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Many men go fishing all of their lives without
knowing that it is not fish they are after.
— Henry David Thoreau






Abstract

Robotic animals are nowadays developed for various types of research, such as bio-inspired
robotics, biomimetics and animal behavior studies. The miniaturization of technologies
and the increase in performance of embedded systems allowed engineers to develop more
powerful, sophisticated and miniature devices. The case of robotic fish is a typical example of
such challenging design: the fish locomotion and body movements are difficult to reproduce
and the device has to move autonomously underwater. More specifically, in the case of collec-
tive animal behavior research, the robotic device has to interact with animals by generating
and exploiting signals relevant for social behavior. Once perceived by the animal society as
conspecific, these robots can become powerful tools to study the animal behaviors, as they
can at the same time monitor the changes in behavior and influence the collective choices of
the animal society.

In this work, we present novel robotized tools that can integrate shoals of fish in order to study
their collective behaviors. This robotic platform is composed of two subsystems: a miniature
wheeled mobile robot that can achieve dynamic movements and multi-robot long-duration
experiments, and a robotic fish lure that is able to beat its tail to generate fish-like body
movements. The two subsystems are coupled with magnets which allows the wheeled mobile
robot to steer the robotic fish lure so that it reaches very high speeds and accelerations while
achieving shoaling. An experimental setup to conduct studies on mixed societies of artificial
and living fish was designed to facilitate the experiments for biologists. A software framework
was also implemented to control the robots in a closed-loop using data extracted from visual
tracking that retrieved the position of the robots and the fish. We selected the zebrafish Danio
rerio as a model to perform experiments to qualify our system. We used the current state
of the art on the zebrafish social behavior to define the specifications of the robots, and we
performed stimuli analysis to improve their developments. Bio-inspired controllers were
designed based on data extracted from experiments with zebrafish for the robots to mimic the
zebrafish locomotion underwater.

Experiments involving a robot with a shoal of fish in a constrained environment showed that
the locomotion of the robot was one of the main factor to affect the collective behavior of
zebrafish. We also shown that the body movements and the biomimetic appearance of the
lure could increase its acceptance by fish. Finally, an experiment involving a mixed society of
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fish and robots qualified the robotic system to be integrated among a zebrafish shoal and to be
able to influence the collective decisions of the fish. These results are very promising for the
field of fish-robot interaction studies, as we showed the effect of the robots in long-duration
experiments and repetitively, with the same order of response from the animals.

Keywords: animal-robot interaction, collective behavior, mobile robotics, biomimetic robots,
underwater robotics, visual tracking, multi-agent system, zebrafish
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Résumé

Les robots-animaux sont développés de nos jours dans de nombreux domaines de recherches,
comme la robotique bio-inspirée, ou encore les recherches sur le comportement animal et le
biomimétisme. La miniaturisation des outils techniques et 'amélioration des performances
des systemes embarqués ont permis aux roboticiens de développer des systemes plus per-
formants, sophistiqués et miniaturisés. Le cas des robots poissons est typique d'un défi de
conception : les mécanismes de locomotion des poissons et les mouvements de corps sont dif-
ficiles a reproduire et ces systémes doivent évoluer dans |’eau de maniere autonome. Dans le
cas des recherches sur les comportements collectifs des animaux, ces robots doivent interagir
avec les animaux en générant et exploitant seulement une partie des signaux que les animaux
utilisent lors des comportements sociaux. Par contre, une fois percu par la société animale
comme des congéneres, ces robots deviennent des agents trés puissants pour I'étude du
comportement animal, car ils peuvent a la fois mesurer les changements de comportements
tout en influencant les choix collectifs de la société animale.

Dans ce travail, nous présentons des outils robotiques pour étudier les comportements col-
lectifs des poissons. Cette plateforme robotique est composée de deux sous-systémes : un
robot mobile miniature équipé de roues pouvant effectuer des déplacements rapides en
formant des groupes de robots pour des expériences de longue durée, et un leurre robotisé
capable de battre sa queue pour générer des mouvements de corps semblables a ceux des
poissons. Ces deux sous-systemes sont couplés avec des aimants, ce qui permet au leurre
robotisé d’atteindre des vitesses et des accélérations tres élevées pouvant ainsi mimer les
déplacements de poissons au sein des bancs. Un setup pour conduire des expériences de
sociétés mixtes d’agents artificiels et vivants a été concu dans le but de faciliter les expériences
pour les biologistes, et un programme a été implémenté pour controler les robots en boucle
fermée en utilisant des données extraites d’expériences en cours, comme les positions en
temps réel des poissons et des robots. Nous avons sélectionné le poisson zeébre Danio rerio
comme modele pour effectuer nos expériences afin de qualifier notre systeme. Nous nous
sommes basés sur la littérature sur les comportements sociaux des poissons zébres afin de
définir les spécifications de nos robots et nous avons effectué des analyses de stimuli pour
améliorer leurs développements. Nous avons aussi implémenté des controleurs bio-inspirés
basés sur des données extraites d’expériences avec des poissons zebres, afin de mimer leur
locomotion.
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Résumé

Des expériences impliquant un robot avec un banc de poissons dans un environnement
contraint ont permis de confirmer que le mouvement du robot est un des aspect majeur pour
affecter les choix collectifs des poissons zeébres. Nous avons aussi montré que les mouvements
de corps et 'apparence biomimétique des leurres augmentaient leur attraction. Finalement,
une expérience impliquant des sociétés mixtes de poissons et de robots a permis de montrer
que nos robots peuvent s'intégrer au sein des bancs de poissons zébres et ainsi influencer les
décisions collectives des poissons. Ces résultats sont tres prometteurs pour ce domaine de
recherche, car nous avons pu montrer ces effets sur des expériences de longue durée et de
maniere répétable.

Mots-clés : interaction robot-animal, comportement collectif, robotique mobile, robotique

biomimétique, robotique sous-marine, localisation visuelle, systeme multi-agents, poisson
zebre.
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|§ Introduction

The goal of this thesis is to contribute to the field of animal-robot interaction. Using zebrafish
as a model of a social animal that is capable of collective decision-making, and by developing
miniature robotic tools to integrate shoals of zebrafish, we aim to create mixed societies of
living and artificial agents that will provide scientists with a new framework for animal etho-
logical studies. This chapter presents the motivation behind this area of research, followed by
a description of the methodology applied. The contributions of the thesis are then presented,
followed by a detailed description of the thesis’ organization.

1.1 Motivation and challenges

1.1.1 The study of collective animal behaviors

Have you ever wondered, while walking along a lake shore, or simply when peering into an
aquarium, how fish communicate with each other and what mechanisms cause them to
aggregate and form sometimes extremely complex structures? In general, what is it that leads
social animals to interact, and how do they take collective decisions? Of course, fish are not
the only animal that can create such complex coordinated systems; it is a trait shared by most
other living organisms. These impressive phenomena have raised many questions, which are
yet to be answered.

The aim of collective animal behavior studies is to examine how local interactions between
individuals that are parts of a group can combine to produce global-level outcomes for the
animal society [Camazine et al., 2001]. Indeed, by aggregating and taking collective decisions,
animals can sometimes even solve problems that an individual could not solve alone. Ants are
a notable example of this [Detrain and Deneubourg, 2006, Czaczkes and Ratnieks, 2013]. The
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study and modeling of the collective mechanisms inside animal societies, such as the transfer
of information and exploration strategies, has even inspired an entire field of computer science
[Bonabeau et al., 1999], with new types of algorithms created to optimize complex tasks within
our own societies [Dorigo et al., 2006].

1.1.2 Fish as a model of a gregarious animal

The collective behavior of fish, in particular, has piqued the interest of scientists. Many fish
species are indeed social and can form groups that range in number from several to hundreds
of individuals, sometimes achieving complex formations. Some small species of fish are also
ideal candidates for the study of collective animal behavior, as they can easily be bred and
observed under laboratory conditions. When placed in an appropriate tank, fish will exhibit
shoaling or schooling behavior; therefore, by using appropriate tracking tools and ensuring
the right environment, it is possible to observe their behavior for long periods.

When aggregating, fish can form in general two types of structure: the shoal or the school. The
shoal is a simple grouping of fish, while the school is composed of individuals that swim in
a synchronized and polarized way [Pitcher and Parrish, 1993]. As with other animals, there
are several reasons for fish to band together [Wright et al., 2006]. First, shoaling offers some
level of protection against predators. Indeed, a group composed of several individuals can
observe the external environment more widely, and when an individual senses the presence
of a predator, it can quickly emit a signal to warn its conspecifics. This phenomenon is also
known as the many eyes hypothesis [Olson et al., 2015]. Another advantage is that it is harder
for a predator to attack a shoal than a solitary animal, due to the confusion induced by the
combined motion of many individuals. Shoaling also enhances the group’s own hunting
process, as it is more efficient to hunt within a group. Finally, it has recently been shown that
shoaling can reduce the amount of energy expended by individuals when moving; this is also
the reason why some birds fly in a V formation [Ashraf et al., 2016].

Scientists have identified certain communication channels used by fish, such as sound, body
gesture signals, chemical cues, and color changes [loannou, 2016]. It is also believed that the
fish exchange information and maintain their group formation using passive cues, based on
the movements of their neighbors, that are sent by the vision organs and the lateral line, an
organ used to sense water pressure [Dykgraaf, 1933]. However, compared to other animals,
it is still not entirely clear which communication channels are involved in the triggering of
social behavior in fish, as it has also been shown that fish can form mixed groups composed of
several species, for instance when sharing the same food diet [Pitcher and Parrish, 1993]. In
addition, the mechanism of collective decision-making and leadership in fish still requires
more in-depth investigation [Ward et al., 2013].

When it comes to studying the collective behavior of fish, one should select a good candidate
from the thousands of gregarious fish species. One fish that is commonly used as a model for
behavioral studies, as well as in other fields, is the zebrafish Danio rerio. One advantage of this
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fish is the ease of breeding under laboratory conditions. It is a freshwater fish of small size
(~40 mm standard length). As it is a species that is commonly used in research, there is a large
amount of prior literature that concerns it. The zebrafish is commonly used in behavioral
genetics, as it shows the same types of behavior as mammals, including reward behavior,
learning and memory, aggression, anxiety, and sleep. In addition, many protocols have been
developed to study the zebrafish individual and social behaviors [Norton and Bally-Cuif, 2010].
Finally, compared with fish species that swim in schools, such as tuna or pilchard, the zebrafish
swims most of the time in shoal. This makes it a good candidate to studying the collective
behavior of a group, as "schools" can almost be considered as individuals who share a common
behavior.

1.1.3 Methods of studying the collective behavior of animals

The scientific literature provides us with many examples of various mock-ups that are used
to study social communication, relationships, and structures in animal groups. The first
experiments of the twentieth century to explore these mechanisms were designed to test
just one specific behavior, such as that described by [Tinbergen, 1951], where it was shown
that animal communication can be based on simple signals and that social interaction with
animals can be established by creating specifically designed artifacts that generate and exploit
only a part of the signals that are relevant to social behavior.

In order to accomplish this, it is first necessary to acquire an adequate knowledge of the
various animal organs’ sensory capacities. Then, one should be able to set up an experiment
to determine whether the perceived stimuli generate a reaction. In his work Study of Instinct,
Tinbergen illustrates the example of the stickleback, which can be provoked using a fake fish
(Fig. 2.1), regardless of the size and shape of the fake fish, as soon as the stickleback saw that it
had a red belly, it was attacked. This is because, when two stickleback fight, both their belly
and throat turn red, which generates a reaction in the opponent. This essentially proves that
the stickleback reacts to red and appears to neglect most of the other characteristics, even if
it is known that the stickleback has very keen eyesight and is able to distinguish many other
details [Tinbergen, 1951].

To stimulate the behavior of the animal, researchers usually use simple apparatus to separate
the various stimuli perceived by the animals, as per Tinbergen’s approach, while using the
most recent technology. For instance, [Bass and Gerlai, 2008] used stimulus fish on screens
and measured the zebrafish’s response to show how the fish perceive predators differently
from harmless fish. Meanwhile, [Abaid et al., 2012b] used images animated according to
mathematical models of animal grouping and assessed the zebrafish’s response. Finally,
[Fleisch and Neuhauss, 2006] showed various apparatus used to characterize the visual re-
sponse of zebrafish.

Despite the fact that these methods can indeed trigger some specific behaviors in the animal,
they cannot support complex interactions with the animals. The idea of using agents to
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infiltrate inside the animal’s social system could be beneficial in terms of joining in with
their activities, and monitoring their behavior while also being able to adapt to the animal
under studies, in order to learn how the animals exchange information that generates changes
in behavior in various contexts. In recent years, the relevant technology has become more
advanced and affordable, and robotic devices have emerged that are capable of sending cues
to the animals, sensing their responses, and adapting to their behaviors. This dissertation
will thus demonstrate how specifically designed robots can be used for such purposes with
zebrafish.

Among the recently developed tools to study the collective behavior of fish, tracking frame-
works have also become highly accurate. Improvements to cameras, image processing, prob-
abilistic approaches, and the use of three-dimensional tracking are some of the latest ad-
vancements that have allowed researchers to track a great number of individuals within a
fish shoal. Such observations enable the automatic characterization of the fish’s orientation
and speed over time, as well as their inter-individual distances [Delcourt et al., 2013]. For
instance, [Pérez-Escudero et al., 2014] designed tools that allow the tracking of individuals
within groups of fish. Even if such software cannot yet perform individual tracking in real time,
it allows researchers to characterize the behavior of individuals inside shoals, especially when
coupled with apparatus that is able to send specific stimuli. Therefore, the current technology
permits the application of a closed-loop system that can adapt the generation of stimuli in
function of fish behavior. With this in mind, we will also present a new framework that allows
closed-loop control of robots that interact with animals and can adapt depending on changes
in the animal’s behavior.

1.1.4 A benefit for farming and ecology

Social animals can either be considered a necessity for humans, such as in the case of a cattle
herd, or a threat, as in the case of a medusa swarm. In both cases, the control and monitoring
of these groups may improve human welfare.

In the farming industry, the breeding of animals is crucial in terms of benefiting the companies,
as well as for the well-being of the animals [Munack, 2002]. The use of agents that are capable
of autonomously interacting with the animals could allow the detection of potential risks to
the health of the animal, and with the option of modifying the animal’s behavior to resolve
this issue, especially in a human society that is moving continuously towards data logging and
the Internet of Things, in which all objects are connected [Madakam et al., 2015].

If we look at the case of wild animals, fish in particular have certain sensory properties
that could benefit the entire ecosystem. Indeed, it has been shown that certain species of
fish can detect pollutants in water [Travis, 2013]. Nowadays, animals suffer greatly from
pollutants generated by humans, especially in the agricultural industry, such as shown by
[Magalh3es et al., 2007] and [Magalhaes et al., 2012]. Indeed, large corporations continue to
produce many different products (herbicides, fungicides, or insecticides) that are used by
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farmers to keep their fields in good condition, despite the fact that this contaminates the
environment that is essential for many animal species. For example, one of the major causes
of bee extinction is pollutants that bees bring back to the hive [Goulson et al., 2015]. Another
is an increase in chemical components, stemming from the products used in farming, in
rivers and lakes, which causes the death of many types of fish [Zeitoun and Mehana, 2014].
Fish could be used as ecological biomarkers for the detection of pollutants [Travis, 2013].
Indeed, scientists have observed certain changes in fish behavior in the presence of pollutants,
including in zebrafish [Giattina and Garton, 1983]. Accordingly, by having agents inserted
among animal societies, one could monitor and track changes of behavior in the animals.
Through this process, the control of the fish shoal could also be beneficial for the fish in case
of a situation in which the animals could not find a solution to avoid a polluted area on their
owns.

1.2 The field of animal-robot interaction

1.2.1 The use of robots to study collective animal behaviors

As already mentioned, in recent years, thanks to the development of technologies, especially
in the research field of robotics, sophisticated devices that able to interact with animals have
appeared. Robots do indeed offers several advantages in the study of the animal behavior
[Garnier, 2011]: they can be built and modulated as required, mainly based on the new tech-
nologies; they are physical entities, and therefore can have real physical interactions with the
animals. In addition, during the development of these robots, scientists must find the exact
communication channels that the animals use and that, for instance, trigger social behaviors
among conspecifics, and which brings benefits for our general knowledge of animal communi-
cation. Finally, robots are appropriate tools for testing models of behavior, as, in comparison
with simulators, they can reproduce the same dynamics and actions as the animals in the
environment [Krause et al., 2011].

In terms of ethics, mobile robots - robots that are capable of locomotion - are a good alternative
for studying the animals in their environment without being too intrusive. In fact, we would
probably be able to collect certain interesting information or even control animals’ actions by
plugging electrodes into animals’ brains to measure their activity, or inserting an embedded
system inside the animal [Sato and Maharbiz, 2010]. Sometimes, there are no alternatives to
the use of such intrusive devices in the performance studies into animals, however, we think
that the integrity of the animal should be preserved, and if systems that are able to study
the animals’ behavior exist to offer an alternative to intrusive systems, their use should be
encouraged over the other option.

Given the above, the use of mobile robotic devices to study the behavior of animals is in-
creasing, both to study the animals in their natural environments [Le Maho et al., 2014] and in
laboratory research. While the behavior of animals can be observed by the robots, depending
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on their design, can also be influenced by them.

In [Vaughan et al., 2000], a robotic sheepdog that was able to gather a flock of ducks was
introduced (Fig. 2.3, a). This was the first example of a robotic device exploiting and controlling
the animal behavior in a closed-loop, thanks to the Shepherd dog’s effect on the ducks. In
contrast to the research to be presented in this dissertation, the robot was not perceived as a
conspecific by the animals, but as an external agent that was able to control the behavior of
the animals.

The first project to deal with mixed animal-robot societies involving multiple robots and
animals, and where the robots were accepted by the animals as society members, was the
European project LEURRE [Halloy et al., 2007]. During this project, a mixed society of cock-
roaches and robots was created, where specially designed autonomous mobile robots were
able to interact with cockroaches, and as members of the society, could participate in social
decision-making (Fig. 2.3, b).

Following the LEURRE project, a project has dealt with mixed groups of robots and chicks
[Gribovskiy et al., 2010] (Fig. 2.3, c). In this project, it was demonstrated that robots can be
successfully socially integrated into the animal group, thanks to the imprinting mechanism,
which was confirmed by the following behavior demonstrated by imprinted animals. However,
this project did not fully succeed in closing the interaction loop between the animals and the
robots, as was achieved in the case of LEURRE. Therefore, no projects to date have successfully
created a mixed society of vertebrates with groups of robots interacting in a closed loop with
the animals.

Robotic tools are, however, widely used these days in behavioral studies of various species,
such as honeybees in [Griparic et al., 2015] (Fig. 2.3, d) and in [Landgraf et al., 2010], rats
[Shi et al., 2010], crickets [Kawabata et al., 2013], squirrels [Rundus et al., 2007], Tungara frogs
[Taylor et al., 2008], cows [Correll et al., 2008], and most likely many others, with some of them
also providing closed-loop control of the robotic agents, which allows the robot to adapt to
the animal behavior.

1.2.2 The ASSISIbf project

The work presented in this dissertation was part of the European FP7 project ASSISIbf (Ani-
mal and robot Societies Self-organize and Integrate by Social Interaction with bees and fish)
[Schmickl et al., 2013], which is the largest European project of the European Union call FO-
CAS (Fundamentals of Collective Adaptive Systems) and that received 6 million Euros for a
five years period. ASSISIbf has started on February 2013.

The main goal of ASSISIbf is to establish a robotic society that is able to develop communica-
tion channels with animal societies (in this case honeybees and zebrafish) on its own using
the same methodology that was used in [Halloy et al., 2013]. These robots will adapt thanks to
evolutionary algorithms until they have learned to interact with animals in the desired manner.
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(@) (b)

(d)

Figure 1.1: Robots designed for studies of animal behaviors. (a) The robotic sheepdog and
a flock of ducks [Vaughan et al., 2000]. (b) The InsBot mobile robot that interacted with a
society of cockroaches during the LEURRE project [Halloy et al., 2007]. (c) The PoulBot mobile
robot designed to interact with chicks [Gribovskiy et al., 2010]. (d) A stationary robotic bees
composed of different actuators and sensors to interact with honeybees [Griparic et al., 2015].

This innovative technology is aimed at laying new foundations in terms of how humans can
interact with animal societies to manage the environment. In parallel, these mixed societies of
animals and robots will represent a novel kind of bio-hybrid system, as the animals will enrich
the capabilities of the machines and vice versa.

Six partners are involved in this project: our group at the Ecole Polytechnique Fédérale de
Lausanne (EPFL, Switzerland) and a group at the University of Zagreb (Croatia) are building
the robotic devices and software tools for interacting with societies of fish and bees (Fig. 2.3,
d), respectively. Meanwhile, the University Paris Diderot (France) and University of Graz
(Austria) are performing the experiments with the living animals: fish and bees respectively.
The University of Lisbon (Portugal) is in charge of developing a multi-agent simulation tool
and conducting evolutionary computation. Finally, the company Cybertronica (Germany) is in
charge of developing some parts of the robotic bee device and modelling of collective complex
systems. Most of the work presented in this dissertation was thus made in collaboration with
various partners, especially the group from the University Paris Diderot that dealt with the
biology of fish and the development of mixed societies of fish and robots.
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1.2.3 The methodology used in this work

The study presented in this dissertation is based on the same methodology that was presented
in [Mondada et al., 2012] and used by [Halloy et al., 2007] and [Gribovskiy and Mondada, 2010].
A schematic of the methodology is presented in Fig. 1.2.

The aim of this methodology is to design robots that are capable of interacting with social
animals and participating in their social activities by forming a mixed robot-animal society.
Thus, the target of this methodology is to close the loop of interaction between the animals
and the robots. It may be noted from Fig. 1.2 that the methodology is strongly iterative, thus
each novel change in the robot design, to generate, for example, a new stimulus perceived by
the animals, should be tested with the animal group to be validated, and the analysis made
on the basis of the animal behaviors are used to improve the robot design itself and so on.
Therefore, the reader of this dissertation will encounter several of these loops throughout the
reading. We will begin the dissertation with a presentation of the robotic design and the entire
infrastructure that was built to run the experiments before the analysis of stimuli that were
conducted between the robots and animals. However, chronologically, these tests were often
overlapping.

Figure 1.2 indicates the complexity of the various steps of the methodology. In order to
summarize it, we simplify the methodology that was applied to this work in four main steps:

* First, we study and model the behavior of the animal. In particular, we examine how the
biological organization emerges, as well as the various communication channels used
by the animal to transfer information. We also specify the features that are potentially
important for the robots’ acceptance by the animals. As a result of this step, we obtain a
technical specification with which to design the robotic system.

* Then, we design a robotic system following the specifications before verify that it cor-
responds to them. As we are studying the collective behaviors of the animals, several
robots need to be designed in order to build societies of multiple robots, which should
reproduce the patterns displayed by the animal society.

* Thereafter, we conduct tests on the acceptance of the robotic devices by the animals.
We verify that the robots are triggering the social behaviors of the animals, and not other
types of behaviors, such as fear or aggression. This step includes a comparison between
a group of only animals with a group composed of robots and animals. The behavior
of the individuals should not vary drastically between the two cases, meaning that the
robots are acting like them and are integrated.

e Finally, we show that the robots are also capable of influencing the society of animals,
just as the members of the society do. While this step is closely connected with the
previous one, here we show that the robots can not only act like any member of the
animal society, but they can also play the role of leaders among the mixed group.
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In this work, we use this methodology for the design of a robotic fish and its control in a closed-
loop for interacting with the zebrafish. This involves the electronic and mechanical design of
robotic devices, the implementation of software tools to retrieve the fish’s behavior and control
the robotic devices in a closed-loop, the implementation of behavior-based controllers, and
the set-up of experiments to demonstrate the integration of the robots and their ability to
influence the collective behaviors of zebrafish.
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Figure 1.2: General methodology used for the build-up of an animal-robot mixed society
[Mondada et al., 2012]. The mixed societies can be defined as "dynamic systems, where ani-
mals and artificial agents interact and cooperate to produce shared collective intelligence"
[Mondada et al., 2012]. This methodology requires the contribution of experts in both fields,
biology and robotics, who should work in close synergy as several iterations will be needed
during the project to perfect the robotic device.

1.3 Main contributions of the thesis

This thesis is highly multi-disciplinary, as it deals with the design of robotic tools that are
intended to interact with animals. Its contributions are mainly in the fields of robotics and
biology.

