepper motors for movement are
screwed onto the main body, with the wheels directly attached to the motor axes.
The model parameters for the dynamical model (4.5) are determined by [20, 92]
and given in Table C.1.

The e-puck on-board microcontroller embeds a 16 bit processor, 8 kB of RAM

Figure C.1: The e-puck robot with (right) and without (left) data matrix for localization.
The blue dot in front refers to point (xB , yB) (Figure 4.1), while the blue dot in the center
refers to point (xA, yA). These blue dots are for illustration and are not part of the data
matrix.
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parameter SI unit value
mass m kg 0.167

moment of inertia Icm kgm2 9.69 · 10−5

damping coefficient df kg/s 2
damping coefficient dφ kgm2/s 0.2

distance dAB m 0.06

Table C.1: Model parameters for the e-puck robot [20, 92].

and 144 kB of flash memory. Each robot is equipped with several sensors, including
infrared proximity sensors, a 3D accelerometer, microphones, and a color CMOS
camera. There are several extensions available, which can equip the robot with
even more sensing capabilities (e.g. the range and bearing turret depicted in
Figure C.1 (left)). Actuation is provided through two stepper motors, a speaker,
and light emitting diodes (LEDs). Interaction between the user and the robots
is achieved by status LEDs, a connector to interface to the in-circuit debugger,
infrared remote control receiver, RS232 serial port, Bluetooth radio link, and a
rotary switch.

During the experiments the Bluetooth radio link was used to send control inputs
to the e-puck. The two stepper motors were used to move the robot around. For
more (technical) details on the e-puck robot see [79] or www.e-puck.org.

C.2 Experimental setup

The experimental setup (Figure C.2) consists of 2.6 × 2.0m table. An overhead
camera captures the robots on the table at a frame rate of 5 Hz with a resolution of
1200× 1600 pixels. A lamp with a power of 3000 Watt is used to provide a uniform
non-flashing lighting of the setup (see Figure C.2). Each e-puck has a data matrix
on top (see Figure C.1 (right)) which is used for the localization and identification
of the robots. A vision algorithm processes the images captures by the camera and
distills the ID, xB , yB-position, and orientation of the robots. The newest version
of the algorithm provides both the position of the front end as well as the center of
the robots (see blue dots in Figure C.1).

In parallel with the vision algorithm MATLAB is running to compute the control
inputs based on the localization data from the vision algorithm (see Figure C.3).
The control inputs designed Chapters 3 and 4 are than transformed into a common
(linear velocity) and differential (angular velocity) input, which are send to the
e-puck robot via the Bluetooth radio link.

http://www.e-puck.org/
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table

↑
overhead camera

lamp →

bluetooth dongle
↓

Figure C.2: Experimental setup for the e-puck robots.

Figure C.3: Computer setup running the localization algorithm, MATLAB and Bluetooth
radio link to e-pucks.





Appendix D

Complementary simulation and
experimental data

This appendix provides complementary simulation and experimental results to
Sections 3.4, 4.3, 4.4, and 4.5. The figures on the following pages are organized as
follows:

• Figures D.1 and D.2 on pages 138 and 139 complement the simulation results
of Section 3.4.

• Figures D.3 and D.4 on page 140 complement the simulation and experimen-
tal results of Section 4.3.

• Figures D.5 and D.6 on page 141 complement the simulation and experimen-
tal results of Section 4.4.

• Figures D.7, D.8, and D.9 on pages 142-144 complement the simulation
results of Section 4.5.
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Figure D.1: Time evolution of the momentum py, relative displacement zy, and control
input uy using continuous springs (complementary to Figure 3.7). The dotted lines show
the reference values.
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Figure D.2: Time evolution of the momentum py, relative displacement zy, and control
input uy using discontinuous springs (complementary to Figure 3.8). The dotted lines show
the reference values.
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Figure D.3: Time evolution of the angular velocity vφ and relative displacement zy for
formation controller (4.19) (simulation complementary to Figure 4.4). The dotted lines
show the reference values.
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Figure D.4: Time evolution of the angular velocity vφ and relative displacement zy for
formation controller (4.19) (experiment complementary to Figure 4.5). The dotted lines
show the reference values.
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Figure D.5: Time evolution of the angular velocity vf and relative distance zy (simulation
complementary to Figure 4.8). The dotted lines show the reference values.

0 5 10 15 20

−0.2

−0.1

0

0.1

0.2

0.3

ve
lo
ci
ty

v φ
[r
a
d
/
s]

0 5 10 15 20
−0.06

−0.04

−0.02

0

0.02

0.04

time t [s]

d
is
p
la
ce
m
en
t
z y

[m
]

Figure D.6: Time evolution of the angular velocity vφ and relative distance zy (experiment
complementary to Figure 4.9). The dotted lines show the reference values.
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Figure D.7: Time evolution of the velocity vy, relative distance zy and internal model
controller state θ̃y in the presence of harmonic disturbances (complementary to Figure 4.11).
The dotted lines show the reference values.
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Figure D.8: Time evolution of the velocity vy, relative distance zy and internal model
controller state θ̃y in the presence of constant disturbances (complementary to Figure 4.12).
The dotted lines show the reference values.
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Figure D.9: Time evolution of the velocity vy, relative distance zy and internal model
controller state θ̃y in the presence of harmonic disturbances when all robots are strictly
passive and Dv = 0 (complementary to Figure 4.13). The dotted lines show the reference
values.