1.3.1 Contributions to the field of robotics

The first contribution concerns the development of miniature mobile robots that are able to
interact with fish underwater. Due to the fact that the robots should be perceived by the fish as
conspecifics, and should reproduce the shoaling behavior of zebrafish, they should be of very
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small size, which push the miniaturization of both electronic and mechanical hardware to its
limit. The device should also be waterproof, thus special features should be created to protect
the electronics without increasing the size of the system. In terms of maneuverability, due to
the fast motion of the fish, the robot should be extremely reactive, and multiple agents should
be controlled autonomously for long periods of time. In addition, the devices are specifically
designed to be used by our colleagues in the ASSISIbf project, and probably in the continuity
of the project, thus highly robust systems, that are able to work for several years, should be
built in large quantities.

Another contribution is the development of control methods for multi-robotic agents that
should reproduce the movements of fish underwater. Biologists have already provided some
high-level models that could reproduce the trajectories of fish in groups; however, they have
never been implemented in a closed-loop in a multi-robot platform. In addition, the robotic
devices that are already in circulation often do not exactly mimic the locomotion of fish
underwater. This work will provide new control methods to make the robotic agents follow
fish trajectories, while reproducing the locomotion patterns of fish.

Finally, a software framework that integrates tracking of multiple agents and the control
of robots represents a contribution to the field of robotics, which currently has no generic
software that can be used for such purposes. By designing our own highly modular and
multi-platform software, we hope to help researchers who are concerned with the tracking
and control of multi-agent systems.

1.3.2 Contributions to the field of biology

We contribute to the field of biology by creating innovative tools for behavioral studies on
fish. During the making of these systems, we also enrich the general knowledge on how fish
interact together and how these interactions leads to shoaling and collective decision-making.

Throughout this work, we show a methodology that allows to build a system in which robots
integrate with groups of zebrafish and interact with them, which has never been achieved
before. Although this methodology is mainly based on an existing one that was applied to
generate a mixed society of insects and robots [Halloy et al., 2007], this is the first time that it
is used to build a mixed society of robots and vertebrates.

Finally, our system also offers perspectives on learning the animals’ language and behavior
through evolutionary computation. Indeed, biomimetic controllers need to be implemented
and parameterized, depending on the behavior of the fish. These parameters could be evolved
to precisely identify the change of behavior of the animal, which is allowed by the closed-loop
control of the robotic agents.
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1.4 Organization of the thesis

First, in Chapter 2, we describe the current state of the art in terms of research into fish-robot
interaction. As our solutions involve the development of miniature underwater robots, we
also include a description of the current state of the art in bio-inspired fish-robot design.

Chapter 3 presents the zebrafish, the species that was selected as a model of gregarious fish in
our study. We provide a description of the animal’s biology, and demonstrate the advantages of
using it as a model in various fields of study. We also present the facility that was constructed
to breed zebrafish in our laboratory at the EPFL, with a detailed description of the housing
aquarium conditions.

Then, Chapters 4 and 5 present the design of the two robotic devices built for this project to
study the behavior of zebrafish. Chapter 4 introduces the FishBot, a fast-wheeled mobile robot
designed to steer fish lures so that they move in shoal, while Chapter 5 presents the RiBot, a
robotic fish lure that mimics the shape ratio of the zebrafish and can reproduce its tail beating
movements. These two chapters are composed of a description of the requirements set for the
design, the dimensioning of the various hardware components, an outlining of the different
design improvements, a full description of the hardware and firmware, and a validation of the
final version under experimental conditions.

In Chapter 6, we present the experimental setup that was designed to perform automated
experiments involving mixed societies of fish and robots. We also describe the various arenas
that were built to constrain the fish in order to retrieve a clear collective choice response and
to increase the acceptance of the robot among the fish society.

The software tools to be used for the mixed society experiments, mostly for controlling the
robots in a closed-loop depending on the fish position that was retrieved using image tracking,
are described in Chapter 7. The global software architecture is described with the main
libraries upon which it depends. In this chapter, we also present all the different navigation
algorithms implemented in the various software layers to efficiently control the robots.

In Chapter 8, we illustrate the design of the controllers that mimic the fish movements. There
are two levels of controllers that are described: first, the low-level controllers that are im-
plemented at the level of the robots to mimic the locomotion patterns of zebrafish, and
second, the high-level controllers that use probabilistic models based on data extracted from
observations of the fish in the different types of arenas.

Chapters 9 and 10 demonstrate the results of the stimuli analysis that were performed as part of
the design of the robots to qualify them to perform mixed societies experiments. In Chapter 9,
we test the impact of several factors that are generated by the robots upon acceptance by
the fish, while in Chapter 10, we focus on the types of lures that can be used for this types of
research, and more specifically on the need to have lures that are equipped with actuators to
mimic the body movements of the fish.
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Then, we describe in Chapter 11 an experiment of a mixed society of fish and robots, in which
we show how the robots are integrated into the fish society and how they can influence the
collective decisions of the fish. A circular corridor is used to reduce the collective decision
of the zebrafish to a binary choice, in order to obtain a better measurement of this process.
The movements and collective decisions of mixed societies composed of three robots and
three zebrafish are compared with groups of six zebrafish in order to measure the impact of
the robots on the animal society. The results show that the robots appear to be integrated and
are able to monitor the behavior of the fish under different environmental conditions.

Finally, Chapter 12 concludes this dissertation, by summarizing the main contributions of this
work to the field of animal-robot interaction. It also describes the perspectives on the future
of the research in this field, and how the developed tools could be used for extensive behavior
studies, using evolutionary algorithms to obtain an adaptation of the various controllers and
behaviors of the robots in order for them to learn the animal’s language.
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y4 State of the art in fish behavioral
studies using robots and robotic-fish
design

2.1 Summary

In this chapter, we present the state of the art in the use of robotized fish lures for fish-robot
interaction studies and miniature bio-inspired robotic-fish designs at the time this thesis was
written. The last section will describe the position of our work compared to the current state
of the art.

Figure 2.1: Five stickleback lures, one mimicking the stickleback accurately (N) and four
lacking many of the fish characteristics (R) used by Nikolaas Tinbergen in the first half of the
20th century for his research on animal behavior [Tinbergen, 1951].
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2.2 Introduction

In order to study the collective behaviors of the zebrafish, a complete framework needed to be
designed, essentially including robots, controllers and software tools. Indeed, since the work
of the pioneers of ethology, who began studying animal behavior in the early twentieth century,
the required infrastructure has become more complex. We already mentioned, for the case
of behavioral studies on fish, the types of lures that were used in [Tinbergen, 1951] to study,
for instance, the communication channels used by the stickleback when fighting (Fig. 2.1).
Since then, researchers have started to design robotized lures that are able to generate specific
behaviors, sometimes reacting to the animal behavior in a closed-loop control. We will list
in Sec. 2.3 the different solutions that can be found in the literature concerning the lures
designed for fish-robot interaction studies.

As the aim of this study is to design robotic agents that are perceived by zebrafish as con-
specifics, the robots might also need to provide some biomimetics cues, such as activated
body parts. We will also mention in Sec. 2.4 some of the existing designs of bio-inspired fish
robots.

2.3 Robotized fish lures for behavioral studies

In the past decade, researchers in the field of animal-robot interaction have tried to extend this
field to gregarious fish. The challenges of designing robots that have to mimic fish behaviors
and visual aspects, while operating underwater, did not stop the scientists, and several groups
have thus started to build their own devices. A table summarizing these studies with some key
characteristics is presented in Tab. 2.1, but we will start by first describing the studies in more
detail.

In [Abaid et al., 2012a], [Aureli et al., 2012] and [Butail et al., 2014b], the authors observed the
zebrafish response to a robotic fish (Fig. 2.2, ). This robotic fish, whose preliminary design
is described in detail in [Kopman and Porfiri, 2013], which had the same size ratio as the
zebrafish, was attached to a moving device on top of a tank, and its speed, tail beating and
coloration could be varied. In [Phamduy et al., 2014], a study measured the preference of
fertile female bluefin killifish (Lucania goodei) for a robotic replica, whose aspect ratio, body
size, motion pattern, and color were inspired by an adult male killifish, using a robotic platform
specifically designed to simulate the typical courtship behavior observed in male killifish.
In [Bartolini et al., 2016], a robotic arm was used to move a lure made of a shoal of zebrafish
replicas in order to characterize the effect of body size on the social behavior of zebrafish.
Another study in [Donati et al., 2016] used a robotic arm to steer a robotized dummy fish
equipped with a moving tail that was able to generate electrical stimuli to attract shoals of
weakly electric fish Mormyrus rume (Fig. 2.2, f).

In [Abaid et al., 2013], [Butail et al., 2013] and [Butail et al., 2014b], the same robot presented
in [Kopman and Porfiri, 2013] was used, but this time self-propelled. This solution allows
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more robots to be moving in shoal, although the robots do not reproduce the same swimming
dynamic as the zebrafish.

In [Faria et al., 2010], the authors used a two-dimensional moving platform underneath a tank
to transmit the two-dimensional motions to a lure inside the tank. This allowed reproduction
of the fish trajectories and locomotion patterns; however, this type of platform did not allow
multi-robot experiments.

In [Marras and Porfiri, 2012], [Landgraf et al., 2013], [Landgraf et al., 2016], [Swain et al., 2012]
and [Worm et al., 2014], a passive lure attached to a support was moved using a mobile robot
below the aquarium and controlled using tracking software. This solution allows for multi-
robot experiments, with individual robots able to mimic the fish trajectories. If we look more
closely into the mobile robot design, in [Landgraf et al., 2013], the mobile robot is composed of
an Arduino board, a LiPo battery, and two DC motors, and was developed to move a replica fish
through magnetic coupling in order to be accepted by a school of guppies (Fig. 2.2, a-b). An-
other similar system for moving a lure inside an aquarium is presented in [Swain et al., 2012],
who used an existing mobile robot, the MiaBot (Merlin Systems Corp, UK), to move the lure
inside the aquarium in order to analyze the interactions between predator and prey in small
species of fish (Fig. 2.2,d-e).

While these different studies demonstrated the potential to develop artificial devices that are
able to interact with fish, there is no solution involving an active robotized-lure with a size
close to the size of the fish that can reproduce the pattern motion of the fish and autonomously
move in an aquarium to integrate a fish shoal. The fact that in this work we target the creation
of a mixed society of fish and robots, in which the robots interact with the fish in a closed-loop
implies the design of specifically dedicated robotic devices and software tools in order to
achieve our objectives.

2.4 Bio-inspired miniature robotic fish

As mentioned in the previous section, some groups are working on the development of
actuated robotic fish for behavior studies with fish. Here, we will provide a short overview of
some existing robotic fish platforms that could be used for this purpose.

Most of the existing robotic fish platforms are dedicated to bio-inspired robotic research
[Du et al., 2015][Bandyopadhyay, 2005]. There are often new techniques proposed for the
actuation of the fins; for instance, in [Wang et al., 2008] and [Chen et al., 2010], shape-memory
alloys and electro-polymers are used respectively to actuate the fins.

A group has also worked on the design of an autonomous soft robotic fish [Marchese et al., 2013]
(Fig. 2.3, d).Their 34-cm long robot was self-propelled and able to reproduce the tail motion of
fish effectively. However the robot is still too large for studies with small species of fish.

In [Takada et al., 2010], a robotic fish 10 cm in length was designed with a DC motor to actuate
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®

Figure 2.2: Robots designed for behavioral studies of small species of fish. (a) Commercialized
mobile robot MiaBot that can steer fish lures (b) inside a tank to study the behavior of golden
shiners [Swain et al., 2012]. (c) A robotic fish lure that can beat its tail to mimic the body
movements of zebrafish. The lure is attached to a robotic arm that can move it underwater
[Polverino et al., 2012]. (d) Robofish mobile robot specifically designed to steer a lure (e) inside
a tank in order to study the behavior of guppies [Landgraf et al., 2013]. (f) An actuated robotic
fish able to emit electric signals for social interaction with weakly electric fish Mormyrus rume
[Donati et al., 2016].

the tail. The robot was also powered using fuel cells, targeting long duration autonomous
exploration in flooded areas (Fig. 2.3, c). This robot provides an interesting low-scale design,
but, as far as we know, no further developments were made on this design since several years.

Some commercialized robotic fish have also appeared in recent years. For instance the
Robofish toy (Zuru, China) is very popular and was the fastest selling toy in 2013 [Rob, 2013].
This robot is composed of a battery, an electro-magnet to actuate the caudal fin and some
miniature electronics (Fig. 2.3, a).

Another example of a commercialized robotic fish is the Jessiko (Robotswim, France) [Jes, 2016]
(Fig. 2.3, b). Robotswim is a start-up created in 2009 with the main goal to bring artificial life
into aquariums and pools. Jessiko is 22 cm long, can reach speed up to 20 cms™! and can form
swarms based on knowledge of the other robots’ position. It is composed of two actuators, the
beating tail and a flap near the fish head. A sophisticated tracking system with receiver located
on the corner of the aquarium allows a closed-loop control in positioning the robot swarm.

Unfortunately, the scales and dynamics of these products and these prototypes are an issue for
this project, as they do not reach the average size and typical motion of the zebrafish. However,
these designs suggest interesting approaches for the conception of robotic fish.
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(b)

(© (d)

Figure 2.3: (a) Robofish toy. This robot is equipped with small batteries, a motor composed
of a coil and a magnet, and a small electric circuit. It is able to beat its tail with different
frequencies. The robot can move autonomously, but its motions are not controlled in a closed
loop. (b) Jessiko robot designed mainly for entertainment that can move autonomously in
all directions. (c) A 10-cm long fish robot equipped with a DC motor to actuate the tail and
powered by fuel cells [Takada et al., 2010]. (d) A robotic fish that can move autonomously
underwater by reproducing fish body motions [Marchese et al., 2013].

2.5 Our contribution to the state of the art

Concerning the fish-robot interaction studies, there are currently no groups that provide a
solid multi-robot platform for the study of mixed societies of fish and robots. The authors in
[Landgraf et al., 2013] and [Landgraf et al., 2016] claimed that their platform allows the simul-
taneous operation of multiple robots; however, none of their experiments were performed
using multiple robots. The system of [Landgraf et al., 2013] and [Landgraf et al., 2016] also did
not allow long duration experiments due to the fact that the battery onboard the robot needed
to be changed. The robotic system provided by the group of Porfiri [Kopman and Porfiri, 2013]
did not allow a shoal of multiple robots to follow a fish shoal. While the robotized lures showed
promising results, however, their size and their biometrics cues are not enough similar to
zebrafish in our opinion.

In parallel to the development of the hardware, different approaches have been proposed to
control the movement of the robotic fish used in behavioral studies (see Tab. 2.1). Most of these
approaches involve a predetermined trajectories without taking into account the response of
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the fish. Such methods are relevant to investigate the preferences of fish for particular features
but cannot be applied to integrate a shoal of fish with an artificial agent. On the other hand,
closed-loop interactions that use the current positions of the fish to determine the next move
of the robots have also been used for self-propelled robots but mostly for fish lures moved
by small robots under the tank. This method requires the tracking in real-time of the agents
(fish and robot) and a decision-making algorithm to control the trajectory of the robots. In
the experiments reported in the literature, the robots using such a closed-loop control are
programmed to follow the centroid of the group of fish or, in a more advanced version, to
follow the centroid then aim towards a specified target [Landgraf et al., 2016]. However, this
algorithm does not ensure that the robots will join and follow the group of fish, as the robots
need to anticipate the future position of the fish; otherwise, it will mostly be delayed compared
to the collective movements of fish.

Table 2.1: Recent works using biomimetic robots to study the behavior of fish. We classified
the studies according to the techniques used to move the lure, the behaviors of the robot, if
the robot is control in open or in closed-loop, the shape of the lure and the number of lures
tested at the same time in an experiment.

Lure motion Study Robot’s behavior Robot’s control ~ Shape oflure ~ Nb of lures

Robotic [Phamduy et al., 2014] Fixed pattern open-loop Biomimetic 1
arm [Polverino and Porfiri, 2013b] Fixed pattern open-loop Biomimetic 1
[Polverino and Porfiri, 2013a] Fixed pattern open-loop Larger Size 1
[Abaid et al., 2012a] Fixed pattern open-loop Biomimetic 1
[Butail et al., 2014a] Fixed pattern closed-loop Biomimetic 1
[Ladu et al., 2015a] Fixed pattern open-loop Biomimetic 1

[Ladu et al., 2015b] Fixed pattern open-loop Biomimetic 4 fixed
[Polverino et al., 2012] Fixed pattern open-loop Larger Size 1
[Spinello et al., 2013] Fixed pattern open-loop Larger Size 1

[Bartolini et al., 2016] Fixed pattern open-loop Biomimetic 4 fixed
[Donati et al., 2016] Fixed pattern open-loop Biomimetic 1
Self- [Abaid et al., 2013] Fixed pattern open-loop Larger Size 1
propelled [Butail et al., 2013] Fixed pattern open-loop Larger Size 1
[Butail et al., 2014b] Fixed pattern closed-loop Larger Size 2
Mobile [Faria et al., 2010] Fixed pattern open-loop Biomimetic 1
robot [Swain et al., 2012] Centroid Following closed-loop Biomimetic 1
[Landgraf et al., 2013] Centroid Following closed-loop Biomimetic 1
[Landgraf et al., 2016] Centroid Following closed-loop Biomimetic 1

Concerning the development of a small robotic-fish device, there are currently no groups
working with fish-like robots within the size range of zebrafish. Also, the current technology
seems to not allow the development of a miniature and autonomous robotic fish with the
same size range as zebrafish.

Thus, due to the state of the art at the beginning of this dissertation, in order to achieve the goal
of this thesis, which is to realize experiments with mixed societies of zebrafish and robots, we
decided to create our own robotic device and control infrastructure to achieve a closed-loop
control of multiple robots, following models that reproduce the fish shoaling movements
and locomotion patterns. This will contribute to fill a gap in the state of the art in fish-robot
interaction studies.
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3.1 Summary

This chapter introduces the model organism that was used in the presented work, i.e, the
wild-type AB zebrafish Danio rerio. We will first present the main biological characteristics
of the zebrafish and explain why it is widely used nowadays as a model animal in different
scientific topics. Some descriptions of the zebrafish behavior observed during this study inside
our experimental infrastructure and the facility created to house zebrafish in our laboratory
will also be shown.

Figure 3.1: One of the wild-type zebrafish Danio rerio that was raised and used for experiments
in our laboratory during this research
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3.2 The zebrafish biology

There is a lot of literature on the biology of the zebrafish, but perhaps one of the most complete
and famous references is the work of Rowena Spence, which studied many aspects of the
zebrafish in its wild life conditions [Spence et al., 2008]. First, the zebrafish is a freshwater fish
that originated in the southeastern Himalayan region, mostly found in freshwater ponds and
small canals in countries such as India or Bangladesh. It is a very robust fish that can adapt to
many types of water conditions, with temperatures from 6 degrees in winter to 38 degrees in
summer. Zebrafish are omnivorous and live in groups both in their natural environments and
in laboratory conditions. Female zebrafish can lay about 100-200 eggs every two or three days.
Individuals rarely exceed 40 mm in standard length (from the tip of the snout to the origin of
the caudal fin).

3.3 The zebrafish as a model vertebrate

One of the pioneer in the use of zebrafish as a model in scientific researches was George
Streisinger [Streisinger et al., 1981]. Legend has it that in his laboratory at the Institute of
Molecular Biology in the University of Oregon (USA), Streisinger had a huge aquarium com-
posed of several species of freshwater fish. One day, he left for the holidays and forgot to ask
someone to feed and take care of the animals during his absence of several weeks. When he
came back from holidays, he found all the fish dead in the aquarium, except for the zebrafish,
which survived. He realized that this fish was thus robust enough to be used in research and
decided to orient his genetics studies mostly on the zebrafish. He established the first protocol
on zebrafish scientific studies, and several years later, his first publication on his success in
cloning the zebrafish came out [Streisinger et al., 1981].

Since the work of Steisinger, the zebrafish has become a common model organism in genetics
[Norton and Bally-Cuif, 2010]. In 2013, the zebrafish genome was fully sequenced to serve as
areference tool for biologists [Howe et al., 2013].

3.4 Stimuli perceived by the zebrafish

The zebrafish possess the same sensory organs as most of the Teleost fish: smell, taste, vision,
audition and mechanosensation [Perry et al., 2010]. The mechanosensing is done through
the lateral line, an organ specific to the fish that is sensitive to mechanical stimuli, such
as water movements, and can help the fish detect the motions of prey, predators, and also
conspecifics [Dykgraaf, 1933]. It is also suggested that the shoaling behavior of teleost fish
is mostly done using the sensory information from the vision organ and the lateral line
[Pitcher and Parrish, 1993]. Other sensing organs are used for other activities such as repro-
duction, food foraging, etc. [loannou, 2016]. Thus, in our specific case, as we need to design
a robot that can be perceived as a conspecific inside of a group, it should generate mostly
similar stimuli as those perceived by the vision and lateral line organs of fish.

20



3.5. The advantage of using zebrafish compared to other animals

3.5 The advantage of using zebrafish compared to other animals

The zebrafish is not only a very resistant and easy to breed fish; it has also many other advan-
tages that make it an interesting model organism for scientific studies, especially in develop-
mental genetics and physiology.

¢ A vertebrate: The zebrafish is a vertebrate and thus shares about 70% of its genetic
material with humans [Howe et al., 2013].

¢ External embryo development: Unlike the mouse or some other laboratory animals, the
zebrafish embryo develops inside eggs fertilized outside the parents, and the eggs can
be collected few seconds after fertilization, and the entire embryo development can be
observed.

* Transparent embryo: On the first days of the embryo development, the cells are trans-
parent. The pigmentation appears later in the development, and thus the organ devel-
opment can be observed using markers, as shown in Fig. 3.2.

e Large number of embryos: One female can lay between 100 to 200 eggs per mating, and
thus the number of samples is more than 10 times larger than for mice; moreover, the
female is able to lay this amount of eggs every 2-3 days.

¢ Embryos are easy to manipulate: The egg is quite robust and easy to manipulate with a
pipette or other tools.

¢ Cost/animal: Zebrafish can be raised inside rather small aquariums that can afford a
large density of animals inside the laboratory. They are easy to breed because males and
females can be raised together. They are also very robust and do not require a particular
diet.

* Regenerative properties: Some parts of the zebrafish can regenerate, which is not the
case in many other animal species, such as humans. For instance, zebrafish that are
blinded can recover their vision after a few months [Gemberling et al., 2013], the heart
of zebrafish will regenerate even after burns in some areas as shown in [Poss et al., 2002]
and [Chablais et al., 2011], and the tail will regenerate after being cut [Poss et al., 2003].

3.6 Zebrafish collective behavior under laboratory condition

Our study involves experiments with mixed societies of robots and zebrafish under laboratory
conditions. In the past decade, the collective behavior of zebrafish under laboratory conditions
has been the subject of several studies. The zebrafish is a social species that prefers to swim in
groups and shoal most of the time. This shoaling behavior is believed to be innate and starts
soon after hatching [Spence et al., 2008].
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Figure 3.2: Cells traceability using the zebrafish during embryonic development. Zebrafish
eggs were collected right after fertilization. An mRNA marker was injected into one cell a few
hours post-fertilization, when only four cells could be identified on the eggs. These pictures
were taken one day after the injection. In both pictures, the marker can be identified, which
helps us to trace how the injected cell developed inside the embryo. These experiments were
performed at the University of Geneva in the department of genetic medicine during a class
on the housing and care of laboratory animals.

It has been shown that shoaling decisions in fishes often depend on the phenotypic char-
acteristics of group members (such as body size or color), as shown in [Hoare et al., 2004]
and [Wong and Rosenthal, 2005]. For the case of zebrafish, experimental results have demon-
strated that individuals show preferences towards their own conspecifics, with the color, body
shape and stripes playing an important role, as demonstrated in [Rosenthal and Ryan, 2005]
and [Saverino and Gerlai, 2008]. However, it is also known that some gregarious fish can form
mixed groups composed of different fish species [Pitcher and Parrish, 1993], when they share
the same food diet [Kleinhappel et al., 2016]. Although this effect has never been tested with
zebrafish, it may not be crucial to create an exact zebrafish replica in order to have an infiltrated
agent inside the fish shoal.

Under our laboratory conditions, in the setups that will be described in further chapters
composed of a white background and walls to constrain the motion of the fish, the zebrafish
usually tend to follow walls in open area and aggregate under floating devices, as demonstrated
in [Séguret et al., 2016] and [Collignon et al., 2016]. In the case of a constrained area, such as
corridors 10 cm in width, they tend to swim fast along the corridor to reach its end, and, in the
case of an infinite corridor, they sometimes make U-turns. Regarding the shoaling behavior,
we observed that the zebrafish always have the tendency to stay in group; however, depending
on the number of individuals and the size of the arena, the homogeneity of the shoal may vary,
with, for instance, fish in experiments with more than 10 individuals sometimes forming two
or more shoals.

Recent studies have also shown that the strain of the zebrafish can also affect the collective
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behavior of the zebrafish shoal in environments composed of an open tank with landmarks
where the zebrafish generally aggregate [Séguret et al., 2016]. In the work presented in this
study, we will show only results of experiments with the same strain of zebrafish (AB). However,
the collective behavior observed in this study might not be reproducible depending on the
strain of zebrafish used.

3.7 Zebrafish at the EPFL

For the experiments performed, we used in total 110 wild-type AB zebrafish Danio rerio, with
short fins. These zebrafish were acquired in a pet shop and were stored in two 60-liter housing
aquariums (Fig. 3.3). The average total length of our zebrafish was 40 mm. We kept the fish
under laboratory conditions: 27°C, 500 uS salinity with a 10:14 day:night cycle. The fish
were fed twice a day using a food distributor with commercial food. The water pH level was
maintained at 7.5, and Nitrites (NO~2) were below 0.3 mg/l. The zebrafish were raised in a
room separated from the one in which the experiments were conducted.

It was demonstrated that the zebrafish have a preference for enrichment, with an increase
of their social behavior [Schroeder et al., 2014]. Thus, we added enrichment in the housing
aquarium that consisted of plastic plants, cladophora balls, gravel, rocks and aquatic snails.

Figure 3.3: Fish facility in our research laboratory. Two 60-liter tanks were used to host the
zebrafish. The enrichment consisted of plastic plants, cladophora balls, gravel, rocks and
aquatic snails
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3.8 License

Most of the experiments involving zebrafish that are described in this work were performed in
our laboratory at the Ecole Polytechnique Fédérale de Lausanne in Switzerland. They were
conducted under the authorization N°2778 delivered by the Department of Consumer and
Veterinary of the Canton de Vaud (Switzerland) after submission to the state ethical board for
animal experiments.

Some experiments were performed by our partners in the ASSISIbf project at the University
Paris Diderot (France). They were conducted under the Buffon Ethical Committee (registered
to the French National Ethical Committee for Animal Experiments #40) after submission to
the French state ethical board for animal experiments.
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4.1 Summary

In this chapter, we present one of the two robotic devices that was developed during this thesis:
the FishBot, a miniature wheeled mobile robot, which main purpose is to transmit motion to
a fish lure inside an aquarium.

We will first describe the requirements that were set to perform biological studies with zebrafish
involving this robot, then show the different solutions and versions of the robot that were
developed throughout this thesis and, finally, the validation of the robot’s final version to
perform the experiments with zebrafish.

This chapter is based on the publication Development of a Mobile Robot to Study the Collective
Behavior of Zebrafish [Bonnet et al., 2012] and partly on the publication A Miniature Mobile
Robot Developed to be Socially Integrated with Species of Small Fish [Bonnet et al., 2014] with
slight modifications to fit the present dissertation.

Figure 4.1: The FishBot, a miniature wheeled mobile robot that is able to steer lures so that
they achieve fish movements and shoaling underwater, while being continuously powered.

25



Chapter 4. FishBot, the fast miniature wheeled mobile robot

4.2 Requirements and general descriptions

The design of a robot dedicated to experiments with animals have to originate from relevant
sensory modalities and behaviors of the animal under study [Mondada et al., 2012]. Hence, a
good understanding of animal biology and behaviors, both on the individual and collective
levels, must precede the robot design process.

As it was previously mentioned, one of the main requirement for this thesis was to design a
robot capable of interacting with zebrafish. There were two types of requirements for such
experiments, the ones that were set by the animal itself, as our robot had to mimic several
physical aspects of the animal under studies in order to be perceived as a conspecific, and
also the ones that were set by the experimenter that would use the device to perform the
experiments involving living animals; these experiments were driven by certain protocols that
were set by biologists in order to obtain very robust measurements.

4.2.1 Biological specifications

A list of specifications was created at the beginning of the project for the robotic fish lure. The
specifications were based on the existing scientific literature on zebrafish and observations
made on our own animals. For instance, thanks to the tracking system that will be further
described (see Chap. 7), we could extract the individual speed and acceleration of our own
zebrafish to adapt the specifications of our design during the development phases of the
robots.

Based on all these metrics, we drew up the following specifications for the first version of the
robot:

¢ Dynamic: The robot should have the following dynamic capabilities: a maximal speed
of at least 0.5 ms~! and maximal acceleration of 2 ms~2. The speed and acceleration
parameters were selected based on the available experimental results obtained with our
own animals.

e Size: The dimensions of the robotic fish should correspond to the dimensions of the real
fish: total length 45 mm, maximum body height 10 mm, maximum body width 5 mm.
The robot had to be designed taking into account that it would be used in experiments
involving multiple robots, where robots can approach each other very closely (1-2 cm).
The robot should also have a visual appearance as close as the one of a zebrafish.

* Communication: The robots have to provide wireless communications so that their
behaviors can be modified and automatically adapted during an experiment. Indeed,
the robot should be control in a closed-loop while adapting to the fish behavior using
computationally intensive models, thus the control would not be fully embedded on
the robot.
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¢ Long-duration experiments: The behavior of zebrafish varies overtime, as it was ob-
served in our own experiments. For instance, when placed into a new environment, the
zebrafish could show stress behavior during several minutes. This behavior will then
disappear and followed by an exploration of the environment. In Chap. 2, we showed
that most of the researchers in this field are measuring the effect of lures on the zebrafish
behavior using experiments relatively short in time, which is partially due to the low
autonomy of the robotic system. Thus, a system able to work continuously over long
periods of time could be beneficial for the biologists. It was set as a requirement for our
robotic system to be able to work continuously without any human interventions.

4.2.2 Solutions summary

Of course, the immediate reaction of an enthusiastic engineer in robotics would be to design
a small autonomous underwater biomimetic robot able to reproduce fish locomotion to
follow them thanks to a closed-loop control. Unfortunately, even though we did not lack
of enthusiasm at the beginning of the project, we realized that, during the time this work
was done and due to the specifications, this was not achievable. Indeed, in terms of speed
and acceleration required, it would not be possible to design with the current technology an
autonomous robotic fish with the required size that could be controlled in a close-loop to
achieve such movements autonomously in the water. Therefore, we decided to start with the
design of a robot moving outside an aquarium.

The external robot needed to provide very dynamic movements in order to mimic the ones of
the zebrafish. The use of wheels instead of other types of locomotion modes was the most ev-
ident solution for this, as it is possible to create a shoal of robots moving autonomously
in different directions. Indeed, the solutions that are suggested in [Faria et al., 2010] or
[Kopman and Porfiri, 2013] using two-dimensional moving platforms or robotic arms were
not convenient for multi-robot experiments.

As the zebrafish almost never produce lateral displacements as it will be demonstrated in
Chap. 8, anon-holonomic locomotion for the wheeled robot was acceptable. Thus, we selected
a two-wheel differential-drive configuration with two additional ground contact points used
for stability. Such a configuration offers a high maneuverability to the robot which can also
rotate while staying at the same position, as the zebrafish do. The robot would be magnetically
coupled with a module moving in the water, and the movements produced by the robots would
be transferred to this module so that it mimics the zebrafish movements underwater (Fig. 4.2).
This solution allowed the robotic system to achieve the required speed and acceleration,
thanks to the robot moving outside the aquarium, while having a lure inside that could have
the same size and visual appearance as the zebrafish.

This chapter will describe the wheeled mobile robot that was design to move outside the
aquarium: the FishBot. The design of a robotic lure that can be magnetically coupled with the
FishBot and that can also reproduce the body movements of zebrafish inside the aquarium
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will be described in the next chapter (Chap. 5).

4.3 Actuation of the first FishBot version

To select suitable motors for the robot, we estimated the required rotation speed w,, and
torque T, as

F-R
Ty = —, (4.1)

2r

rV; 4.2)
Wiy = R .
m R

where F, is the force needed to accelerate the robot at the maximal acceleration (2 ms™2), Ry,
is the radius of the wheels, r is the reduction between the motors and the wheels and V; is the
maximal speed (0.5 ms™).

aquarium floor

Figure 4.2: Diagram of forces acting upon the mobile robot FishBot and the fish replica
module when the robot accelerates. Drag forces F; ,, and F, ; act upon the fish replica and
upon its base, and friction forces F¢ , and Fy,, are exerted by the tank floor on the base of the
fish replica module and by the floor on the ground contact points of the mobile robot.

The forces acting upon the system when the robot accelerates are represented on Fig. 4.2.
Hence, the force F, needed to accelerate the robot is

Fr:Ma+Ff_b+nyr +Fd,m+Fd,b’ (4.3)

where M is the mass of the robot and the fish replica module together that was estimated at
180 grams. The friction forces (Ff; and Fr,;) have been estimated using the static friction
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4.3. Actuation of the first FishBot version

formula Fy = s P, where P is the weight of the body and p; the static friction coefficient. The
drag forces (Fy ;,, and Fj ;) on the fake fish and the mobile robot have been computed as

V2
F;= ch(pTo). (4.4)

where A, p and V; are the drag area, fluid density and free-stream velocity measured relative to
the object, respectively. The drag coefficient C; has been estimated using engineering tables
from [Crowe et al., 2010].

Two DC motors (Maxon, Switzerland) were preselected due to their small diameter (8 mm) and
high nominal torque (0.616 mNm). The magneto resistive encoders of these motors (Maxon
encoder MR Type S 100CPT) provide 6400 position readings per wheel’s round thanks to the
16:1 reduction ratio, which guarantees a good precision for speed and position control. Maxon
16:1 reduction ratio gearboxes (Maxon Planetary Gearhead GP 8A 16:1) were combined with
the motors to multiply their torque and a wheels’ diameter of 20 mm was chosen in order to
obtain the best trade-off between the maximal torque T, and the maximal rotational speed
., of the wheels in order to achieve the required movements.

As it is shown on Fig. 4.3, bevel and spur gears were used to transmit the motion to the wheels.
Once all the components were selected, we did an estimation of the final torque taking into
account yield and inertia of the transmission in order to validate the choice of the motors,
gears, wheels diameters and transmission.

We used the following relation between the torque T, inertia of the wheel Iy, and angular
acceleration a,, of the wheels:

T=Irway 4.5)

Here, the inertia seen from the wheel Iry is computed using all inertia and yield of the
transmission

Irw = Ly +nrnpnsr? In + nenpnsr Ir + npnsIp + sl (4.6)

where I, I, Ir, I, and I; are the inertia of the wheel, motor, gearbox, bevel gear and spur
gear respectively. g, 15, and 7 are the yield of the gear, bevel gear and spur gear respectively,
and r is the gearbox reduction. We assumed here that the robot’s wheels do not slip on the
ground.

We could then obtain the angular acceleration a,, of the wheels:

_ IMeNpNs T — Tw

4.7)
Irw

w
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Chapter 4. FishBot, the fast miniature wheeled mobile robot

where T, and T, are the torque of the motors and wheels, respectively.

This estimation showed that the mobile robot could theoretically move the fish replica module
with a maximum speed of 0.87 ms~! and acceleration 5 ms~? at the motor nominal voltage of
6V, thus validating the choice of the motors and the transmission.

Figure 4.3: Design of the first version of the FishBot. Left: the FishBot seen from the side with
its Printed Circuit Board (PCB) (in green) mounted. Middle: sectional view of the FishBot.
Right: View of the transmission of the FishBot with bevel gears that were used for the transmis-
sion between the vertical motors and horizontal axes, and spur gears were used to transmit
the motion to the two independent wheels. (a) Assembly of the motor, the gearbox and the
encoder. (b) Bevel gears. (c) Spur gears. (d) Wheels. (e) Infrared proximity sensors. (f) Skates.
(g) Magnets.

4.4 Design and tests of the first FishBot version

We designed a first version of the FishBot (Fig. 4.3) integrating the motorization described in
the previous section. Using this version, we ran a series of tests in the experimental tank that
will be described in Chap. 6. Results of a sample test are presented on Fig. 4.4. Noise on data
has been decreased using a Savitzky-Golay filter. In this test, the robots was programmed to
reach the speed of 0.6 ms~! with the shorter amount of time as possible.

As we can see from Fig. 4.4, the lure steered by the robot was able to achieve a speed of 0.57
ms~! with the peak acceleration equal to 1.8 ms™2. The demonstrated values were close to the
ones of our own living zebrafish, and, as we can observe, the achieved speed even exceeds the
ones required. The acceleration value was 10% lower than the one defined originally in the
specification. This was due to the current settings of the motor controllers that limited the
maximum current in the motor to prevent overheating. However, in general, the motorization
based on the Maxon DC motors and encoders was validated for the FishBot.
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Figure 4.4: Speed and acceleration profiles of the first version of the FishBot.

4.5 Design history

Although some concepts of the first version could be validated, its major problem was the
stability. Most of the structure was made of plastics, thus the center of mass of the robot was
located too high. Additionally, the width of the wheels was too thin, thus most of the time,
when reaching high speeds, the robot would fall during turns. Another issue was the robot’s
powering, which was made through cables. Thus, we designed new versions to integrate
improvements in order to correct these issues.

Figure 7.13 shows the four designed versions of the mobile robot FishBot. A second version was
designed involving a robot that was moving directly on the aquarium (upside down compare
to the first version), using the magnetic attraction with the lure module to compensate the
gravity force. The wheels were also shifted with an offset from the center, in order reproduce
the dynamics more similar to the one of the zebrafish, and also to avoid the use of one level of
spur gears inside the transmission. Poor results regarding the motion control of this version
were obtained, mainly because the magnetic attraction forces were either too high which
involved to much friction during the motion or too low which led to a poor stability of the
robot. Therefore, the solution of having the mobile robot directly moving on the aquarium
was abandoned for further versions. However, the powering of the robot using two electric
conductive plates and brushes was tested on the second version, and it was demonstrated that
the robot could be used for long experiments without any human intervention. This system
was kept for the next versions. This powering system will be explained in detail in Sec. 4.6.2.

For the third version, the robot configuration was similar to the first version with the two
wheels centered and the robot moving on a plate located under the aquarium. The structure
with a chassis made of brass, which heavy mass lowers the robot’s center of mass, guaranteed
a better stability. The third version had the same transmission system as the first version.
This third version offered very acceptable results in terms of dynamics and reliability, with
experiments performed without any major failures of the robots. Two robots of this version
were built, one for tests performed at the EPFL and one for the experiments in Paris. The
latter was used as a demonstrator during the first Review Meeting of the ASSISIbf project at
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Chapter 4. FishBot, the fast miniature wheeled mobile robot

the end of March 2014, which could demonstrate that this robot can be used for experiments
of interaction with zebrafish. These robots were tested during hundreds of hours. They were
used to perform for instance the experiments in [Bonnet et al., 2014] involving a robot moving
among a small shoal of zebrafish that will be described in detail in Chap. 9.

Despite the very promising results obtained with the third version, several improvements,
such as the size of the robot, production costs, reliability and user-friendliness had to be done
on the mobile robot to obtain a version that could be easily produced in the perspective of a
large production and easier maintenance that was required for the ASSISIbf project. Therefore
came a fourth version of the robot, which is still the current version and the last one that will
be developed in this project.

(a) ) © ()

Figure 4.5: Design history of the FishBot mobile robot’s versions. a) Version V1.0 prototyped
in 2011. b) and c) respectively V2.0 and v3.0 built in 2013. d) the version V4.0, which is the
current version of the robot.

The new elements of the current version V.4.0 compared to the V.3.0 are:

* Worm gears for the motion transmission between the DC motors and the wheels: this
solution offers a decrease of the robot’s height as worm gears are used to transmit
the motion from the vertical DC motors to the horizontal wheels axis and for the 16:1
reduction, thus the gearboxes, spur and bevel gears were no more needed. It also
reduced the cost of the robot, as worm gears could be easily manufactured in our
workshop and were less expensive than the Maxon gearboxes. Finally, the play inside
the transmission was also reduced, due to reduction of gear levels, which offers a more
accurate control of the wheel’s motion for speed and position control.

e The power supply was set to 12V instead of the 6V that were used for the previous
versions, which increased the quality of the brushes’ contact with the conductive plates.
It involved adding a DC/DC converter onboard each mobile robot as the input voltage
of the power management chip was 5.5V, and more powerful power sources for the case
of multiple robot experiments.

¢ A supplementary Printed Circuit Board (PCB): Due to the size reduction of the mobile
robot, the Bluetooth dongle used for the wireless communication between the robot and
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a computer could not be placed on the central board as it was done with the previous
versions, thus a supplementary PCB was designed for this purpose.

¢ Less complex chassis: the Maxon DC motors could be screwed on the chassis, which
was not the case with the gearboxes mounted on the motors. Thus, the chassis, the
central structure of the robot, became easier to manufacture.

4.6 Detailed technical description of FishBot V.4

This section describes in detail the fourth version of the FishBot design (Fig. 4.6).

Superior

part [ ;

Inferior
i part

(@) (b)

Figure 4.6: Left: Dimensions of the fourth and current version of the FishBot mobile robot:
The length is 43 mm, the width 22 mm and the height 67 mm which makes it the thinnest
wheeled mobile robot used for this type of study. The mass of the mobile robot is 90 grams.
Right: Side view of the mobile robot with the two parts of the structure defined.

4.6.1 Mechanical design

The current version of the FishBot is composed of two main parts (Fig. 4.6, b): an inferior part
that is composed of a chassis holding the two Maxon DC motors and the two wheel’s axis, and
the superior part that is composed of Printed Circuit Boards (PCBs) and on which the magnets
are fixed to guide the lure module.

The inferior part of the current FishBot mobile robot is shown in details in Fig. 4.7. The chassis
structure is made of brass, an easily machined metal with a high density in order to lower the
mobile robot’s center of mass to obtain more stable movements at high speed. Two Maxon DC
motors are screwed on the chassis. The motors are equipped with magneto-resistive encoders.
Worm gears made of brass are used for the transmission of motion and reduction. The spur
gears are made of Polyoxymethylene (POM) to decrease the friction between the worm gear
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and spur gear, and thus increase the efficiency of the transmission. We manufactured the
worm and spur gears ourselves, in order to obtain the most efficient characteristics for our
design. We designed the worm gear with a double thread also to have a better efficiency, and
kept the 16:1 reduction ration for the transmission as it was done for the previous versions.

For the worm gear, we chose a module m,, of 0.5, thus the pitch diameter of the spur gear was
given by

Zspur My = Dp,spur =16 mm (4.8)

where Z;,; is the number of teeth of the spur gear, which is 32, given by the fact that the
worm gear has a double thread and a reduction ration of 16:1. The total diameter of the spur
gear is thus

Dy spur+2-my =17 mm (4.9)
For the worm gear, we computed first the pitch p,, which is given for a two thread worm gear
by

Pw=My -T-2=7TMmm (4.10)

and the pitch diameter D),

Dp=Deyx—2-my =3 mm 4.11)

with D,y the external diameter that was set at 4 mm due to the mechanical constraints.

The lead angle is given by

atan( Pw
7Dy

) = atan( z ) - atan(l) =18.43° (4.12)
7Dy 3

Bearings were fitted on two PCB plates that were screwed below the chassis in order to

avoid the bending of the motors’ shafts. The wheels’ tires are made of polyurethane which

soft texture offers a high adhesion with the ground and a good stability of the robot. Four

Polytetrafluoroethylene (PTFE) skates are fixed below the chassis in order to serve with the

two wheels as a third contact point on the ground.

The superior part of the current FishBot mobile robot is shown in details in Fig. 4.8. It is
composed of four PCBs which are soldered together at an angle of 90 degrees to guarantee a
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Figure 4.7: The inferior part of the current version of the FishBot mobile robot. a) The chassis
structure. b) Maxon DC motor. c) Magneto-resistive encoder. d) Worm gears. e) Bearing. f)
Spur gears. g) Wheel. h) Skate.

stable connection between them. The central board, which is positioned on one side of the
chassis using pins, contains the microcontroller and the power management system. The two
side boards are identical in order to have a simplified design and assembly. The motor drivers,
Infrared (IR) sensors and their drivers are placed on the side boards. The IR proximity sensors
TCRT1000 are installed on the front and back of the robot in order to avoid other robots or the
borders of the arena. The superior board connected with the three other boards is equipped
with a DC/DC voltage converter and the Bluetooth module LMX 9838 for wireless connection.
Magnets are placed on the top of the robot for magnetic coupling with the fish replica module.

4.6.2 Electronic design

The electronic architecture of the mobile robot is presented in Fig. 4.9. The power supply is
done through electric cables (brushes) that slip against two conductive plates situated under
the aquarium’s floor (positive) and on the support on which the robot is moving (ground). Two
SuperCaps of 1 farad each with a dual ideal diode system are used to store power in case the
brushes are not in contact with the conductive plates for at least five seconds at full speed in
order to have a continuous powering of the robot. The L'TC4425 (Linear Technology, USA) is
used to manage the powering of the mobile robot.

The microcontroller is a dsPIC33F]J128GP804 (Microchip, USA). This microcontroller can be
reprogrammed through the same serial connector that is used for the Bluetooth connection.
The Bluetooth device LMX 9838 is used to communicate between the mobile robot and the
main computer, and is used for telemetry and control of the robot.
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(b)

Figure 4.8: The superior part of the current FishBot mobile robot. a) The central board . b) The
two side boards. c) Infrared proximity sensors. d) Two SuperCaps. e) The superior board. f)
Bluetooth module LMX 9838. g) Magnets.

The IR proximity sensors TCRT1000 can detect obstacles up to a distance of 10 cm which is
enough for obstacle avoidance even at high speed. The infrared emitted signal is pulsed and
the signal measured is comparing the received pulsed signals in order to remove the noise and
avoid the influence of the IR sensors from the other robots.

The motors are driven using SI9986CY H-bridges and the encoders value in the form of a
pulsed signal as well as the motors current are retrieved by the microcontroller for current,
speed and position control of the motors.

Six monochrome LEDs are fixed underneath the robot, three on the front and three on the
back (see Fig. 7.9). This allows the robots to be better tracked from below the support on which
they are running. This method will be described in more detail in Chap. 6 and 7. One LED
color is attributed to each FishBot for identification.

4.6.3 Firmware

The firmware is implemented in C language on the dsPIC microcontroller. It is based on two
existing libraries: Molole and Aseba.

Molole (Mobots low level library) is a collection of low-level functions and drivers for the
dsPIC processor family aimed at robotics [Mol, 2016]. This library is used to drive the different
peripherals.

On top of that, an Aseba Virtual Machine (AVM) [Magnenat et al., 2011] is running onboard
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Figure 4.9: Electronic architecture of the mobile robot. = The microcontroller, a
dsPIC33FJ128GP804, is monitoring the sensors and motors, and transmit data through a
Bluetooth module. The brushes are used to power the system and load the SuperCaps, and
when the contact between the brushes and the conductive plates is lost, the SuperCap can
furnish the power for the whole system.

each mobile robot. Aseba is an event-based architecture for real-time distributed control
of robots [Ase, 2016]. Running Aseba scripts inside each virtual machine enable us to repro-
gram the low-level behavior of each robot without flashing each time their microcontrollers
(Fig. 4.10). It allows the users of the FishBots to reprogram easily their low-level behaviors
remotely.

All the robots embedding an AVM can be connected together on the same Aseba network
and communicate through events. Aseba integrated with D-Bus allows access to each robot
from high-level applications that can be codded in languages, such as C++ or Python, using a
software hub called Medulla [Magnenat and Mondada, 2009].

Aseba was also chosen for its event-based architecture, which leads to very reactive behaviors
of the robots. Indeed, the zebrafish is a very reactive animal, which moves fast with abrupt
turns. Thus, an architecture based on nodes that can exchange information through events
and react rapidly was required for the system.

In order to increase the capabilities of the robot to mimic the locomotion of zebrafish in terms
of speed and acceleration, a cascade controller is implemented for the low-level control of each
motor (Fig. 4.11). Each motor’s torque is controlled by a Proportional—Integral (PI) controller
running at 1 KHz, which is itself controlled in speed by a Proportional-Integral—Derivative
(PID) controller or in position by a Proportional—Derivative (PD) controller using the motor
encoders measurements as inputs. An infinite impulse response (IIR) filter with the same time
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Figure 4.10: Firmware architecture in the FishBot microcontrollers [Magnenat et al., 2011].
The microcontroller code is split into two parts: First, sensor readings , actuator low-level
control, and the communication layer are implemented in native code on the microcontrollers.
This allows real-time, interrupt-driven handling of hardware resources. Second, application-
specific programs that control the event emission and reception policy run in a AVM on the
microcontrollers. They are compiled out of a simple scripting language, which provides the
necessary flexibility to allow the application developer to implement the event-based behavior
[Magnenat et al., 2011].

constant as that of the motor runs on the microcontroller. By precisely controlling the current
inside each motor, based on the estimated power dissipation from the IIR filter, we are able
to ensure that we never overheat the motor. Such control architecture enables us to use the
motors at voltages higher than the manufacturer-specified nominal voltage, thus providing a
higher torque for a short period of time.

4.7 Local obstacle avoidance methods

Two collision avoidance behaviors were implemented entirely onboard each robot. The reason
for this is that we are using arenas that can be composed of corridors or small rooms as it
will be shown in further chapters (Chap. 6). Thus, a reactive and reliable obstacle avoidance
behavior was required at the low level of the control architecture to avoid the collision of the
robots with boarders of the arena or other robots, that, otherwise, could generate a failure
of the experiment with a FishBot blocked or a decoupling between a fish replica inside the
aquarium and a FishBot.

We implemented these local obstacle avoidance mechanisms based on the measure obtained
from the IR proximity sensors of the FishBot. Once an obstacle is detected, a corresponding
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Figure 4.11: Control architecture of the FishBot motors. A PI current controller is running
at 1 KHz. The motor encoders retrieve the position of the motor axis that is used in a PID
speed control loop and PD position control loop at 200 Hz. The user can choose between only
current, position or speed control of the motor.

event is sent over the Aseba network to inform the high-level software, so that the user can be
informed about the event, and the high-level controllers will react depending on the gravity
of the event. Two types of obstacle avoidance methods were implemented, one to generate
a robust escaping behavior, and one based on a Braitenberg vehicle technique to allow the
robot to avoid smoothly the walls of the arena [Braitenberg, 1986].

4.7.1 Turn and avoid

This solution stops and rotates the FishBot when one or two IR sensors detect the presence of
an obstacle. The parameters of this algorithm, such as the speed of rotation, the duration of
the rotation and the threshold to determine that an obstacle was detected by the IR sensors
can be adapted depending on the experimental conditions.

The advantage of this algorithm is that the robot will always escape from a region with obsta-
cles. The disadvantage is that the robot produced movements that are not biomimetics. For
instance, the zebrafish have a tendency to follow the walls of the arena that we use, and, with
this method, the robot will not mimic this behavior close to walls.

4.7.2 Braitenberg

The Braitenberg vehicle principle is controlling the motion of the motor by virtually linking
the sensor with the motorization [Braitenberg, 1986]. The speed of the motors is thus varying
depending on the sensor values obtained. We implemented this algorithm on the FishBot,
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Figure 4.12: Top view of the FishBot with the four IR proximity sensors that are used for the
local obstacle avoidance.

in order to avoid the obstacle more smoothly, which allows the robot to follow the walls of
the arena for a certain amount of time depending on the commands that are sent from the
high-level control application.

Compared to the Turn and Avoid algorithm, the Braitenberg algorithm offers an obstacle
avoidance behavior more close to the behavior of zebrafish. However, the robots might get
stuck depending on the environment. Thus, it is less robust to guarantee a safe obstacle
avoidance than the Turn and Avoid algorithm

4.8 Performance evaluation of the fourth FishBot version

Figure 4.15 shows the tracking result of a lure coupled with a FishBot for different speed and
acceleration commands. In respect to the existing literature, the FishBot has very high capaci-
ties in terms of acceleration (up to 1.3 ms~2), linear speed (up to 30 cms™ 1), and rotational
speed (more than 18 rads™!). The maximal speed and acceleration of the fourth version of
the FishBot are smaller than the ones of the first version (Sec. 4.3). This is partly due to the
increase of weight of the FishBot with the new chassis made of brass to increase its stability,
and also the new power management that limits the voltage to 5.5 V for the motors instead
of the 6 V required. However, regarding the speed and acceleration of our zebrafish in the
constrained environments that will be described in detail in Chap. 8, the FishBot has the
required capacities, thus it was qualified for our experiments involving mixed societies of fish
and robots.
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4.9. Contribution to the state of the art

ThreshSensor=Threshold value to detect obstacle

SpeedAvoid

Store Previous Motor Speed

if IR front left sensor > ThreshSensor and IR front right sensor < ThreshSensor then

emit Obstacle [IDControl] #send an event on the Aseba network
Left Motor=—SpeedAvoid
Right Motor=+SpeedAvoid #This make the robot turn

Wait during a period of Time
Left Motor=Last left motor speed
Right Motor=Last right motor speed
elseif IR front right sensor > ThreshSensor and IR front left sensor < ThreshSensor then

emit Obstacle [IDControl] #send an event on the Aseba network
Left Motor=+SpeedAvoid
Right Motor=—SpeedAvoid #This make the robot turn

Wait during a period of Time
Left Motor=Last left motor speed
Right Motor=Last right motor speed
elseif IR front left sensor > ThreshSensor and IR front right sensor > ThreshSensor then

emit Obstacle [IDControl] #send an event on the Aseba network
Left Motor=—SpeedAvoid
Right Motor=—SpeedAvoid #This make the robot go back

Wait during a period of Time
Left Motor=Last left motor speed
Right Motor=Last right motor speed

Figure 4.13: Pseudo code of the obstacle avoidance strategy Turn and Avoid.

ThreshSensor=Threshold value to detect obstacle
CoeffAvoid=coeffient that will divide the IR sensor value
Store Previous Motor Speed
if IR front left sensor > ThreshSensor and IR front right sensor < ThreshSensor then
emit Obstacle [IDControl] #send an event on the Aseba network
Left motor speed=Left motor previous speed — (IR front left sensor/CoeffAvoid)
Right motor speed=Right motor previous speed
elseif IR front right sensor > ThreshSensor and IR front left sensor < ThreshSensor then
emit Obstacle [IDControl] #send an event on the Aseba network
motl. pid. target_speed=Left motor previous speed
mot2. pid. target_speed=Right motor previous speed + (IR front right sensor/CoeffAvoid)
elseif IR front left sensor > ThreshSensor and IR front right sensor > ThreshSensor then

emit Obstacle [IDControl] #send an event on the Aseba network
Left Motor=—SpeedAvoid
Right Motor=—SpeedAvoid #This make the robot go back

Wait during a period of Time

Left Motor=Last left motor speed

Right Motor=Last right motor speed
end

Figure 4.14: Pseudo code of the obstacle avoidance strategy based on a Braitenberg algorithm
[Braitenberg, 1986].

The last version of the FishBot is also very robust mechanically, thanks to the bearings that
were added on the wheels axis. In terms of electronics also, no failures were reported until
now, with only the brushes that are subject to wear that need to be manually changed every 50
hours of experiments on average.

4.9 Contribution to the state of the art

With the proposed solution, we can run multi-robot experiments with a high number of
robots moving in every possible directions that cannot be achieved by the proposed method
in [Faria et al., 2010] and [Kopman and Porfiri, 2013]. However, these types of experiment
are also possible with the proposed method of [Landgraf et al., 2013], [Landgraf et al., 2016]
and [Swain et al., 2012] that also use a differential drive mobile robot to move a dummy fish
underwater through magnetic coupling. When comparing the size of the mobile robots,
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Figure 4.15: The FishBot speed and acceleration characteristics. Left: The FishBot acceleration
measured as a function of the position to reach using a PD position control. Right: The FishBot
speed measured as a function of the speed to reach.

[Landgraf et al., 2013] and [Landgraf et al., 2016] use a mobile robot of 70 mm of length and 70
mm of width, while [Swain et al., 2012] is using the MiaBot [Corp, 2016] that has a length and a
width of 75 mm, thus the distance between two fish replicas will be of 70 mm in minimum for
the first case and 75 mm for the second case. With the FishBot, thanks to its width of 22 mm, it
is possible to have two lures moving at a distance of 22 mm. This is the first main advantage
of the FishBot compared to other robots. Moreover, the FishBots are also equipped with IR
proximity sensors that can be used to avoid any collisions between the FishBots.

The second advantage is the continuous powering of the system. Indeed, the robotic devices
used in [Landgraf et al., 2013], [Landgraf et al., 2016] and [Swain et al., 2012] are powered us-
ing onboard batteries. With our proposed design, the powering of the mobile robot is continu-
ous, which allows experiments that can last up to several days if using a passive lure such as
the lures proposed in [Landgraf et al., 2013], [Landgraf et al., 2016] and [Swain et al., 2012] or
the actuated lure RiBot that will be described in the next chapter.

4.10 People who contributed to this work

Dr. Philippe Rétornaz contributed to the electronic and firmware design, Daniel Burnier
worked on the design of the first PCB version, Christophe Barraud designed the second ver-
sion of the FishBot and Norbert Crot worked on the mechanical design, manufacturing and
assembly of the three last versions of the FishBot. Alain Berthoud worked on the manufac-
turing and assembly of the first version. The atelier ATPR of the EPFL manufactured most of
the mechanical parts of the final FishBots’ production and the atelier ACI manufactured the
PCBs. André Guignard also offered precious advices during the design phase of all the FishBot
versions.
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Figure 4.16: Exploded view of the FishBot parts before assembly that demonstrates the sim-
plicity of the mechanical design of the fourth version.
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5] RiBot, the actuated robotic fish lure

5.1 Summary

In this chapter, we present the second robotic device that was designed for this project: the
RiBot, a robotic fish lure equipped with an actuated caudal peduncle, LEDs, a rechargeable
battery, and that can be remotely control underneath the water.

We will first describe the specifications set for the design of this device to perform stimuli
analysis with zebrafish and mixed societies experiments using groups of zebrafish and robots,
then the different solutions and versions of the robots that were developed throughout this
thesis and, finally, the validation of the final version.

This chapter is based on the publication Infiltrating the Zebrafish Swarm: Design, Imple-
mentation and Experimental Tests of a Miniature Robotic Fish Lure for Fish-Robot Interaction
Studies [Bonnet et al., 2016b] and the publication Design Methods for Miniature Underwater
Soft Robots [Bonnet et al., 2016a] with slight modifications to fit the present dissertation.

Figure 5.1: The actuated robotic fish lure RiBot, without and with color pattern respectively
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5.2 Requirements and general descriptions

As mentioned in the previous chapter, it was not possible during this thesis to design an
autonomous robotic fish lure that could be actuated and at the same time follow a shoal of
zebrafish. We therefore designed the FishBot presented in Chap 4 to steer a lure inside water
from underneath the tank through magnetic coupling. However, as presented in Chap. 3,
zebrafish, as many other fish, are very sensitive to water vibrations and they probably use their
lateral line for sensing during shoaling. Thus, we wanted the robotic device to generate such
signals to analyze if this could have indeed an impact on the acceptance of the robot among
the group of fish.

One way to produce vibrations underwater while the lure is moving is to use a passive mecha-
nism that, using the water flow, could move the tail of the lure, as it is done for some fishing
lures (Fig. 5.2, left). During this work, we tried to design lures that could at the same time
mimic the visual cues of the zebrafish while beating the tail passively (Fig. 5.2, right).

However, we discovered that it was not possible with such design to produce the same types
of tail movements as the ones created by zebrafish. Hence, it was necessary to decouple the
body movements of the lure from its linear motion underwater. Thus, we opted for the design
of a robotic lure equipped with an actuated tail.

All the lures that were designed in this study, such as the one shown in Fig. 5.2, right, were
fixed on a module composed of a carbon stick attached to an iron plate on which two magnets
were placed. The module was painted in white so that it blends in with the white background
of the tank. Hence, the lures moved at a fixed height of 3 cm. In order to increase the visibility
of the lure, the water level was always fixed at 6 cm so that the lure was moving at the middle
of the water level. This water level was not introducing any stress for the zebrafish as it will be
described in Chap. 6.

Figure 5.2: Left: Fishing lure X-Rap Jointed Shad actuated passively using the waterflow
(Rapala, Finland). Right: Lure with the same size of the zebrafish that was designed to beat its
tail when moving with a certain linear speed. The two parts were designed using 3D printing
and painted in order to also mimic the color patterns of the zebrafish.

The design of such underwater robots is always of great challenge, especially at very low scale.
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The device should be waterproof, wireless and, moreover in the case of this design, the robot
has to interact with zebrafish and thus its size shall be in the range of zebrafish, whose average
length rarely exceed 40 mm in laboratory conditions. As shown in [Abaid et al., 2012a], the
zebrafish can be attracted by a bigger replica fish as soon as the latter has the same ratio size
as zebrafish. However, preliminary experiments performed using our zebrafish showed that a
lure with a size close to the zebrafish was more attractive than a bigger one. Thus, we decided
to create a device mimicking the size of zebrafish as much as possible. We named the robotic
lure RiBot, which is a combination of the word Riba that means fish in Russian language, and
the word Robot.

5.3 Firstversion of the RiBot based on a rigid PCB

Due to the size of the selected components, the length of the first prototype of the robotic fish
lure was fixed at 75 mm while keeping the same ratio size as zebrafish, with a width of 10 mm
and a height of 17 mm. For the first prototype, we have decided to include only one actuator, a
stepper motor to actuate the tail, a rechargeable battery to allow the energy autonomy of the
device and an infrared receiver to remotely control the device underwater.

5.3.1 Actuation choice

There are several solutions that can be found in the literature to actuate the tail or the fins
of a fish-like underwater vehicle tail or fin [Bandyopadhyay, 2005]. There is also a trend
to apply new types of actuators for the development of small-scale biomimetic fish robots
[Du et al., 2015]. Concerning the RiBot, a very small actuator that consumes very low energy
but with enough torque to actuate a robotic fish caudal peduncle underwater was required.
The actuator should also allow beating tail frequencies and amplitudes in the range of the
zebrafish. Even if this allows high levels of performance to be achieved in terms of size, tail
beating frequencies, or energy consumption, the actuators usually suggested in the literature
have several drawbacks, such as high-voltage requirements for piezo-electric actuators, tem-
perature sensitivity for shape-memory alloys, specific liquid environment requirements for
electroactive polymers, etc., which creates challenges for the design of an autonomous and
miniature robotic fish. Moreover, it is sometimes difficult to embed the electronics into the
device due to the size of the components required to drive the different actuators; so either
the fish need to be rather big, or the electronic need to be partially external, which reduces the
autonomy of the system.

There is the solution of standard DC motors coupled with the appropriate transmission using
wires or rods to obtain the desired motion. Miniature DC motors can be found on the market
nowadays, however, the problem of this solution is the bulky and complex transmission that
has to be implemented on a small scale device.

Another solution is the electro-magnet actuator that is used for instance for the flaps of RC
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airplanes. These types of actuators are small and have a low power consumption. Furthermore,
the amplitude and frequency can be varied. The drawback of this solution is the very low
torque of the actuator.

In order to determine the specifications of the motor, we first considered a kinematic fish
model shown in Fig. 5.3 to determine the required motor specifications. To simplify the model,
we assumed that the caudal peduncle is a rigid body that does circular motion centered on
the motor shaft.

If 0 is the angle between the tail and the longitudinal axis, the motion equation can be
expressed by Eq. 5.1, where [ is the inertial moment of the caudal peduncle, L is the length of
the caudal peduncle, F is the driven force of the motor, F,, is the resistance of the water that
is approximated as the drag force only (Eq. 5.2) and F, is the resistance force of the elastic skin
with coefficient k that envelop the caudal peduncle and this resistance will thus be unbalanced
on each sides of the caudal peduncle (Eq. 5.3).

FyL FylL F,L

Ih=—4- -2 5.1
2 2 2 6D
1 6,
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w 2CD p(z) (5.2)
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Figure 5.3: The model of the tail (caudal peduncle) used to estimate the needed torque for the
actuator.

Using Egs. 5.1-5.3, we obtained a minimal value of 2 mNm for the torque needed for the
actuator.

We selected a micro step gear motor MF03G of Seiko Precision Inc. for the actuation of the
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caudal peduncle, which characteristics can be seen in Tab. 5.1. The mass of the motor is 0.6g.
The motor has very small dimensions (Fig. 5.4) and can thus be easily integrated inside the
robotic lure design. The motor has a maximal torque of 2 mNm and a gear reduction ratio of
1/131 and speed of 1200 step/s. It consumes between 120 and 150 mA. Half step mode can
be implemented and offers a fine output precision of 0.171°C/step. The advantage of using a
stepper motor is that if the motor does not miss any steps, the position of the caudal peduncle
can be estimated from the number of pulses emitted to drive the motor.

Table 5.1: Characteristics of the micro step gear motor MF03G.

Characteristics Value

Motor type 2 phase stepper motor
Size 13.3 x 6.5 x 7.4 mm
Mass 06g

Min. step angle 0.172 deg
Voltage 3V

Max. speed 1200 step/s
Internal resistance 28.5Q

Torque Min. 2 mNm

The original pinion of the stepper motors was removed and replaced by a 3D printed caudal
peduncle made of brass for current conductivity as it will be further explained in the next
sections.

Figure 5.4: Left: LiPo battery selected for the design. In order to reduce the size of the battery,
the charge circuit (in yellow) was removed and replaced by a charge circuit implemented on
the Rigid-Flex PCB. Right: The Seiko Precision stepper motor used to actuate the tail of the
robotic fish.

49



Chapter 5. RiBot, the actuated robotic fish lure

»

%\ | Battery | i82

So%d
G @ w
N
—

Aoy
P2
v -zss'f
Power N—
~—
Management ~—
J’ N
N
S~—
Motor Phase| Signal C RCS command | Infrared '
drivers F Sensors
> break
—
(=]
8 E
2B
=
= 5
[
Switch
. I Stepper
[ Motor
s Tail
(D‘:;\:
EEE : O : \ Je 30

Figure 5.5: Hardware schematic of the first prototype of the RiBot. The microcontroller
STM32f103 is generating the appropriate signal to drive the stepper motor MF03G through a
dual full-bridge A3901 motor driver. The battery is directly connected to a power management
circuit which manages the charging of the battery and the battery protection in the case
of short circuits. The RiBot is turned on when the tail reaches one of the two end position.
The RiBot is remotely controlled via RC5 IR signal that is sensed using an infrared sensor

TSOP75436WTT.

5.3.2 Powering

Figure 5.5 shows the different hardware subsystems of the RiBot. We selected a miniature
Lithium Polymer (LiPo) battery (Sparkfun, USA) which can be seen in Fig. 5.4. This battery
is rechargeable, thus we do not need to change it on the device when it is empty. Indeed, in
our design, as it will described in more detail in Sec. 5.5, the battery can be recharged through
the eyes of the RiBot that are made of brass and that cross the external polyurethane coating
to be accessed from the outside of the device. The battery protection circuits were removed
from the original battery and replaced by a homemade one on the PCB in order to reduce the
volume of the battery. A charge circuit was also designed in order to manage the powering of

the device and the recharging of the battery.

The caudal peduncle of the RiBot, which is directly connected to the shaft of the stepper motor
(see Fig. 5.8), is made of brass and connected to the ground (GND) (Fig. 5.6). It can be used for
two purposes: It can turn ON the device, and can also be used to calibrate the tail position.
When the caudal peduncle reaches one of its maximal position (Fig. 5.6), an electric contact is
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made between pads on the PCB and the caudal peduncle. When the device is turned OFF and
the tail reaches one of the two pads, the microcontroller is switched ON. From this point, the
tail is used for the break function implemented in the microcontroller in order to calibrate the
tail initial position. Indeed, there are no sensors placed in order to retrieve the position of the
stepper motor, and due to the fact that the stepper motor might lose steps, the tail position
has to be recalibrated. The electric contact made between pads on the PCB and the tail is used
to determine the two maximal positions of the tail, and thus the zero position located in the
middle of these two extreme positions.

X1 Tail
(a) £CB I ‘l/-\ Zero
7 / position
X2
Contact
b PCB b6~ () »¥ Max angle
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u I Min angle
Contact
(X2-X3)

Figure 5.6: Schematic of the switch system for the tail (viewed from the top of the robot).
The actuator is fixed on the PCB and actuates the tail. Two contact pads (X1 and X2) on the
PCB allows an electric contact with the tail when it reaches one of the two maximal position
(b,c). This will either switch ON the device if it was OFF or either generate a break on the
microcontroller in order to calibrate the tail position to find the zero position (a).

5.3.3 Communication

IR communication is implemented to remotely control the lure. It is a unidirectional commu-
nication as no sensing information were needed from the RiBot. An IR sensor TSOP75436WTT
is placed on the head of the lure and IR signal can be sent from any direction to control the
device underwater. The protocol RC5 is implemented, thus universal TV remote control with
RC5 protocol could be used to control the robot.

5.3.4 Electronic design

The main skeleton of the RiBot’s first version consisted of a PCB of 1.6 mm width (Fig. 5.8, left).
All the components were soldered on the two faces of the PCB and were encapsulated into an
impermeable coating made of polyurethane.

The PCB carried a microcontroller STM32f103 (ST, Switzerland). This microcontroller was
selected due to its very small dimensions (6 x 6 mm), its functionalities and as it was the
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smallest microcontroller of the ST family.

The stepper motor is driven using a dual full-bridge A3901 also selected for its small dimen-
sions (3 x 3 x 0.75 mm), its operating range for voltage (2.5V-5.5V) and current (+ 400 mA)
which made it suitable to drive the actuator

5.3.5 Firmware

The firmware is codded in C language and uses standard STM C libraries to drive the different
peripherals of the microcontroller. The code uses two timers, one for the management of the
stepper motor control and one for the reception of the RC5 signal. The code is continuously
waiting for RC5 commands, and changes the control modes of the motor in function of the
received command.

5.3.6 Mechanical design

The motor with the tail docked on its shaft is fixed inside a part manufactured using 3D
printing, called the ring, as it has an elliptical external shape, that is glued on the PCB (Fig. 5.8,
left).

In order to isolate the actuator and the caudal peduncle from water and to create a soft skin that
can mimic the zebrafishes’ tail visual appearance, an undercut of the tail was manufactured
using 3D printing. This part was dipped into liquid latex in order to create a thin socket. The
socket created was then unmolded and attached to the ring using silicone. A caudal fin, also
made of latex, was prepared apart from the tail using another mold, and was glued on the tip
of the tail using latex.

Polyurethane is used to isolate the electronics from water. A mold with the desired undercut of
the Ribot made of ABS was manufactured using 3D printing (Fig. 5.7). The mold is composed
of two parts that are joined using pins and screws during the molding process to press the
two parts against each other. The PCB is placed inside the mold and the eyes are used as a
reference inside the mold. Finally, liquid polyurethane is injected inside the mold from the
tail. The polyurethane coats the entire PCB up to the ring and hardens inside the mold. After
this process, the RiBot is totally isolated from water and can start to swim underwater (Fig. 5.8,
right).

5.3.7 System qualifications

The first prototype of the RiBot presented in Fig. 5.8 was inserted inside water in order to
measure its capabilities.

We could perform 23 minutes long tests with the tail of the RiBot moving continuously thanks
to the embedded LiPo battery. However, when reducing the use of the actuator, the RiBot
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Figure 5.7: Mold used for molding the first version of the RiBot into polyurethane. The two
parts are aligned with pins and then screwed in order to press the two parts of the mold against
each other.

could be maintained turned ON for more than one hour underwater.

In order to measure the beating tail of the RiBot, we used the same experimental setup that was
used to perform the experiments with fish presented in Chap. 6. We installed a color marker
on the edge of the tail and above the position of the actuator axis and tracked these markers
from the top view using a camera (Fig. 5.9, left). As it can be observed in Fig. 5.9, right, the
RiBot has limited amplitude and frequency capabilities that restrict it from reproducing some
of the extreme body movements of zebrafish, which can bend their caudal peduncle with an
angle bigger than 7/2 rad (90 deg) with an angular speed over 4 rads~'. The maximal beating
amplitude of the RiBot is 0.52 rad (30 deg), and the maximal angular speed is 3.6 rads~! but
for very low amplitudes. However, the RiBot is able to reproduce the average turn rate of the
zebrafish (~2.8 rads™! [Mwaffo et al., 2014]) for an amplitude of 0.32 rad (18.35 deg).

5.4 Second version based on a Rigid-Flex PCB

Based on the lessons learned from the first design, the preliminary experiments obtained with
zebrafish and the known zebrafish stimuli perception, we draw up the following specifications
for a second version of the RiBot: The dimensions of the lure needed to be reduced and as
close as possible as the one of a real zebrafish. It should provide more biomimetic aspects,
such as more realistic fins, and body features. The robot had to integrate RGB LEDs in order
to generate a new type of stimuli never tested on zebrafish with such robotic lures, as only
different color surfaces were tested in published studies. Also, the LEDs could be used for
debug purposes. Finally, the device should be reprogrammable once molded which was not
the case for the first design.
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Figure 5.8: Left: Skeleton of RiBot: a) Dual H-bridge A3901. b) Tail (caudal peduncle). c) Ring.
d) Stepper motor. e) IR receiver. f) LiPo battery. g) Eyes used as contacts to recharge the
battery and reference during molding. h) Microcontroller STM32£103. i) Connector used for
programming the device. Right: First version of the RiBot compared with one of our zebrafish.
The device is waterproof thanks to the latex socket (or tail) and the polyurethane coating.

5.4.1 Rigid-Flex PCB design

In the first RiBot design, a two copper layers PCB was used as a skeleton (Fig. 5.8). This PCB
offered enough room to mount the electronic components and routing. However, with the new
specifications, it was not possible to use such a simple design to integrate the new components
while decreasing the size of the lure. The solution was the use of a Rigid-Flex PCB.

Rigid-flex PCB is the name given to a PCB that is a combination of both flexible and rigid
circuits. Some parts of the PCB can be composed of only flexible materials that can be bent
and act as interconnections between the rigid sections. Some parts can be flexible but with a
solder mask in order to sold some components more easily. Finally, some parts can be rigid
to carry all the bulky components and provide a rigid mechanical reference. The number of
copper layers can also be varied. Rigid-Flex PCBs thus offer the ability to design the circuitry
to fit in a more optimal way a three dimensional device. Indeed, the bulky connectors that are
usually used to transfer the information between two PCBs are replaced by flexible surfaces
that are parts of the whole PCB and that can bend.

Figure 5.10 shows the design of the Rigid-Flex PCB realized for the second version of the RiBot.
It is composed of four parts that are separated by flexible joints that only contains circuit
tracks:

e The head which is rigid and composed of four copper layers. This part contains the
eyes that are used to recharge the device (Fig. 5.10, c), the RGB LEDs and their drivers
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Figure 5.9: Left: Top view of the RiBot beating its caudal peduncle. Two markers are placed to
track the movement of the tail. Right: Results of the tracking of the caudal fin for different tail
beating amplitudes and frequencies. The frequencies and amplitudes of the modes are the
following: 5 Hz, 5 deg; 1Hz, 20 deg; 1 Hz, 30 deg; 2Hz, 15 deg; 10 Hz, 2 deg.

(Fig. 5.10, d), the IR receiver (Fig. 5.10, a) and the battery protection circuits.

¢ The left fillet which is flexible, composed of two copper layers and a solder mask layer.
This part contains the motor drivers (Fig. 5.10, e) and the battery charge circuits.

¢ The right fillet which is flexible, composed of two copper layers and a solder mask layer.
This part contains the microcontroller (Fig. 5.10, b), a voltage sensor to measure the
battery voltage and a voltage regulator.

¢ The tail which is rigid and composed of four copper layers. This part is used to solder the
stepper motor (Fig. 5.10, ), connect the programmer (Fig. 5.10, h) and create a contact
between the caudal peduncle and the PCB in order to switch ON the device or detect
the end position of the caudal peduncle (Fig. 5.10, g).

The Rigid parts are 1.2 mm thick and the flexible parts 0.22 mm. The choice of 4 copper layers
for the rigid parts was mandatory for routing purposes.

5.4.2 LED

We selected the full-color RGB OVSRRGB LED. This LED is very compact (3.2 x 1.5 x 1 mm)
and has a maximum luminosity intensity of 450 mcd. The LED is driven by the triple output
12C chip NCP5623C. The 12C protocol allows us to drive the two LEDs separately using only
two circuit tracks (SCL and SDA) from the microcontrollers to the two chips that have different
12C addresses. Some studies showed that the presence of realistic eyes on the lure design
could increase the acceptance of the fish towards the device [Landgraf et al., 2016], thus we
decided to place one LED near each eye in order to increase the visibility of this part of the
body for the zebrafish.
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Figure 5.10: Left: The Rigid-flex PCB design of the RiBot V2.0 unfolded (top) and folded
(bottom). The flexible parts are folded with two 90 degrees angle folds. The blue colored
areas indicate the areas with solder mask, while the brown colored indicate the flexible parts
without electronic components. Right: Prototype of the Rigid-Flex PCB with the electronic
components soldered. The head and the tail parts are rigid with two layers of solder mask
(green). The left and right fillets are flexible with one layer of solder mask on which the
components are soldered. The flexible joints between the parts that contain electronic circuits
are colored in brown due to the color of the cover layer as they are not composed of a solder
mask.

5.4.3 Mechanical design

The external shape of the second version of the RiBot was defined using the 3D scan of a
dead zebrafish (Fig. 5.11). The zebrafish was scanned using a Stereoscan 3D Breuckmann
StereoSCAN3D with two cameras of 1.4 megapixels. The surfaces retrieved by the scanner
were processed and scaled in order to design a mold with the desired undercut of the zebrafish
in which the Rigid-Flex PCB could fit. The mold was made of ABS using 3D printing as it was
done for the first version of the RiBot.

The fins of the fish were made using Mylar™ as it offers good softness and is available in very
thin films. The fins have a thickness of 50 ym and were also designed from the 3D scanned of
the fish.

5.4.4 Assembly

The electronic components were soldered prior to the folding of the PCBs in order to facilitate
their positioning. A solder stencil was designed to deposit the solder material, and then the
PCB was put into a vapor phase oven to solder the electronic components. The eyes, the
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Figure 5.11: 3D scan of a male zebrafish that was obtained using a Stereoscan 3D Breuckmann
StereoSCAN3D with two cameras of 1.4 megapixels.

Figure 5.12: The mechanical design of the lure was made using PTC CREO Parametric,
educational edition. This software allows surfaces design that could match the 3D scan of the
zebrafish. It was used to design the Rigid-Flex PCB shape, the caudal peduncle, the fins and
the molds. a) Eyes. b) IR sensor. c) Contacts to reprogram the device and attached the lure to a
module equipped with magnets to be coupled with the FishBot. d) Anal fin. e) Stepper motor.
f) Dorsal fin. g) Caudal peduncle. h) Caudal fin.

stepper motors and the battery were soldered on a second phase using a soldering iron.

Figure 5.13 shows the procedure to fold the PCB. First the PCB is mounted on a support and
two metallic wedges are screwed to constrain the PCB and mark the fold (Fig. 5.13, a). The two
flexible parts between the left fillet, the head and the tail are folded with two 90 degrees angles
(Fig. 5.13, b). This process is very delicate as only one fold can be done, otherwise the flexible
part would break, and therefore it is irreversible. The battery is then inserted and glued on
the left fillet (Fig. 5.13, ¢). Finally, the right fillet is folded around the battery and glued on it
(Fig. 5.13, d).

The assembly steps of the different components of the RiBot, as well as the molding steps can
be seen in Fig. 5.14. In order to isolate the actuator and the caudal peduncle from water and to
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Figure 5.13: Folding process of the PCB viewed from the top. a) Some metallic wedges are
fixed on the PCB. b) The PCB is folded against the wedges with two 90 degrees angles. c) The
battery is placed and soldered onto the PCB. d) The right fillet is folded around the battery
and glued on the battery.

create a soft skin that can mimic the tail of the zebrafish, an undercut of the tail was made in
3D printing as it was done for the first version of the RiBot. The skin created was unmolded
and attached on the ring using silicone. The caudal fin, the anal fin and the dorsal fin are
made using thin films of Mylar™. The Mylar™ is cut using laser cutting and then glued on the
tail using latex. The, the PCB is placed in a mold and polyurethane is injected following the
same process of the first version of the RiBot.

5.4.5 Performances evaluation

The second version of the RiBot (V2.0) is presented in Fig. 5.15. We are satisfied of the results
obtained in terms of biomimetics appearance and size ratio. The last aspect that still need to
be considered is the coloration of the lure. Some lures RiBot were painted in order to analyze
if the visual appearance has an effect on the zebrafish, and results of this analysis can be seen
in Chap. 10.

Concerning the technical aspect of the prototype, we performed a successful remote controlled
experiment with the lure below 30 cm water layer. The waterproofness of the lure was validated.
The actuated tail was found to run well, with amplitude measured between 0 and 23 degrees
and frequencies between 0 and 20 Hz which are similar to the first version of the RiBot. We
could perform 23 minutes long test with the tail of the lure moving continuously using the
embedded LiPo battery. The LED could also be well seen through the polyurethane layer.
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(e) )

Figure 5.14: Assembly steps of the RiBot V2. (a) The scan of the zebrafish that is scaled up 1.5
times. (b) The RiBot with all the electronic components, the ring, the motor and the caudal
peduncle mounted. (c) The RiBot with the tail, caudal, dorsal and anal fins. The tail is glued
on the ring using silicone, and the fins are glued on the tail using latex (d) The RiBot placed
inside one of the two molds part. (e) The RiBot is inside the two molds, and the polyurethane
is injected from the tube in the front side of the mold. (f) The RiBot ready to swim.

During the folding process, we encountered some issues on the components that were soldered
near the flexible part (Fig. 5.17). On the design, some electronic components were located very
close to the flexible part in order to use all the available surface, thus the distance between the
contact pads on which the components are soldered and the flexible part were less than 1 mm.
Once folded, the constraints on the electronic circuit in the rigid part were thus too big for the
components located very close and thus we encountered cracks either between the pads and
the copper layer either between the pin and the pad. The solution for this design was to glue
the pads in order to rigidify the mechanical connection. This could be improved on a further
design, with components located slightly farther than the flexible part.

Regarding the improvements on the new design of the RiBot lure compared with the first
one presented early in this chapter, we describe in Tab. 5.2 some of the characteristics to
demonstrate the differences between the two versions. The maximal length and height were
reduce with a factor of 1.26 and 1.42 respectively. The maximal width which is located on the
head of the lure was slightly increased due to the respect of the size ratio. Regarding the PCB
surface available for soldering the electronic components and the estimated volume, we see
that, thanks to the Rigid-Flex PCB technic, we could increase the available surface to mount
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Figure 5.15: Second version of the RiBot fish lure compared with one of our zebrafish. The latex
tail is mounted with the Mylar™ fins. The front part of the lure is molded into polyurethane
and only the eyes made of brass are crossing the polyurethane layer. The eyes are used to
recharge the device and the four contacts on the pelvic fin are used to reprogram and debug
the device.

Figure 5.16: Top view of the lure with its tail beating with an amplitude of 23 degrees and a
frequency of 1.25 Hz.

electronic components with a factor of 1.16 while decreasing the volume of the system with a
factor of 1.56. The mass of the new design was also reduce with a factor of 1.77.

In general, the use of Rigid-Flex PCB was really beneficial for the miniaturization of the lure.
It allowed us to place more electronic components, reduce the size of the device and mimic
most of the body features of a zebrafish. We think that this methodology of using Rigid-Flex
PCB methods to fit electronics components into a biomimetics design will help scientists
during the miniaturization step of their devices for biomedical robotics and biomechatronics
applications.
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Figure 5.17: Top: Rigid-Flex PCB unfolded. The components are soldered on both side of
the rigid parts. Bottom: Rigid-Flex PCB folded with the flexible parts bent two times with 90
degrees angles. The pads of the components very close to the flexible parts may break during
the folding process.

Table 5.2: Comparison of some characteristics between the first and second design of the
RiBot.

Version 1 2
Max. length [mm] 80 63
Max. width [mm] 10 11
Max. height [mm] 20 14
PCB surface [mm?] 858 | 1002
Estimated volume [mm?3] | 8320 | 5390
Mass [g] 10.48 | 5.9

5.5 RiBotbattery charger

We designed a charger specifically dedicated to the RiBot (Fig. 5.18). We used the miniature
LiPo single cell charger MCP73831 (Microchip, USA) to manage the charging of the LiPo battery.
The device consists of two contact springs that are fixed on a PCB that integrates the charger
chip, and are applied on the eyes of the RiBot to guarantee the contact. The charger can be
connected via micro-USB cable to start the charging of the RiBot. A LED indicates the charging
status.

5.6 Contribution to the state of the art

5.6.1 Robotic fish lures for animal-robot interaction studies

Fig. 5.19 shows the comparison between the external shape of different designs used in similar
research of interaction between zebrafish Danio Rerio and robotic lures of [Abaid et al., 2012a],
and the RiBot device designed in this study. We can see that the RiBot is almost two times
smaller in length than the lure presented in [Abaid et al., 2012a]. Moreover, in terms of size
ratio, Fig. 5.15 demonstrates that the RiBot was designed respecting the size ratio of a zebrafish
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Contact spring

RiBot

Figure 5.18: RiBot charger. The charger can be connected via micro-USB to charge a RiBot. It
takes maximum 50 minutes to fully recharge a RiBot.

as itwas based on a 3D scan of a zebrafish that was scaled so that the electronic and mechanical
components could fit into, which was not the case in our opinion with the lure used in other
similar studies. In terms of tail beating frequency, the robot that is used in most of other
studies involving zebrafish presented in [Kopman and Porfiri, 2013] has less capacities than
the RiBot which can reach 20 Hz of beating tail frequency.
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J

Figure 5.19: Comparison between the external shape of lures used in other studies of zebrafish-
robot interactions [Abaid et al., 2012a] (a)-(c), and the robotic lure designed in this study (d).

Table 5.3 shows a comparison of other actuated robotic lures designed for other studies on
fish-robot interaction with the RiBot and a zebrafish. In terms of size, we have smaller length,
width and height while respecting more the shape ratio of a zebrafish. Finally, in terms of
linear speed, in [Aureli et al., 2012], the lure is moving autonomously underwater and thus its
linear speed is quite small. In [Butail et al., 2014b], the lure is attached to a robotic arm that
allows it to move with speeds up to 4 cms~!. Thanks to the coupling with the FishBot wheeled
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mobile robot, the Ribot is able to move with much higher speeds than the other published
solutions.

5.6.2 Bio-inspired miniature robotic fish

The RiBot is also the smallest bio-inspired robotic fish that can be found in the literature. Of
course, compared to other robotic fish used for research in underwater fish-like locomotion for
instance, the RiBot cannot achieve autonomous swimming. However, it is able to propel itself
in water using the actuated tail. The one degree of freedom actuator, which actuates the caudal
peduncle, coupled with the thin caudal fin, allow the device to move forward autonomously

underwater with speeds of up to 2.5 cms™!

, using a floating element to stabilize it as no
elements to control the buoyancy are implemented yet. This maximal speed is in the range of

some results obtained with micro underwater vehicles [Wang et al., 2008 [Heo et al., 2007].

We measured the linear speed of RiBot underwater with all the different possible amplitudes
and frequencies. It can be observes in Fig. 5.20 that RiBot swims slightly faster at high ampli-
tude than at high frequency. The maximal speed of 2.5 cms™! is obtained at an amplitude of
22 degrees and a beating rate of 1 Hz.

We also investigated the possibility to add a second actuator on the RiBot, so that it could
swim autonomously underwater as it is done for instance for the Jessiko Robot [Jes, 2016].
But we would require probably a third version of the design to integrate it, and the robot
could not be used as a tool for fish-robot interaction experiments due to the fact that it would
embed non-biomimetic features and would still not be able to reach the required speed and
acceleration that are provided by the FishBot. However, using the current technology, we think
that is is possible to create such miniature autonomous mobile robotic fish.

5.7 People who contributed to this work

Daniel Burnier and Norbert Crot are the main contributors of the RiBot design as they worked
respectively on the electronic and mechanical designs and made a tremendous job. Samuel

Table 5.3: Comparison of the size and the linear speed of the robotic lures presented in other
similar studies on fish-robot interaction.

System Length [mm] | Height [mm] | Width [mm] | Speed [mms™']
Abaid,2012 150 48 26 not moving
Aureli, 2012 90 45 35 8-12
Butail, 2014 117 48 26 40

Ribot 63 15 11 300
Zebrafish 45 10 5 450
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Figure 5.20: Average linear speed of RiBot underwater in function of the amplitude and the
beating rate of the tail. We performed 10 measurements for each combination. The RiBot was
attached to a floating mass for stabilization during the speed measurement. The value of 0
corresponds to the cases beyond the motor capabilities and thus impossible.

Goy and Yuta Kato also contributed for the design of the first version of the RiBot. Shujie
Zhang made the prototype of the charger. We also thank Marion Segall, Dr. Anthony Herrel
and Dr. Ramiro Godoy-Diana for the 3D scan of the zebrafish that was used to make the design
of the mold of the second version of RiBot. Finally, we would like to thank TOM-IC company
for producing the Rigid-Flex PCBs.
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Automated setup to conduct exper-
iments with mixed societies of fish
and robots

6.1 Summary

In this chapter, we provide an overview of the experimental setup that was designed for mixed
societies experiments with zebrafish and the two robotic devices described in the two previous
chapters. This setup design was implemented three times. One time at the EPFL in order
to perform the validation tests and preliminary biological experiments, as well as two times
at the University Paris Diderot in Paris to run the necessary biological experiments for the
ASSISIbf project.

Figure 6.1: Automated experimental setup designed to conduct experiments involving mixed
societies of fish and robots
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6.2 Experimental setup

To monitor the behavior of the zebrafish and control the robots in a closed-loop, a dedicated
experimental setup was needed. Indeed, all the tests made involving the zebrafish should be
performed in the same environmental conditions for the robustness of the results. A clean
environment with controlled water conditions including tools to retrieve high-resolution
images were needed for this study. Also, the robots, due to their specific designs, required a
dedicated infrastructure for the powering and their control in a closed-loop.

6.2.1 The experimental tank and surroundings

Experiments were carried out in a 100 x 100 x 25 cm experimental tank made of glass with its
internal walls covered with white adhesive (Fig. 6.2). In addition, the bottom surface of the
tank was covered on the inside with white teflon plates to avoid the reflection of images on the
glass and to obtain a smooth surface for the motion of the lure modules inside the aquarium.
The tank is placed on a supportive structure made of aluminum, with four pillars connected by
horizontal bars. This structure offers a sufficient space below the tank to place the conductive
table on which the FishBots are moving. The tank is filled with water up to a level of 6 cm
with temperature set to 27 °C. This level of water is not introducing more stress for the fish
[Reed and Jennings, 2011] and, furthermore, the lure modules, whose height cannot vary, will
be more visible for the fish that are swimming around. The upper part of the setup is confined
behind white sheets to isolate experiments from the rest of the room and to homogenize the
luminosity (Fig. 6.4e). The bottom part of the setup, i.e., below the aquarium, was isolated
from the ambient light using black sheets (Fig. 6.4g), in order to increase the efficiency of
the visual tracking used to track the FishBots from below as it will be described in Chap. 7.
The FishBots are moving underneath the aquarium, and the motion is transmitted to the lure
modules using magnets.

6.2.2 Cameras

We used an overhead acA2040-25gm monochrome GigE CCD camera (Basler AG, Germany)
with a maximum resolution of 2048 x 2048 px and equipped with low distortion lenses
CF12.5HA-1 (Fujinon, Tokyo, Japan) to grab high resolution frame that were processed on a
computer.

To track the FishBots from below (see Chap. 7), we selected a fisheye lens full HD 1080P USB
camera module USB2.0 with OV2710 Color sensor MJPEG with a 180 degree lens from the
company (ELPCCTV, Guangdong, China). We were forced to use a wide-angle vision camera
due to the small distance between the tank and the ground.
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Figure 6.2: Schematic of the experimental setup. (a) Basler camera used to grab high-resolution
frames to track the lures and the zebrafish. (b) IR emitter to emit the controlled commands for
the RiBot. (c) Raspberry PI to generate the required controlled commands to send to the RiBot.
(d) Fish-lure RiBot inside the aquarium linked to the mobile robot through magnetic coupling.
(e) Zebrafish. (f) Aquarium of 100 x 100 x 25 cm. (g) Water of 6 cm depth. (h) FishBot mobile
robot moving under the aquarium. (i) Copper conductive plates to power the mobile robot
(VCCQ). (j) Perforated stainless steel plates to serve as ground contact for the FishBot (GND) and
to oberve the FishBot LEDs from below. (k) 180 degrees fisheye camera to track the FishBot
from below. (1) The control station that runs CATS tracking and control software (see Chap. 7).
(m) Teflon plate covering the bottom of the experimental tank.

6.2.3 Computer

In order to run the control and tracking software CATS that will be described in the next chapter,
and at the same time stream and record the high definition videos, a powerful workstation
was required. A Dell Precision T7910 with a Double processor Intel® Xeon® E5-2630 v3 was
selected. The workstation was running an Ubuntu Linux 14.04 operating system. The graphic
card selected was a NVIDIA NVS 315 of 1 Gb and the memory card is a 32G 2133MHz DDR4
(8x4GB) RDIMM ECC. Due to its high capabilities, this workstation was also used to perform
the post analysis to retrieve the identification of the zebrafish that required high processing.

6.2.4 Lightening

The experiments were performed under daylight conditions. The lightening was done using six
lamps Osram FQ HO of 49 Watts, 90-100 Ra and 6500 Kelvin to reproduce daylight conditions.
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Figure 6.3: View inside the top and bottom parts of the experimental setup. (a) Zebrafish. (b)
Fish-lure RiBot. (c) Wall of the arena. (d) Aquarium floor made of teflon sheet. (e) Pillar of the
arena. (f) FishBot mobile robot. (g) Wall of the FishBot arena to constrain de FishBots. (h)
FishBot arena. (i) Stainless steel grid.

The lamps were disposed alongside the experimental setup, and spotted the light in the
direction of the aquarium. The structure on which the tank is fixed was covered with white
sheets in order to diffuse the light inside the tank.

6.2.5 Continuous powering system of the FishBot

The FishBot mobile robots are powered by two conductive plates, one glued onto the bottom
of the aquarium and one onto a plexiglass plate on which the FishBots are moving. The latter
is made of stainless steel of 100 x 100 x 0.1 cm perforated with 1 mm diameter holes that are
distant of 2 mm and disposed in a triangular shape. This allows the tracking of the LEDs of
FishBots with the 180 degree fisheye camera installed under the setup while still being able to
continuously power the FishBots, as it will be further explained in detail in Chap. 7.

6.3 Arenas

We designed several types of arenas to constrain the zebrafish movements inside the tank
(Fig. 6.5). These arenas were designed based on two main factors: first, the behavior of the
zebrafish, i.e., movements and shoaling, can vary depending on the shape of the environment
as shown in Sec. 3.6, and, second, the shape of the setup can improve the measurements of
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Figure 6.4: View of the experimental setup implemented at the EPFL. (a) Position of the high-
resolution camera. (b) Fish arena. (c) Tank. (d) Bottom fisheye camera. (e) White sheets that
diffuse the light. (f) Structure to support the FishBots. (g) Black sheets to isolate the bottom of
the aquarium from ambient lightning.

the collective decisions of the zebrafish, for instance using a binary choice setup. The different
tests that were performed with mixed societies of fish and robots that are described in the next
chapters of this dissertation will show in more detail how the shape of the arenas influence the
fish behavior and may facilitate the measurements of the fish behaviors. To also constrain the
movements of the lures in the arena inside the tank, an arena was also designed to constrain
the movements of the FishBots underneath the tank (Fig. 6.3, h). This arena is made of wood
that is laser cutted in order to have the same shape of the arena inside the tank. It is also
covered with white adhesive on this inside for a better reflection of the IR signals, in order to
increase the efficiency of the local obstacle avoidance.

6.3.1 Open arena

The open area (Fig. 6.5A) consists of a square without any obstacle inside. The square has a
dimension of 1 x 1 m. In this setup configuration, the zebrafish have a tendency to follow the
walls. We used this configuration to perform behavioral experiments in open area (See Chap. 8
and Chap. 9).
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Figure 6.5: The arenas that were used to perform behavioral experiment with zebrafish. A) The
open area of dimensions 1m x 1 m. B) The two rooms setups, with two rooms of 35 x 35 cm
linked by a corridor of 10 cm width. C) Circular corridor arena. The width of the corridor is 10
cm. D) The open circular arena. The external diameter of the circle is 58 cm.

6.3.2 Two rooms with a corridor

This setup was designed to offer a binary choice for the zebrafish (Fig. 6.5B). In fact, the
zebrafish can either be in one of the two rooms, either in the corridor. However, they will
spend much of the time inside the two rooms, transiting rapidly by the corridor. The size of the
corridor was designed so that the zebrafish would not spend too much time in it and avoid as
much as possible to make U-turns. The width of the corridor is 10 cm and the two rooms have
a dimension of 35 x 35 mm. The walls of this arena are slightly inclined towards the inside, so
that no occlusion are made due to the walls, and all the agents are always in the field of view
of the top camera. The walls of the arena are made of Polymethyl methacrylate (PMMA).

This setup was designed mainly for the experiments that took placed in Paris and that were
conducted by the biologists involved in the ASSISIbf project. Some of these experiments,
especially the ones involving the robots are still in progress and thus, they will not be described
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in this thesis.

6.3.3 Circular corridor

As the zebrafish are constantly moving, we proposed the use of a circular corridor to measure
the attraction of the lures (Fig. 6.5C). This setup offers a binary choice for the fish, as they can
either move in the clockwise direction either in the counter clockwise direction. It is also a
known setup to study the shoaling formation of zebrafish [Abaid and Porfiri, 2010].

The dimensions of the corridor are the following: an external diameter of 58 cm, an internal
diameter 38 cm, thus the width of the corridor is 10 cm. The choice of the 10 cm width is a
good tradeoff to have a continuous motion of zebrafish without stressing them due to the lack
of room. A more detailed description of this setup and its use will be done in Chaps. 10 and 11.

6.3.4 Open Circular arena

This setup was designed to constrain the zebrafish into a smaller room that in the open area,
without corners in order to avoid the aggregation of the zebrafish in one place (Fig. 6.5D). In
this setup indeed, compared with the open area, the linear speed of the zebrafish will be more
constant. The external diameter of the circle is 58 cm. In this configuration, the zebrafish have
a tendency to move in shoal and occupy the entire arena (See Sec. 8.5).

6.4 Experimental procedure

Here, we summarize briefly the experimental procedure that was used for each experiment
involving zebrafish that are described in this dissertation. The experimental procedure was
validated by the Department of Consumer and Veterinary of Canton de Vaud (Switzerland).

First, the water of the experimental tank was maintained at the same temperature (27°C) and
water quality as the water of the housing aquarium (see Sec. 3.7) to minimize the effect of the
water transition on the zebrafish. In the morning of an experiment session, zebrafish were
selected at random from their housing aquarium and were maintained inside a transfer tank
next to the experimental tank during the experiment. Then, a small group of zebrafish was
selected among the entire group with a hand net from the transfer tank and transferred into
the experimental tank. We let them acclimatize for about 10 minutes inside the experimental
tank before starting an experiment, as we noticed that for the first five to ten minutes, the
behavior of the zebrafish is not the same than the behavior during the rest of the experiment,
probably due to the high-level of stress that is due to the transfer and acclimatization to
the new environment. After the experimentation, the fish were placed in a second transfer
tank near the experimental setup, so that they could not be reused during the same day for
an experiment. After the experiment session, all the fish were put back into their housing
aquarium.
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g4 CATS, the control and tracking soft-
ware

7.1 Summary

This chapter introduces the high-level software infrastructure developed for automated experi-
mentation and analysis of mixed groups composed of robots and fish. We will first describe the
general architecture of the software. Then, in more detail, we describe the tracking tools that
were used to retrieve the position of the robots and the zebrafish during the experiments, as
well as the interface to control the robots. The different implementations of robot’s behaviors
and navigation techniques will also be described. Finally, a short description of the possible
extensions of the system to connect multiple experimental setup through the Internet will

close the chapter.

This chapter is based on the publication Multi-robots Control and Tracking Framework for Bio-
hybrid Systems with Closed-loop Interaction [Bonnet et al., 2017a] with slight modifications to

fit the present dissertation.

Figure 7.1: The logo of the Control And Tracking Software (CATS) developed for automatic
experimentation involving mixed groups composed of fish and robots.
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7.2 Overview of existing software solutions for animal-robot exper-
iments

The analysis of existing approaches in the field of bio-hybrid systems [Swain et al., 2012,
Shi et al., 2015, Landgraf et al., 2016] shows that generally researchers develop the necessary
software to perform the tracking of the agents and the control of the robots in a closed-
loop by themselves, as no such specific software is available commercially or open-source.
These in-house software are usually not distributed, the only exception being the MADTraC
library [Swain, 2011] developed at Princeton University, Princeton, NJ, and that was used in
[Swain et al., 2012] to track a group of golden shiners (Notemigonus crysoleucas) and a model
of a three-spined sticklebacks (Gasterosteus aculeatus L.) steered by a MiaBot Pro wheeled
robot. MADTraC provides a desired functionality, but, unfortunately, its support is discon-
tinued since long time with the last changes made in 2011. An option would be to use ROS
(Robotic Operating System) [Quigley et al., 2009] that has a distributed and modular design,
and implements its own navigation stack and bindings with the OpenCV computer vision
library [Bradski, 2000]. However, the current version of ROS does not offer a support for multi-
robot systems [ROS, 2015], and it is still rather robotic research oriented, and thus potentially
demanding a significant learning effort. In our case, we were willing to build software tools
easy to be used by researchers in the field of behavioral biology. Also, ROS is only fully sup-
ported on the Unix-like systems, which is rather limiting, as we target biologists who are often
Windows or MacOS users. Therefore, we decided to develop new software tools and target all
the research field in behavioral biology, in particular those who are building mixed societies of
animal and robots.

7.3 CATS global description

The design of the software was defined by several requirements. In our case, the software
needed to perform experiments involving mixed societies of multiple agents, fish and robots,
in which robots interact with animals. Thus, a robust and real-time tracking system that is
closely tightened with the robots’ control systems was required. The software had to be used
in different types of experiments, and thus both the tracking and control parts must be easily
expandable to implement desired behaviors or other functionalities. Also, the tracking part
might be used separately when experimentations with only animal are run. Hence, the design
must be modular to easily extract the tracking functionalities from the rest. As the software
would be mainly used by biologists, the user interface must be clear, especially for the control
part with a high level of abstraction. Last but not least, the software must be multi-platform.

7.3.1 Software versions

In the first years of the project, we developed a prototype version of the software written in
Python language [Bonnet et al., 2014] (Fig. 7.2, a). The choice of having the software written
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in Python was twofold: first, the biologists working in the project ASSISIbf were mostly used
to Python coding, thus, it was easier for the early software developments that was done
in common with biologists. Also, Python offers many libraries for data analysis, tools that
could be integrated into the software for automatic analysis of the data retrieved during the
experiments. This software proved to work well in the first phase of the project and could
manage the first fish-robot interaction experiments that are shown in [Bonnet et al., 2014] and
that will be described in Chap. 9.

With the complexity of the algorithms developed to perform the tracking, and the future
integration of evolutionary algorithms, it was then decided to separate the control and tracking
from the data analysis. The control and tracking software (CATS) would be written in C++,
using efficient libraries such as Boost [Boo, 2016] to reduce the computational power required,
and the data analysis, that was named High throughput Ethomics Analysis Framework (HEAF)
would be written in Python and mostly developed by the biologists in the University of Paris
Diderot (Fig. 7.2).

Python

First software version

CATS HEAF
Python

C++

Second software version

Figure 7.2: The two versions of the software tools developed during the project to perform
experiments with mixed groups of fish and robots. (a) In the first version [Bonnet et al., 2014],
the tracking, control and data analysis were merged into a unique software written in Python
language. (b) In order to increase the efficiency of the tracking and control parts, we separated
the control and tracking from the data analysis and created two modules: Control And Tracking
Software (CATS) and High throughput Ethomics Analysis Framework (HEAF).

7.3.2 CATS architecture overview

The overview of the second and most recent version of CATS software is presented on Fig. 7.3.
It consists of two main components: Tracking, which tracks the agents (robots and fish), and
Robot control, which generates commands to control the robots (FishBots and RiBots). The
tracking and control loops are decoupled. The tracking runs at the frequency given by the
Basler camera (15 Hz), and the frequency of the control loop can be configured, as it will
depend on the desired behavior of the robots. CATS is implemented in C++ with extensive use
of the Qt framework [Qt2, 2016].
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7.4 GUI

CATS provides a Graphical User Interface (GUI). It allows the experimenter to assess the
progress of an experiment, visualize the tracked positions of the agents and control the robots.
The different behaviors of the robots and the navigation parameters can be adapted by the
user during the experiment through the GUI. The user can also visualize the robot states, for
instance in case of issues such as a loss of power or if the robots are avoiding obstacles.

Video reception [GStreamer, app — Ribot transmitter [Python script
- records videos in original resolution Life video S - transfers commands to Ribots [F———" *
- downsamples videos for processing stream Tail
- publishes live video stream online comr_nands "o
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Figure 7.3: Overview of the software architecture, used to save videos of the experiments
as well as the data extracted, to track in real-time the positions of the fish and the robots,
and to control the behavior of the robots. The video stream from the main camera fixed
above the setup is compressed and saved on disk in high resolution (2040 x 2040 pixels).
The video stream is also converted to a lower resolution (500 x 500 pixels) and published on
the Internet (streamyfish.com). The tracking of the fish and lures is performed in real-time
on the low-resolution video stream. The second video stream (640 x 480 pixels) from the
camera fixed under the setup is used to track the FishBots. The robot control makes use of the
tracked positions of the robots and fish to control the FishBots’ motion as well as RiBots’ body
movements. The low-level control of the FishBot mobile robots is achieved by using the Aseba
framework, as shown in Chap. 4.

7.5 Video capture and streaming

The library Aravis [Ara, 2016] is used to access the frames grabbed by the main Basler camera.
All video stream operations are handled using the GStreamer library [GSt, 2016]. The param-
eters of the GStreamer media components were tuned in order to achieve very low latency.
The video stream from the camera is split into two different streams: one in high-resolution
(2040 x 2040 pixels, grayscale) that is saved on a disk for further analysis, the other in a lower-
resolution (500 x 500 pixels, grayscale) for the image processing in CATS. The low resolution
video stream is also published on the Internet in the web page streamyfish.com, so that people
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can observe the experiments performed online (Fig. 7.3).

The tracking part uses only the low-resolution video stream to track the positions of the
agents. The use of low-resolution frames instead of high-resolution ones allows the tracking
process to be less computationally expensive. We tuned the parameters of the GStreamer
media components to have a very low latency. Inside CATS, the video frames transfer between
different modules is done via single-producer, single-consumer lock-free queues developed
by [Cam, 2016].

7.6 Tracking of the fish

An overview of the tracking sub-system is presented in Fig. 7.4. The tracking is using as inputs
the frames grabbed from the two cameras, the Basler camera for the tracking of the agents
from the top, and the Fisheye bottom camera, for the tracking and control in closed-loop of
the FishBots (Fig. 6.2).

7.6.1 Online tracking of the fish

The tracking of the agents is performed on the low-resolution (500 x 500 pixels) video stream.
All operations are processed using the OpenCV library [Bradski, 2000]. First, we apply a back-
ground subtraction preprocessing step, on each frame, by using the Gaussian Mixture based
Background Foreground Segmentation method of [KaewTraKulPong and Bowden, 2002]. The
position of the agents is detected by using a corner detection method [Shi and Tomasi, 1994]
on the resulting foreground frame, as the heads of the zebrafish and the different lures have a
very sharp corner. By assigning manually the agent position at the beginning of the experi-
ment using the GUI, this tracking method was also used to track the identified robots position.
Afterwards, the tracking system updates the estimated positions of the robots by selecting the
closest blob to the previous positions of the robots.

The tracking and control application was also used to analyze the locomotion of the agents.
Using the positions (py,py) of the agent moving inside the aquarium, that is retrieved by the
tracking, we could compute the linear speed (vy,vy) using

vy = f- (px,_l ;pxm ) vy = (W) (7.1)

where f is the frame rate of the image grabber, which was set to 15 frames per seconds. We
computed the speed using the position difference between three frames instead of two frames
in order to average the noise given by the tracking. We could obtain the linear speed of the
agent v;;, using

Viin =/ V5, + V5, (7.2)

77



Chapter 7. CATS, the control and tracking software

The angular speed w; was computed using the orientation difference a; between two points:

Py, 1 = Pyin
ar = atan (— . (73)
Pxio1 = Pxin
The angular speed is then given by
wr=f(ar—a-1). (7.4)
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Figure 7.4: Overview of the tracking sub-system of CATS. The stream coming from the main
camera is used to track all the agents inside the arena, while the bottom camera’s stream
is processed to detect the robots’ positions. The tracking results are later merged together
to separate the fish from the lures. The resulted positions are stored in the file system for
further analysis, but are also sent to the robot control sub-system. Several tracking methods
are available and can be selected in the configuration file. The software provides a GUI that
displays input video streams with the tracking information.

7.6.2 Offline tracking of the fish

The tracking system can currently only identify (i.e., attribute the correct ID to the detected
agent) robots in real time. The position of the zebrafish are detected, but the fish are not
individually identified. The high-resolution videos obtained using the Basler camera are anal-
ysed off-line by the idTracker software [Pérez-Escudero et al., 2014] to identify the zebrafish
(Fig. 7.5, left). This process is time-consuming and computationally intensive. For instance,
when using a 32-cores computer, idTracker takes eight hours to track and identify five ze-
brafish in a 30 minutes high-resolution video. However, idTracker is relatively reliable: no false
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positive, no propagation of identification errors, and fish are identified correctly in 95% of
time-steps on average. In Fig. 7.5, right, we show an example of a frame grabbed by the Basler
camera, on which we added colored circles around the correctly identified zebrafish, obtained
using the idTracker software.

idTracker - Job done

DS AW ARODEL- 2|08 | -

4500

4000 Tracking finished! -}

3500
Reliability of identities:

3000 High (93 )

rames)

2500

=

2000
= The results ars in the files named
‘trajectoriss’ in the same folder

"~ 1500
as the video,

1000

500

Figure 7.5: Result obtained using idTracker [Pérez-Escudero et al., 2014] on the high-
resolution video for the identification of the zebrafish. Left: The output of idTracker, with the
identified zebrafish positions over time and the percentage of tracking success over the whole
experiment. Right: Screenshot of the video of an experiment in which we added the position
of the individual fish tracked with color circles added around the correctly identified fish. This
software guarantees the identification of the fish 95% of the time, but is too heavy to run in
real-time during the experiment.

7.7 Tracking of the robots

Several approaches were used to detect the position and identify the FishBots. During a first
period, as we were mainly making tests using one robot that was moving among fish, we
used the same tracking that was implemented to detect the fish as described in Sec 7.6.1. We
could thus detect the lure the same way as we detected fish, and use the small difference of
visual appearance between the lure and the fish, i.e. the size (Fig. 7.6, left), to identify the
robot. This method was acceptable while we were working with only one robotic agent, but it
brought some issues when working with multiple robots. First, in case a lure was decoupled
from a FishBot below, it was not possible to recover the experiments, as the software had no
information on the current location of the FishBots. Also, when using several agents, the loss
of the identification of the robots appeared a lot due to the overlapping of the zebrafish and
lures on the frame grabbed by the Basler camera (Fig. 7.6, left). Therefore, a better tracking
strategies for the robot was needed to conduct mixed society experiments.
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7.7.1 Kalman filtering approach for improving the tracking of agents

An Extended Kalman Filter (EKF) was implemented to reduce the risk of losing the identifica-
tion of a robot. The Kalman filter is used in many different fields and is known to be very robust
and efficient [Kalman, 1960]. Since both fish and robots are continuously tracked and in sight,
there is little risk of failure. However, the main difficulties of tracking is the overlapping of
agents as shown in Fig. 7.6, left.

EKF Process Model

J

Image Acquisition

J

Image Processing

J

EKF Measurement step

J

Update Positions used in Control Loop

Figure 7.6: Left: Typical issue that can occur during multi-robot experiments. Two or more
lures are next to each other, which will generate a tracking issue if using a blob or edge detector.
Hence, from that moment, the correct identification of the robots is not guaranteed. Right:
Diagram flow of the tracking thread in CATS with the EKF algorithm added. By adding filters of
error and the robots motion model into the tracking loop, we could solve some of the tracking
errors.

The EKF implemented on the tracking can be seen in the form of a flowchart in Fig. 7.6, right.
The process model estimates the future pose, i.e., the position and orientation, of the robots
using the motion command that is sent to the robots, then the image tracking defined in
Sec. 7.6.1 is used in the measurement step of the filter.

For the process model, we used the kinematic model of the FishBot to predict its next state.
The FishBots are moving using a differential drive configuration of the wheels located in the
center of the robot. We begin by defining the equations of motion of a differential drive mobile
robot in function of the tangential speeds of each wheel

Vieft+ Uright
Dy = — L TEN B (7.5)
Vsright— U
w= rzghtl lef't (7.6)

where vy;;, is the linear speed, w the rotational speed, vj.f; and v; gy, the tangential speed of
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the left and right wheel, respectively, and [ the distance between the two wheels which is 2 cm
for the case of the Fishbot.

The flow chart of the process model of the EKF for one iteration can be seen in Fig. 7.7. The
process model used in the Kalman Filter can also be written as

Xivdr = Xe+di-viip-cos(¢py) (7.7)
Vivdr = Ve +dt-viip-sin(¢py) (7.8)
Griar=¢r+dt-w (7.9)

The Jacobian matrix of the process model is given by

0 dt-vlin-sin((pt)
1 —dt-vyi-cos(dy)
0 1

~
1
oS O =

@pdatc the estimated State using the process 111()(1@

l

Calculate J and J,. the jacobian matrices of the process model

with regards to the states and inputs

i

Calculate Q, = J, - P, - JI', with P, the covariance matrix of the noise in the inputs

I

Calculate Q = Q; + Q,,, J; is the assumed imprecisions in the process model

I

Update the covariance matrix P = J-P-JU +Q

Figure 7.7: Flow chart of the EKF process model

For this implementation, the process model uses the speed command that is sent to the
FishBot and not the inputs from the encoders as it is usually done for such system. The reason
for this is that the FishBots are capable of closely follow the given commands as it can be
observed in Fig. 4.15, as long as the speed command stays below 30 cms™!. Also, the Aseba
network that is used to exchange the events containing the data between the FishBots and
CATS would probably saturate if the robots sensing information are regularly sent to CATS,
especially if a high number of robots is used. The fact that we use the commands sent to the
robots as input to the filter reduces its accuracy. In order to compensate for this, we assume
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a high noise in the inputs, which is done in the matrix J,,. However, in reality, this noise is
non-Gaussian as it is in fact a time delay. This means that we cannot easily compensate the
error with a Kalman Filter.

The matrix J,, is given by:

0.5-dt-cos(¢p;) 0.5-dt-cos(¢py)
Ju=10.5-dt-sin(¢p;) 0.5-dt-sin(¢p;)
—dt- 7 dt-7

where r is the wheel radius which is 5 mm for the case of the FishBot.

The values for the standard deviations used could be edited in the configuration file in order
to reduce the need for recompiling the software.

The measurements used in the measurement process are the position p, and p, of the
lure obtained using the same method described in Sec. 7.6.1. The measurement process is
described in Figure 7.8.

@alculatc the expected position of the bl(@

l

Calculate H, the jacobian matrix of the errors

with regards to the states

l

Calculate S = R+ H - P- H", with H the jacobian of the measurements

and R the covariance matrix of the noise in the measurements

Calculate the Kalnan gain K = P- H . 57!
v

Calculate the updated position Pos = Pos + K - Z

l

Update the covariance matrix P =P - K- H- P

Figure 7.8: Flow chart of the measurement process of the EKF

Using the Kalman filter for the tracking, we first noticed that the tracking accuracy was not
improved at low speed, but increased at high speed. This is due to the fact that at low speed,
the method to identify the head of the lure is very efficient, but its efficiency decreases at high
speed. As the Kalman Filter is including the motion of the robot into the estimation of the
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trajectory, it results in a slightly improvement of the tracking at high speed up to 30 cms™!.

Above 30 cms ™!, the EKF is offering poor results, due to the fact that, at these ranges of speed,
the robot is not behaving as encountered and do not follow exactly the desired speed.

However, the types of problems that are shown in Fig. 7.6 where not fully resolved, due to
the fact that the measurements from the edge detector methods were always taken into
account, even when two robots were close to each other. We thus tried to implement some
supplementary conditions into the filter. For instance, we made the tracking ignore the
measurement steps when two or more robots were too closed to each other. Unfortunately, the
process model could not guarantee that the robots would not lose their IDs, mainly because
when entering into collision, the process model was not able to accurately estimate the poses
of the robots.

Due to the fact that the Kalman filter could not guarantee a 100% robot identification perfor-
mance, we decided to implement another solution for the tracking that is not only based on
the image retrieved by the top high-resolution camera.

7.7.2 FishBot tracking from below

It thus occurred that the best way to ensure the identification of the robots during the ex-
periments was to have a second solution of tracking coupled with the one using the camera
on the top, as it is done in [Landgraf et al., 2013]. However, compared with the solution of
[Landgraf et al., 2013] in which they use a transparent support for the mobile robot, the sup-
port on which the FishBots are moving needs also to provide the powering of the robot. Thus,
a solution to have a support able to power the system and for the robot to be seen from below
had to be found.

The first adopted solution was to modify the copper conductive plate below the FishBots by a
see-through conductive material. Indium Tin Oxide (ITO) coating on a glass was investigated,
but tests showed that the coating had a too high resistivity. We tested a second solution
involving a thin PCB with a copper grid. A first prototype of this solution was implemented
using thin PCB substrate sheets of 0.1 mm made of FR4. The PCB was covered by a thin copper
grid of 35 um. As the FR4 is translucent with this thickness, LEDs mounted on the bottom of
the FishBots could be seen through. We could perform some experiments using this setup to
validate the method. However the solution had several disadvantages: First it was not possible
to print a PCB sheet large enough to cover the entire setup, thus we had to assemble several
sheets and bridge them to ensure conductivity, but then the flatness was not guaranteed. Also,
over time, the copper grid would be damaged due to friction and oxidized.

The final solution adopted involves the use of a 1 mm thick stainless steel plate with small
holes that was already introduced in Chap. 6. The dimensions of the holes are 1 mm diameter,
distant of 2 mm and disposed in a triangular shape. The size of the holes is small enough
so that it does not perturb the motion of the FishBots, and the lights coming from the LEDs
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can diffuse through the holes (Fig. 7.9, left). The stainless steel plate is placed on a Plexiglas
support to not bend. Frames are grabbed from below by a fisheye camera with a 180 degrees
field of view. Each FishBot is equipped with six LEDs of the same color, three located in the
front and three in the back (Fig. 7.9, right). A blob detector is performed on the HSV color
space images to localize the position of the LEDs, and the position of the robot is estimated in
the middle of two blobs of the same color. This solution is very robust, as it is not possible to
lose a robot, as no occlusions appear, and each robot can be identified by its corresponding
LED color.

> 1+ 4+ @B LLHY

Front
LEDs

Back
LEDs
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Figure 7.9: Tracking of the FishBots from below. Left: View from the fisheye camera of three
FishBots from below, each equipped with six LEDs with the same color for identification. A
circle is added around the estimated center of each FishBot. Right: The FishBots seen from
below, with the two PCBs equipped with 3 LEDs each.

We implemented this solution inside CATS to merge the two tracking methods (Fig. 7.10).
First, we calibrated the cameras by removing the distortion using a chessboard and OpenCV
methods to retrieve the distortion matrices. Then, we placed in the position of the FishBots a
specifically designed grid made of LEDs at the bottom and magnets at the top. We measured
the positions of each nodes of this grid on the two various framed grabbed by the Basler
camera and the fisheye camera. These two matrices are used to merge the two frames to
obtain the same pose of the FishBots in the global frame.

7.8 Control of the FishBots

7.8.1 Overview of the control architecture

The modular event-based architecture for the mobile robots library (Aseba) has been used
to individually control the FishBots in real-time and reprogram them during an experiment
without flashing the firmware of the microcontrollers (Sec. 4.6.3). The control of the FishBots’
motion is done through events that are sent from CATS and that contain the parameters for the
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Figure 7.10: The merge of the tracking results from (left) the camera above the setup that tracks
all the agents, lures and zebrafish, and (right) the camera below the setup that tracks only the
FishBots. The tracking results from both cameras are converted from pixels to millimetres
thanks to the camera calibration routine and then merged together to detect the robots among
all the agents.

locomotion. Some behaviors are implemented onboard each FishBot or at the level of CATS.
Thanks to the event-based protocol, the FishBots are able to emit events in case of obstacle
presence or powering issues, and the control application can then modify the behavior of the
robots to overcome these types of situations.

The robots are thus connected to the same Aseba network using Medulla (Sec. 4.6.3). In order
to interface with Medulla, a DBus interface was implemented in CATS. The interface allow
to get all the functionalities of Aseba in CATS, such as loading Aseba scripts in the virtual
machine onboard each FishBot, getting and sending events, modifying Aseba variables etc.
This software module can be found as a contribution to the Aseba community in [QtD, 2016].

Table 7.1 shows a visualization of all the behaviors that were implemented in the firmware of
the FishBots and in CATS in order to conduct the required experiments of ASSISIbf.

Table 7.1: List of the FishBots’ behaviors. Target generator is the mechanism that generates
a goal for the FishBots. The locomotion patterns is the locomotion that is used by the Fish-
Bot when moving toward the target. Obstacle avoidance mechanisms are used during the
displacements of the FishBots. Path planning algorithms were also implemented to find the
optimal trajectory, taking into account the shape of the arena, the positions of all the robots,
and the position of the targets.

Target generator Locomotion pattern | Obstacle avoidance | Path planning
Joystick manual control | Constant linear speed Braitenberg Dijkstra
Pre-programmed Fish-like patterns Turn and Go Potential Field
Fish shoal centroid Straight ahead Potential Field

Vision-based model
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Figure 7.11: Overview of the robot control sub-system of CATS. Several kinds of control modes
(behaviors) and locomotion patterns are available, and can be selected by the user in the
user interface during an ongoing experiment. For the FishBots, the desired speed of each
wheel is sent through a serial connection via the Aseba network, in which all the FishBots are
connected and can receive or emit events. For the RiBots, the communication is only one way,
with the IR RC5 signal that is broadcast to control the stepper motors of the RiBots that drive
their tail.

7.8.2 Obstacle avoidance mechanisms

As we are using arenas that can be composed of corridors or small rooms (see Chap. 6),
automated obstacle avoidance mechanisms were required to avoid the collisions of the FishBot
with the boarders of the arena or with other FishBots, which could generate a failure of the
experiment, with a FishBot blocked or a decoupling between a lure and a FishBot. We chose to
implement these algorithms on two software layers: some at the level of the FishBots, which
were already described in Chap. 4 that are based on the proximity sensors measurements
retrieved by the FishBots and some at the level of CATS that are taking into account the global
position of all the agents and the shape of the arena.

Local obstacle avoidance

If an obstacle is detected by a FishBot, it will first send an event to the Aseba network to inform
that it has detected an obstacle. This information will be retrieved in CATS to inform the
user that this FishBot has detected an obstacle and also, depending on the current behavior
of the robot, CATS will automatically stop sending control commands to this robot while it
is avoiding the obstacle by itself. The robot will then avoid the obstacle autonomously. As
explained in Sec. 4.7, two types of algorithms were implemented: One based on the Braitenberg
vehicle principle [Braitenberg, 1986] and one named Turn and Avoid which allows the robots
to escape any situation that involves obstacles.
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High-level obstacle avoidance

The local obstacle avoidance methods proved to resolve most of the problematic situations
for experiments involving up to three FishBots. However, some situations occurred in which
three FishBots were blocked for 10-20 seconds in a small corridor or in the circular arena for
instance (Fig. 7.6, left), trying to avoid each other and slowly finding a solution to escape this
situation autonomously. This is of course not acceptable for experiments in which we want to
show that the robots are mimicking correctly the zebrafish behavior. Also, knowing exactly the
environment and the position of the agents thanks to the tracking could allow to design more
sophisticated algorithms.

Hence, we implemented an obstacle avoidance mechanism at the level of CATS based on
the potential field algorithm [Khatib, 1986]. This algorithm is based on the idea of applying
virtual forces onto the robot and construct an artificial potential field. The obstacles repel the
robots and the targets attract the robots which will therefore be able to navigate toward the
goals, located at the global minimum of the potential field (Fig. 7.12). The advantage of these
types of path planning algorithms is that they are easy to implement and can also incorporate
sensory inputs.

Repulsive Potential Whole Potential

Attractive Potential

Figure 7.12: Overview of the potential field algorithm principle. On the left, an attractive
potential, for which for example the robot will move towards the left to reach a target located
on the corner of the squared arena. In the middle, a repulsive potential field with two obstacles
that the robot has to avoid. On the right, the combination of the attractive and repulsive
potential fields which conduct to a path free of collisions for a mobile robot [Wang, 2017].

As the potential field algorithm involves many parameters, such as the shape of the attractive
and repulsive potential fields, which are not trivial to tune, preliminary parameter tuning was
conducted using Matlab (Fig. 7.13). After that, the algorithm was implemented in CATS, and
tests involving two robots could demonstrate that this algorithm can be used for instance in
the two rooms setup (Fig. 6.5B) to increase the collision avoidance efficiency between two
robots, as the algorithm takes into account the arena structure and the position of the robots.
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(a) (b)

Figure 7.13: Simulation of the potential field algorithm applied on the two rooms setup using
Matlab. The forces and potential field due to the repulsion of the arena and the attraction of
the target are represented at each position of the aquarium, with visible gradient descent to
the red target located at the local minimum. (a) 2D Plot showing the direction of the forces.
(b) 3D representation of the gradient.

7.8.3 Target generators

In the framework of the ASSISIbf project, we are studying the effect of various stimuli that
can be generated by the FishBots on the zebrafish. The locomotion patterns generated by the
FishBot, as well as the types of trajectories that are followed by the devices, are typical stimuli
that are of great interest to study the social behavior of fish. We have implemented in CATS
different types of target generators and locomotion patterns that the user can either select on
a configuration file, or adapt manually during an ongoing experiment. The target is the goal
that the FishBot has to reach, and the locomotion pattern is how the robot will move to the
target.

Manual mode

For debug purposes and in order to initialize the system, we have implemented a manual
mode to control the Fishbots. Each FishBot can be move manually using a joystick. The
experimenter can also manually place a target using the mouse.

Preprogrammed trajectories

The user can define in a configuration file the trajectory of each FishBot. For instance, this
mode was used in order to generate a specific trajectory in the open arena setup that was
used to perform the preliminary experiments involving the FishBot with zebrafish that are
described in Chap. 9. The targets are simply the nodes of the trajectory and are updated either
depending on the proximity of the FishBot or at each time step with a frequency that can be
configured.
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Fish shoal centroid

In this mode, the target is generated in the centroid of the fish shoal. This behavior was
tested to observe how the zebrafish would react to robots moving continuously in the center of
their shoal as itis done in [Swain et al., 2012], [Landgraf et al., 2013] and [Landgraf et al., 2016].
However, this behavior is not mimicking the fish behavior, as the fish do not always swim in
the direction of the shoal centroid. Thus we mostly used the Vision-based model that will be
further described.

Vision-based model

The zebrafish displacement model described in the next chapter (Chap. 8) is used to generate
a target based on the current pose of simulated or real agents in the arena, as well as the walls
of the arena. It allows for instance a FishBot to mimic the fish behavior such as shoaling, by
being attracted by the position of other agents or the walls, which is a behavior observed
on our zebrafish [Collignon et al., 2016]. A more detailed description of the model is done in
Chap. 8.

7.8.4 Locomotion patterns
Straight ahead

For the straight ahead mode, the FishBot will move on a straight line and a parameterized
speed is continuously sent to it so that it follows a straight forward trajectory. If coupled with
one of the local avoidance method, it will generate a random walk of the robot inside an arena.

Constant linear speed

The FishBots follow the target at a parameterized linear constant speed. This controller was
implemented in order to mimic the zebrafish motion inside corridors, such as in the circular
corridor arena, or the two rooms arena. The control of the rotational speed is done using a
PID based on the difference between the current pose of the FishBots and the target position.

The angle difference between the position of the robot and the position of the target that it

has to reach is defined by:
dy()
f)=atan|—— 7.10
P aan(dx(t)) 710

where dx(t) and dy(t) are the difference between the current robot position and the position
of the target along the x and y axis, respectively.
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The difference between the current orientation of the robot p(#) and the angle between the
position of the target and the robot’s position given by B(t) is the angle a/(#) that the FishBot
has to turn to reach the target

a(r) = p() - (1) (7.11)

The controlled rotational speed w, is computed using a PID controller based on the computed
angle a(t)

t da(r)
we = Kpa(r) +K,-f a(t)dt + Ky
0

(7.12)

where K, K; and K are the proportional, integral and derivative gain, respectively. The gains
of the PID can also be parameterized, as they will depend on the linear speed of the robots, or
the type of arena that we are testing.

Using Eq. 7.6, and in function of the w, computed using the PID formula in Eq. 7.12, we
obtained the following controlled tangential speeds of the left and right wheel (Vj, ¢, and
Viight,c, respectively)

we (1)1 we ()1
Viert,c (1) =Vip+ CT»Vright,c(t) =Vip— < >

(7.13)

where V; , is the parameterized linear speed and [ is the distance between the two wheels of
the FishBot.

Fish-like patterns

The Fish-like pattern is a finite state machine implemented at the level of the FishBot that
follows a sequence of three states: orientation, acceleration and relaxation, which mimics the
zebrafish locomotion underwater, while following a given target. This controller is described
in detail in Chap. 8.

Adaptive fish-like patterns

The adaptive fish-like patterns follows the same controller as the fish-like patterns, but the
latter used preprogrammed parameters to generate the speed profile of the locomotion pat-
terns, as, for the case of the adaptive fish-like patterns, the parameters are adapted in CATS
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depending on the current pose of the FishBot. Indeed, we measured that the locomotion
patterns of zebrafish could depend on their location in the arena, thus, the robots had also to
adapt to these changes of locomotion patterns. The measurements performed to compare
the FishBot and zebrafish locomotion, as well as the implementation of the adaptive fish-like
patterns are also described in detail in Chap. 8.

7.8.5 Path planning

Two algorithms were implemented in order to increase the efficiency of the navigation, by
finding the optimal trajectory that the robots has to follow to reach the targets. One of them
is the potential field algorithm that was already described in Sec. 7.8.2. The other one is the
Dijkstra’s shortest path algorithm.

Dijkstra’s shortest path algorithm

The Dijkstra’s algorithm finds the shortest path between nodes in a graph [Dijkstra, 1959]. The
graphs are made of two elements: nodes and vertices. The nodes are the accessible points in
the graph and the edges represent the paths connecting each pair of nodes. This algorithm
can thus be used to find the shortest path between the current location of the robots and
the targets, by taking into account the shape of the arena. It is a very suitable algorithm for
complex arena, such as the two rooms arena (Fig. 6.5B) or more complex arenas that were
considered in the ASSISIbf project. As the algorithm had already an implementation in the
boost library [Boo, 2016], we also integrated this algorithm in CATS. This algorithm proved
to increase the efficiency for a FishBot to navigate more smoothly in the two-rooms setup
during the transition between the two rooms, as it will considered for instance the shape of
the entrance in the corridor.

7.9 Control of the RiBots lures

For the RiBots, a Raspberry PI, on which Linux Infrared Remote Control (LIRC) library is
running [lir, 2017], is connected through ethernet with the main computer (Fig. 6.2), and RC5
signals are generated on an output pin connected to an IR emitter. The IR signal is broadcasted
over the whole aquarium and received by all the RiBots (Fig. 6.2). An ID is included inside the
control command in order to individually control the RiBots.

7.10 Long-distance infrastructure

As the experiments involving mixed societies of fish and robots could take place in different
sites during the project, Lausanne, Paris and also other places in Europe, it was also required
for the software infrastructure to be able to work remotely with experimental setups located in
another places than the experimenter.
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The Aseba interface to control the robots has demonstrated to allow the control of robots
that are located at a long-distance through the Internet [Mondada et al., 2016]. We showed in
Sec. 7.5 that our infrastructure allows the streaming of video flux, and we can retrieve these
stream in CATS. Therefore, we are able to launch CATS from long distance with a setup not
located at the same place CATS is running. We are also able to connect different setup that are
located in different places as shown in Fig. 7.14.

Video Stream

Any world internet
== == == = == —. CATSN1 CATSN°.. connected user

- DBus DS AsebaStudio
E d a a a a AsebaSwitch
DBus
| | [ |

ASEBA Network

Setup 1 Setup 2.

Figure 7.14: Schematic of the long distance software infrastructure support of CATS. For
the control side, all the FishBots are connected to the same Aseba network, thus they can
be controlled from any places that can access this network through the Internet. Also, the
Gstreamer library [GSt, 2016] supports high-definition streaming over the Internet, thus CATS
can be launched in another location than where the experiments is running and still be able
to control the robots and retrieve biological datas.

7.11 Conclusion and contribution to the state of the art

We introduced a novel software framework to perform automatic long-duration experiments
with a mixed society composed of several fish and several robots. Moreover, CATS is highly
modular, flexible and efficient. It is able to track zebrafish and robots in real-time, and to
control several robots to exhibit reactive and complex fish-like behaviors. Our software is also
designed to be generic, and could be potentially used to perform behavioral experiments in
other setups, involving other animal species and other robotic designs.

The framework presented in this chapter has already been implemented into two universities
for research involving mixed societies of animals and robots (University Paris Diderot in France,
and Ecole Polytechnique Fédérale de Lausanne in Switzerland). It was also implemented
during the ARS-ELECTRONICA 2016 festival in Linz, Austria [ars, 2016] where the mixed
society of zebrafish and robot was presented to the public. Finally, CATS is also open-source
and is available on GitHub [CAT, 2016].
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7.12 People who contributed to this work

The software developments was the work of mainly three contributors, Leo Cazenille, Dr.
Alexey Gribovskiy and myself. Dr. Marcelo Elias de Oliveira also made an early version of the
software. Dr. Stefan Witwicky contributed on the developments of the Aseba-QtDBus interface.
Patrick Bobbink implemented the first prototype of tracking from below and contributed
to the integration of the Extended Kalman Filter in CATS. Laila El Hamamsy worked on
the implementation of the navigation algorithms, such as Dijkstra and the potential field
algorithm.
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Biomimetic behavior models for con-
trolling a robotic fish

8.1 Summary

In this chapter, we present different methods developed to control the FishBot so that the lure
can mimic the zebrafish movements. In particular, we present a zebrafish-like locomotion
pattern implemented at the level of the FishBot. A model capable of reproducing the trajec-
tories made by zebrafish inside of the shoal is also presented. We conclude the chapter by
showing the validation of the control algorithms in an experiment involving multiple robots
and multiple fish, and showing that the trajectories as well as the locomotion patterns do
mimic the zebrafish ones.

This chapter is based on the publication Design of a Modular Robotic System that Mimics Small
Fish Locomotion and Body Movements for Ethological Studies [Bonnet et al., 2017b] with slight
modifications to fit the present dissertation.

Figure 8.1: Top view of a lure moving inside the two rooms arena among four zebrafish while
mimicking the fish locomotion patterns.
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8.2 The need of biomimetic controllers

As it will be further demonstrate in this dissertation (see Chap. 9), the motion of the robot is
one of the key aspects to increase the acceptance of the lure and the ability to modulate the
fish social behaviors. Therefore, the design of biomimetic controllers at different level of the
robot control architecture was needed.

In Chap. 2, Sec. 2.5, we showed that researchers that are studying fish-robot interactions
have not yet implemented complex biomimetic models to drive their robots. Thanks to the
infrastructure that was developed in this study, with the miniature and dynamic mobile robot
FishBot, the automated experimental setup and the software infrastructure CATS, we can
achieve a closed-loop control of multiple robots following models that are mimicking the
trajectories and locomotion patterns of the zebrafish.

Two types of control layers were required for the robot: high-level controllers that mimic
the fish trajectories, thus reproducing the shoaling behaviors inside the different types of
arena that we designed (Sec. 6.3), that are using the current pose of the agents to generate
target positions for the robots, and low-level controllers that mimics the fish locomotion when
moving towards these targets. Also, coupled with these controllers, robust obstacle avoidance
algorithms were needed to make the robots avoid collisions while mimicking the fish behavior
around obstacle or other fish.

8.3 Locomotion pattern embodiment

8.3.1 Already existing controllers

Regarding the embodiment of fish-like locomotion on a robotic device, few models of fish loco-
motion can be found in the literature. In [Mwaffo et al., 2014], fish locomotion is modelled us-
ing a jump persistent turning walker model motivated by the sudden and drastic changes in the
locomotion of zebrafish in the form of large deviations in turn rate. In [Zienkiewicz et al., 2015],
a stochastic model is used to reproduce zebrafish locomotion in a confined environment.
While these models accurately reproduce the motion of fish, the translation of their mathe-
matical expression into concrete commands for a robot were not validated on a real system.

8.3.2 Zebrafish locomotion analysis

We started by extracting the locomotion of our zebrafish in order to design the robot controller.
Zebrafish were transferred from their housing aquarium to the experimental aquarium to
extract the characteristics of their trajectories over time in the open arena (Fig. 6.5, A). We
recorded at 15 frames per second the position of each fish swimming in the tank for one hour.
Thanks to the individual tracking obtained using idTracker [Pérez-Escudero et al., 2014], we
retrieved the trajectory of each fish and computed their speed and acceleration during the
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entire experiment. An example of a trajectory is given in Fig. 8.2A and highlights that the fish
were mainly swimming along the walls of the tank, as also shown in [Zienkiewicz et al., 2015].
We could also identify three speed patterns of the fish according to their location in the
experimental tank. Indeed, their linear speed decreases in the corners of the tank when they
change their direction, while the zebrafish swim at a higher speed along the edges of the tank.
Finally, we measured the highest linear speed values in the middle of the aquarium. Thus, we
divided the experimental tank into various zones: corners, edges and the center (Fig. 8.2B).
The distance d delimiting the edges and the corners was estimated at 15 cm.

o

=

o
Speed (ms™)

0.00

Figure 8.2: (A) The trajectory of a zebrafish swimming in the experimental tank for one hour.
The color of the trajectory indicates the linear speed of the fish at a given position (At = 1s).
The fish is mainly observed along the wall of the tank and decreases its speed in the corners
of the tank, while higher speed values are measured in the center of the aquarium. (B) Zone
delimitation in a tank of L (100 cm) and W (100 cm) for the three different types of fish behavior
extraction: corners (green) that are delimited by the right angle walls of the tank and virtual
lines at a distance d (15 cm) from the walls, edges (blue) delimited by the setup wall and
the same virtual line, and the center (red). The motion patterns of the fish were classified
depending on the zone in which it is swimming.

As our goal is to develop a modular robotic system that mimics fish locomotion, we also
performed a more detailed analysis of the motion pattern of the zebrafish. The speed of
the zebrafish can be decomposed into successive cycles, starting with a sharp acceleration
followed by a slow deceleration until the next tail beat (Fig. 8.3A - B, left). With regard to
the direction of the fish, the changes in orientation, identified by a high angular speed, are
mainly detected at the beginning of the cycle (Fig. 8.3C, left). Thus, zebrafish usually move by
following a sequence of three steps:

e Step 1: Orientation. Strong caudal peduncle bending to reorient and start the propul-
sion toward the next goal.
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e Step 2: Acceleration. High linear acceleration following the given caudal peduncle beat
to reorient.

 Step 3: Relaxation. Tail beating stops and the fish starts sliding into water with its linear
speed decreasing.

8.3.3 Implementation on the FishBot

We implemented a finite-state machine into the FishBot firmware in order to execute the same
locomotion sequence as the zebrafish (Fig. 8.3, right). An Aseba event containing the ID of the
FishBot is emitted with a parameterized frequency from the control application and sent to
the Aseba network on which all the FishBots are connected. When an event is received by a
FishBot, it starts executing the finite-state machine with the three locomotion steps described:
orientation, acceleration and relaxation. In case of an obstacle detected by the IR proximity
sensors, the execution of the locomotion is stopped and the robot starts avoiding the obstacle,
and then return to the relaxation state where it waits for a new event.

1% cycle 2 cycle 3 cycle

" 0.13
011,
22‘;‘ g Event received _Step 1 . .
00s (A8, P, V) (orientation) s (acceleration) pund (relaxation)
0.5 1.0 1.5 2.0

0.0

obstacle
detected

obstacle
detected

obstacle

detected obstacle

avoided
obstacle

avoidance

Angular speed Acceleration Linear speed

0.0 0.5 1.0 15 2.0 2.5 3.0
Time (s)

Figure 8.3: Left: Example of the swimming movements of a zebrafish magnified for three
seconds. Each colored segment represents the linear speed (A), acceleration (B) and angular
speed (C) of the fish measured at a given position (At =1/15s). The linear speed of the fish can
be decomposed into cycles that start by a sharp acceleration (hot colors) followed by a longer
deceleration (cold colors). The angular speed highlights that changes of orientation occur
mainly at the start of the cycles. Right: Finite-state machine implemented on the control layer
of FishBots. A motion cycle is started when an event is received from the high-level control
application CATS. The parameters contained on the event are used in the different steps: A0
is the angle difference between the current orientation of the FishBot and the orientation
needed to reach the next target, P; is the target distance to accelerate, and V; is the target
linear forward speed. If an obstacle or another robot is detected during a cycle, a simple
obstacle avoidance behavior is implemented to avoid it until a new event is received.

For Step 1, the orientation, we used the wheels position control to reorient the robot toward
the target with an orientation difference of AG. We used one wheel of the robot to move
forward while the other wheel remains stationary. This generates a rotation of the robot with a

98



8.3. Locomotion pattern embodiment

small linear speed, as zebrafish almost never have a null linear speed even while turning.

For Step 2, the acceleration, as we have no direct control over the acceleration (Fig. 4.11), we
measured the acceleration obtained using the position control in cascade with the speed and
current control. By using the cascade controller, the motors are protected against overheating
or too high speeds, and we can adjust the position controller gains to obtain very high acceler-
ation. The measures are shown in Fig. 4.15, left; we can see that the increase in acceleration is
linear with the target position P; ordered up to 6 cm, where the maximum FishBot acceleration
of 1.3 ms™2 of average was achieved. Beyond this value, the motors entered in saturation due
to the limit of the system. The linear curve of this figure was used to match the acceleration of
the FishBot with the acceleration of the zebrafish. We have also characterized the limits of the
system in terms of speed (Fig. 4.15, right). We can observe that for speeds of up to 20 cms™!,
the response is relatively smooth and stable. For higher speeds, the robot takes more time to
reach the desired command, and, over 30 cms™!, the limit of the system is achieved. Finally, in
terms of angular speed, the FishBot alone is able to achieve angular speed of up to 30 rads~!.
However, the magnetic coupling between the RiBot and the FishBot was lost over speeds of 18
rads™!.

Finally, for Step 3, the relaxation, we used the speed controller to generate a linear forward
speed V; of the robot, which decreases over time at a rate of 1 cm every 100 milliseconds
(10 cms™1), thereby reproducing the deceleration of the zebrafish.

8.3.4 Experimental validation using the FishBot coupled with the RiBot

Regarding the matching of locomotion, we tuned the parameters of our fish locomotion be-
havior implemented on the FishBot to match the data extracted from the zebrafish locomotion
patterns. The final parameters of the FishBot are shown in Tab. 8.1. These parameters were
tuned in order to match the average linear speeds and, secondarily, the locomotion sequence
curve in terms of speed and acceleration (Figs. 8.4-8.6).

We recorded at 15 frames per second the position of the RiBot moving in the tank for one
hour using the same experimental setup and tracking software used to analyze zebrafish
movements. The FishBot was programmed to follow a trajectory similar to the zebrafish by
following the walls and, from time to time, moving rapidly in the center of the tank.

8.3.5 Results and Discussion

The distribution of the linear speed measured in the three zones of the tank (corners, edges,
center) are shown in Fig. 8.4 for the lure and the zebrafish. As suggested by preliminary
observations, the fish swim with a higher speed near the edges (0.054 + 0.032 ms~!) than in
the corners (0.066 + 0.034 ms™!) of the tank, and even faster in the center of the aquarium
(0.073 + 0.031 ms™1). By adjusting the parameters of the controller, we were able to reproduce
similar distributions between the lure and the zebrafish. However, the fitting quality of the
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speed distribution is lower in the case of the lure for motions along the edges and in the
center, which is not the case for the zebrafish. This can be explained by the fact that for high
accelerations that are applied in order to achieve high average speeds, the lure is less regular
than the zebrafish due to the friction of the lure module, the slipping of the FishBot wheels,
and the inertia of the system.
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Figure 8.4: Speed density for the motion of an agent, the RiBot and zebrafish over the span of
an hour in the three different zones of the aquarium: corners, edges and center.

In addition, with the developed controller, the RiBot was able to reproduce the sinusoidal
shape of the speed and acceleration of the fish (Fig. 8.5). This is made possible by fitting
the movement patterns of the fish with the movement patterns of the robots. By identifying
successive local minima in the linear speed of the fish, we computed the average speed cycle of
the fish as well as the corresponding acceleration (Fig. 8.6). As previously shown, the sequence
begins with a short acceleration during 2/15 s, and once the fish has reached its maximum
speed, it glides and slows down to return to its initial speed (Fig. 8.6C-D). Our robotic fish can
mimic relatively well the motion pattern of the zebrafish. The mean speed obtained, as already
shown in Fig. 8.4, is similar. The initial speed is smaller in the case of the lure than for the
fish; this is explained by the friction of the lure module on the aquarium floor. The standard
deviations are relatively similar, which shows that the robotic platform can reproduce well the
typical locomotion patterns of a zebrafish.

Table 8.1: The parameters of the locomotion of the FishBot for the three zones of the experi-
mental setup. F is the frequency at which the Aseba events are sent to start a motion cycle. Py
is the target position to mimic the acceleration phase, and V; is the starting linear speed for
the relaxation phase.

Zone F [Hz] | P; (Step 2) [cm] | V; (Step 3) [cms™ 1]
Corners 5 2 7
Edges 8 2.7 12
Center 7 4.2 17
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Figure 8.5: The typical speed and acceleration of an agent, Fish-robot and zebrafish, move-
ments in a corner of the aquarium recorded over 6 sec.

8.3.6 Conclusion

We already showed that the FishBot can achieve very high acceleration and linear speed,
similar to the zebrafish ones in Chap. 4. The local obstacle avoidance behavior and the
continuous powering of the device allows us to run very long duration experiments without
any human intervention during the experiment. Although the RiBot is limited in the range
of its tail beating as explained in Chap. 5, it can reproduce the average tail beating range of
the zebrafish. Thus the robotic system had the potential to mimic the zebrafish trajectories,
locomotion patterns and body movements.

We have studied the locomotion behavior of zebrafish in a square tank in order to establish
a controller for the locomotion of the FishBot. First, we observed a heterogeneous spatial
repartition of the linear speed of the fish in the open arena. Indeed, the fish tend to swim
slowly in the corners and accelerate along the edges and even more so in the center of the
tank. Then, the detailed analysis of the motion pattern showed that fish locomotion follows
a three-steps sequence: orientation, acceleration and relaxation. First, the zebrafish adjusts
its direction. Then, it quickly accelerates in 2/15 sec. Finally, it slowly decelerates to return
to its initial speed. The succession of these cycles produces a sinusoidal-like evolution of the
acceleration and linear speed.

We implemented a finite-state machine with three tunable parameters into the FishBots to
reproduce the zebrafish motion sequence underwater. Although there are small differences,
especially in terms of speed distribution, this is, to our knowledge, the first locomotion
matching between a robotic device and zebrafish that shows that a robot can behave that
similarly to a zebrafish. Moreover, the combination of the FishBot locomotion pattern and
the body movements of the RiBot offers a wide range of stimuli for behavior research. Indeed,
by mimicking the aspect ratio of the zebrafish and being able to reproduce the tail beating
frequency of the fish, the RiBot can emit different visual and hydrodynamic cues to interact
with fish. The proposed controller also enables the precise and constant adjustment of
the acceleration and speed of the FishBot. While the shape and color of the fish lures are
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Figure 8.6: The average agents movement sequence for movement along the edges of the
experimental tank. Linear speed (A-C) and acceleration (B-D) of the lure and the zebrafish
during the speed cycle. The cycle begins with a short acceleration (2/15 sec) until the agent
reaches its maximum speed, then it decelerates by gliding in the water until the next tail
beat. The average was made on several hundreds of samples, determined by the number of
sequence made by the agent in one hour.

important components of their attractiveness [Abaid et al., 2012a], the pattern motion of
the robot could also play a key role in the communication with groups of fish. Indeed, the
fish perceive and react to the movements of their congeners during collective motion. In
particular, rapid changes in orientation or movements performed in front of the group can
propagate across the entire school, thanks to the network of visual interaction of the fish
[Lemasson et al., 2013, Strandburg-Peshkin et al., 2013, Rosenthal et al., 2015]. Therefore, the
development of a highly maneuverable robot that is able to reproduce fish locomotion and
quickly adjust its trajectory is an important step towards achieving artificial agents that can
influence and lead collective motion by emitting similar visual and kinetic signals to the fish.

8.4 Integration of high-level controllers to reproduce the shoaling
behavior of zebrafish

We implemented in CATS a vision-based model that was developed by our colleagues from the
University Paris Diderot in the project ASSISIbf to generate virtual fish-like trajectories based
on the collective behavior of zebrafish in heterogeneous environments [Collignon et al., 2016].
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The trajectories are injected inside the high-level FishBot controller in CATS to generate the
commands to be sent to the Fishbots so that they move to these targets (Fig. 8.8).

In this model, the agents update their position vector X; with a velocity vector V; through a
discrete time process in a bounded two-dimensional space

X;(t+61) =X;(0)+ V()¢ (8.1)

Vilt+6t) =v;(t+61)0O;(t+01) (8.2)

with v; the linear speed of the i’ h agent and 0; its orientation. The linear speed v; of the agent
is randomly drawn from the instantaneous speed distribution experimentally measured.

The orientation ©; is drawn from a probability density function (PDF) computed as a mixture
distribution of von Mises distributions centered on the stimuli perceived by the focal agent.
In this study, we only took into account the influence of other agents and the walls of the
experimental arena. Thus, this custom PDF is composed by the weighted sum of a PDF taking
into account the effect of the walls and a PDF describing the response to other agents. The
process is shown in Fig. 8.7.

Compute PDF for the Compute PDF for the
perceived walls perceived agents

Perceives Compute the total
Mo Mo PDF to determine the

other
W direction to swim

Figure 8.7: Description of the different steps to compute the orientation ©; of a focal fish
at each time step using the vision-based model described in detail in [Collignon et al., 2016].
The proximity to a wall is determined by comparing the distance of the agent to the closest
wall with a threshold values d,, = 15 cm. The PDF for basic behavior is given by a von Mises
distribution centered on 0 while the PDF for wall-following behavior is given by a weighted
sum of two von Mises distribution, each of them centered on one of the two possible directions
along the wall. Other agents are perceived if they are present in the field of view of the focal
agent. The 2""¢ PDF is then computed by weighting von Mises distributions centered on all
perceived agents.
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Figure 8.8: Control architecture to mimic the trajectories and locomotion of zebrafish. The
poses of all the agents are retrieved by the visual tracking and used in the vision-based model of
[Collignon et al., 2016] implemented inside CATS. The estimated agent trajectories are sent to
the high-level FishBot controller that is running inside CATS to compute the global command
that needs to be sent to the robot to reach the desired target. The commands are received by
the FishBot that execute the finite-state machine described in Sec. 8.3.3

8.5 Demonstration of the coupling of high and low-level controllers

Here, we will demonstrate how we could qualified our entire framework composed of the
robotic systems presented in Chap. 4 and Chap. 5, our experimental setup presented in Chap. 6,
our software infrastructure (Chap. 7) and the controllers developed in this chapter in a single
experiment involving a mixed society of robots and zebrafish.

8.5.1 Arena

We used the open circular arena (Fig. 6.5, D) to confine the mixed society of robots and animals.
In this type of arena, the zebrafish are continuously moving which is not always the case in the
open arena (Fig. 6.5, A) in which the fish can sometimes aggregate near the corners.
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8.5.2 Mixed group

We have used for this experiment a mixed society of three robots and three zebrafish. The
robots were composed of the FishBots steering the RiBots.

The measured positions of the three zebrafish is used as input of the fish collective motion
model to generate the trajectories of the three robots. At each control time step, the robots try
to reach the targets using the biomimetic locomotion pattern.

8.5.3 Results

First, we have succeeded in controlling multiple robots in a closed-loop experiment for periods
of up to 30 minutes without any human intervention. The closed-loop control was performed
in real-time, with robots adapting to the fish behaviors thanks to the vision-based model that
could make the robots reproduce the collective movements of the zebrafish.

Figure 8.9, right, presents examples of individual trajectories for zebrafish and robots. The
robots can integrate into zebrafish groups that tend to follow the walls of the arena, while
mimicking their locomotion patterns. The fish are not afraid by the robotic lure, and we
observed the presence of closed-loop interactions: robots tend to follow the fish, and fish can
follow a robot.

—— Robot 0 —— Robot 1 —— Robot 2 3 Fish
0 to 74 sec 74 to 149 sec

Figure 8.9: Left: the circular open arena with the mixed group composed of three zebrafish and
three robots. Right: Examples of individual trajectories from fish and robots in a circular arena.
We used three fish-robots and three zebrafish. 300 seconds (4500 frames) of one experiment
are represented.
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Chapter 8. Biomimetic behavior models for controlling a robotic fish

Figures 8.10 and 8.11 show the individual speed and inter-individual distance for each agent.
In Fig. 8.10, we can observe that, in terms of mean and distributions, the robots are able to
mimic the zebrafish in terms of speed. However, regarding the inter-individual distances,
the fish are able to swim more close than the robot, as it can be observed in Fig. 8.11. The
reasons for that is that the vision-based model do not guarantee that the target will always be
generated by maintaining a fish-like shoaling distance between the agents. Also, sometimes,
near the walls, the robots will have some difficulty to avoid the walls and mimicking the fish
behavior that are moving in shoal along the walls. Even if some parameters of the models
could be improved, these results are promising, and could be extended to more complex
setups, with larger populations of fish and robots. For instance, one of the setup that will
be used in the context of the ASSISIbf project is the setup composed of two squared arenas
separated by a corridor (Fig. 6.5,B) . This setup is convenient as it offers a binary choice where
the agents spend most of the time in the two rooms, transiting fast between the two rooms.
The behavior of the zebrafish inside the rooms is similar to the one inside the open circular
arena. Thus, the controllers designed in this chapter are currently applied in mixed groups of
zebrafish and robots in such arenas in the context of the project ASSISIbf.
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Figure 8.10: Agents’ speed in the mixed group experiment in an open circular arena. The
individual speed was extracted using idTracker [Pérez-Escudero et al., 2014]. 300 seconds
(4500 frames) of one experiment are represented.

8.6 Contributions to the state of the art

As we shown in Sec. 2, most of the groups working with experiments involving mixed groups
of fish and robots have not yet shown an experiment involving multiple robots mimicking the
trajectories of the zebrafish while reproducing the zebrafish locomotion patterns. We are thus
the first group to achieve this and validate our controllers in experiments involving mixed
groups of fish and robots. We hope that the system designed will help biologists for further
investigating the importance of biomimetic controllers when building mixed societies of fish
and robots.
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Figure 8.11: Inter-individual distance between agents in the mixed group experiment in an
open circular arena. The individual position at each time step was extracted using idTracker
[Pérez-Escudero et al., 2014]. 300 seconds (4500 frames) of one experiment are represented.

8.7 People who contributed to this work

Axel Séguret made the experiment with zebrafish in the aquarium in order to analyze the
characteristics of their swimming patterns. Dr. Bertrand Collignon performed part of the
analysis to extract the characteristics of the zebrafish swimming patterns. Léo Cazenille
implemented the vision-based model so that it can be used in CATS.
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Application of a fractional factorial
design to model the attractiveness of
a robotic fish to a shoal of zebrafish

9.1 Summary

To design the appropriate robotic system used during mixed society experiments, a stimuli
analysis was preliminary required to test which aspects of the robotic devices could trigger the
social behavior of the zebrafish. The main difficulty with such stimuli analysis is to isolate the
effect of the different stimuli that the robot generates and that could induce a social behavior
on the fish. In order to study the acceptance of the robot towards zebrafish, we varied several
parameters of the system and used design of experiments methods to reduce the number of
performed experiments and determined the impact of each factor on the acceptance of the
robot towards a small group of zebrafish.

This chapter is based on the publication A Miniature Mobile Robot Developed to be Socially
Integrated with Species of Small Fish [Bonnet et al., 2014] with slight modifications to fit the
present dissertation.

Figure 9.1: The FishBot coupled with a fishing lure that is moving inside an aquarium among
zebrafish
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Chapter 9. Application of a fractional factorial design to model the attractiveness of a
robotic fish to a shoal of zebrafish

9.2 Description of the experiment

This chapter as well as the two next chapters will mainly describe experiments performed
with zebrafish and robots, in which the behavior of the zebrafish was analyzed depending on
different stimuli that the robot can generate.

In this chapter in particular, we will describe an experiment that was conducted during the
design phase of the FishBot. At that time, its main purpose was to assess which configuration
of the robot design and control needed to be improved to increase the acceptance of the
robots to the zebrafish. These tests were necessary in our quest to build a mixed society of
fish and robots, as defined in Sec. 1.2.3. During this phase, we also wanted to be sure that our
robotic system could attract the fish and not repel them. One major difficulty of these types
of tests is the large number of factors that need to be tested in order to measure their effect
on the robot acceptance. We selected four of these factors that we supposed having the most
effect: the linear speed of the robot, the visual appearance of the lure, the type of trajectory
made by the robot and the motion continuity of the lure. We used a fractional factorial design
[Hunter et al., 1978] in order to optimize the number of experiments and to determine the
acceptance of the robot by the zebrafish with respect to the different parameters.

9.2.1 Experimental setup

The experimental arena that was used for this experiment consisted of the open arena pre-
sented in Sec. 6.3 (Fig. 6.5, A). The zebrafish were thus free to move everywhere in the aquarium.
One FishBot V3.0 coupled with two types of lures was used to perform this experiment. In
order to control the FishBot in a closed-loop, we used the initial tracking and control software
made in Python language (Sec. 7.3.1).

9.2.2 Lure module

Two different lures were used (Fig. 9.2). The first one is a 3D printed rigid black ellipsoid made
of Acrylonitrile Butadiene Styrene (ABS) with a length of 40 mm, width and height of 5 mm,
and the second one is a soft fishing lure bought in a shop (Decathlon, France) with a length
of 45 mm. We chose to test two lures with approximately the same size, but one without any
biomimetic cues and one with multiple biomimetic cues in order to determine if the shape of
the conspecifics plays a major role for the zebrafish.

The lure was moving at a constant height which depended on the height of the support. In
this case, we chose a support’s height of 5 cm in order to have the lure moving at the middle of
the water level which was of 10 cm at that time. The base of the lure module was painted in
white in order to blend into the white background. The lure was glued on the base and could
not rotate.
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Figure 9.2: Lures that were used to perform the experiments involving the FishBot V3.0 Left: a
rigid black ellipsoid lure. Right: a soft fishing lure. The base was painted in white so that it is
merged with the white background inside the aquarium.

9.2.3 Experimental procedure

For each experiment, three zebrafish out of a shoal of 20 individuals were placed inside the
experimental tank. The three zebrafish were selected randomly among the entire group in
order to reduce the learning possibility by the fish from the previous experiments. For the
rest, we used the same experimental procedure than the one presented in Sec. 6.4, and the
duration of the experiments was 30 minutes long.

9.2.4 Factors and measurements

In this experiment, four factors were considered (Table 9.1): the lure shape, the Fishbot
trajectory, movement and speed. The first studied factor was the shape of the lure: it can
either be of ellipsoidal shape or represent a fake fish (Fig. 9.2). The idea here is to assess if the
visual appearance of the lure has an influence on the perception of the zebrafish. The second
factor describes the different possible trajectories of the robot: it can either turn in circles
in the whole aquarium or alternate between full circles of diameter of 60 cm, and alternate
between full and half-circles (Fig. 9.3). Indeed, the zebrafish have a tendency to swim along
the border of the tank, as they feel more protected near walls than in the central area of the
tank [Reed and Jennings, 2011]. We wanted to analyze if the robotic fish could influence the
group of zebrafish to explore the central area. The FishBot movements was also included as a
third factor: the robot could either move continuously or with forward jerks (thus mimicking
more closely the fish behavior). Finally, the robot speed was a continuous factor, varying
between 0.03 and 0.06 ms™!.

We measured the attractiveness of the robot using two parameters. The first response an-
alyzed was the mean distance between the zebrafish and the lure during the experiments.
By measuring this value, one can assess the acceptance of the robotic fish in the fish shoal.
It was measured in millimeters. The second analyzed response was the number of times
during the experiment a zebrafish was located inside a radius of 10 cm around the lure, thus
approximately two zebrafish body lengths.
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Figure 9.3: The two trajectories (in red) followed by the robotic fish (blue dot with the green
line). In one of the two programmed trajectory, the robot is only rotating in circle (orange
arrows). In the other one, the robot is half of the time following the circle (orange arrows) and
half of the time moving towards the center of the aquarium, thus crossing the circle (purple
arrows)

Table 9.1: The four factors of the experiment presented in this chapter involving the third
version of the FishBot. Each factor had two possible values.

Factor name Variable Min value Max value
(-1) (+1)
Lure shape X1 Fake fish Ellipsoid
FishBot trajectory Xo (Half-)circles Circles
FishBot movement X3 Jerks Continuous
FishBot speed [cms™!] Xy 3 6

At that time of the project, due to the fact that we only had 20 zebrafish and that we were
making preliminary experiments, we considered that one trial per experiment was relevant
enough for the tests that we had to perform, as each factor was tested in four conditions.
However, we noticed that there was a large variability in the result, due to the fact that the
behavior of the zebrafish could vary between experiments. Therefore, in the experiments
that were performed later in the project and which results will be described in the next two
chapters, we performed more trials per condition in order to obtain a more robust analysis.

9.3 Design of experiment

A linear model with interactions was selected to analyze the effect of the four different factors
on the response of the zebrafish.
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9.3. Design of experiment

The model can be written as follows [Montgomery, 2008]:

n n

Y=6l0+ZaiXi+ Z a;jX;Xj, 9.1
i=1 ij=1,j#i

where the X; stand for the values of the factors, a; are the model coefficients associated to X;,

Y is the response variable and n the number of factor, four in the case of this study.

In a full factorial design, a total of 2% = 16 experiments would have been needed, due to the
fact that we had four factors with two possible conditions. In order to reduce the number of
experiments (which are time- and resource-consuming), a fractional factorial design of type
2‘}‘_,1 was used [Hunter et al., 1978]. Hence, with such design, only 23=38 experiments were
needed. This reduction in the number of experiments comes at a cost, however, some of the
coefficients were then aliased. This design having a resolution of IV, neither main effects
a; are confounded between each other, nor main effects with first-level interaction terms
a;j [Hunter et al., 1978]. However, first-level interaction terms a;; are confounded between
each other and main effects a; are confounded with second-level interaction coefficients
a; jx [Furbringer, 2005]. If one neglects second-level and higher-level interaction terms, this
design is able to determine the main effects without bias [Montgomery, 2008]. However, the
first-level interaction terms are aliased: a;, with azy, a;3 with az4 and a;4 with aps.

The following matrix of experiments E for the 2‘};1 fractional factorial design was obtained:

X1 X X3 Xy

E=
-1 1 1 -1
-1 1 -1 1
-1 -1 1 1

-1 -1 -1 -1]

Hence, the matrix of the model with interactions X was given by

113



Chapter 9. Application of a fractional factorial design to model the attractiveness of a
robotic fish to a shoal of zebrafish

ap X1 Xo X3 X4 X2 Xi3 Xu
[ 1 1 1 1 1 1 1 1
1 1 1 -1 -1 1 -1 -1
1 1 -1 1 -1 -1 1 -1
X = 1 1 -1 -1 1 -1 -1 1
1 -1 1 1 -1 -1 -1 1
1 -1 1 -1 1 -1 1 -1
1 -1 -1 1 1 1 -1 -1
|1 -1 -1 -1 -1 1 1 1

where the first column corresponds to the constant coefficient ay and is a column of '1’, the
next four columns correspond to the main effects a;, a», as and a4 and are composed of
the four columns of the matrix of experiments E. The last three columns were obtained by
multiplying the columns of the matrix of experiments as they correspond to the interacting
factors [Furbringer, 2005].

9.4 Results and Discussion

Table 9.2 shows the results that were obtained from the eight performed experiments.

Run Mean Distance (d [mm]) # of times near robot (T [-])

1 414.27 274
2 354.05 2895
3 420.90 1003
4 372.99 1706
5 401.88 1327
6 407.87 1173
7 407.57 949
8 390.47 1325

Table 9.2: Results obtained from the eight experiments performed. One trial of 30 minutes
was performed for each condition. We measured two parameters: the mean distance between
the zebrafish and the lure d and the number of time a zebrafish was inside a radius of 10 cm
from the lure 7.

In order to assess if the fish seem attracted by the lure, we have compared the results obtained
from the mean distances with an experiment in which only the three zebrafish were swimming,
without any lure moving inside the tank. We have simulated a virtual lure that reproduced the
same movements as the robot and computed the distance between each zebrafish and this
virtual lure. We have obtained a value of 465.88 mm for the average distance, which is above
all the distances obtained during the experiments (Table 9.2). Thus, we had an indication that
the zebrafish seem to be more convinced to explore the center of the aquarium and swim close

114



9.4. Results and Discussion

to the lure than when no objects are moving inside of the tank, showing that the robotic fish
had no repulsive effects. However, when measuring the percentage of presence of zebrafish
in the zone of 10 cm of radius around the lure, we obtain percentages of less than 10% of the
time that one zebrafish was near the lure, meaning that, most of the time, the zebrafish were
swimming in shoal near the walls of the arena and ignoring the lure.

The coefficients of the linear model have been estimated using a least squares regression:
a=Xx"x"1x"y, 9.2)

where Y is the vector of results. As the factorial design is orthogonal [Hunter et al., 1978], this
equation reduces to

1
a=—x"y, 9.3)
N

where N is the number of experiments (N = 8 in our case).

5.0%
4.0%
3.0%
2.0%
1.0% -
0.0% -
-1.0% -
-2.0%

al a2 a3 ad al2 | al3 | al4
Relative effect |-1.4% |-0.4% | 3.8% | 1.1% |-1.2% | 3.1% |-0.3%

Figure 9.4: Relative effects of the factors on the first measure, the mean distance between the
lure and the zebrafish (d).

20.0%
10.0% -
0.0% -
-10.0% - —
-20.0% -
-30.0%
-40.0%

al a2 a3 a4 al2 al3 ald
Relative effect | 10.4%| 6.4% |-33.3%-23.0%| 2.2% |-29.1% |-13.0%

Figure 9.5: Relative effects of the factors on the second measure, the number of times a
zebrafish was situated at less than 10 cm from the lure (7).

Figure 9.4 shows the relative effects of the different factors on the mean distance (d) between
the lure and the zebrafish. It allows to obtain a first understanding about the most influential
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factors on the response. The robot’s movements (as) and the interaction terms between the
lure shape and the robot’s movements (a;3) seem to be the most influential factors. However,
the effects are limited: none of the factors had a relative effect above 5%.

Figure 9.5 shows the relative effects of the different factors on the number of times (T) a
zebrafish is situated at less than 10 cm of the lure. The same initial conclusions can be drawn
than for d: the most influential factors on the response are the robot’s movement (a3) and
the interaction term between the shape of the lure and the movements of the FishBot (a;3),
followed by the robot’s speed (a4). Furthermore, all coefficients (except a;») have a relative
effect above 5%.

These results are coherent as we can observe that in the case of d, a small response value
indicates a higher acceptation rate of the lure (because of a smaller mean distance), whereas
in the case of T, a high acceptation rate of the lure is indicated by an elevated response value.
As the relative effects of the coefficients were more significant for T, we decided to investigate
further the results concerning this measure.

Table 9.3 presents the ANOVA table of response T'. In a first step, we decided to not include
factors with a relative effect below 5% in the residual (only a,» in this case). The ANOVA results
show that the three main effects described earlier (a3, a;3 and a4) have a probability of being
random of 4.2%, 4.8% and 6.1% respectively, and can thus be considered as significant effects.
The effects of the other factors are not certain because their probabilities of being random are
much higher (between 10% and 20%). This uncertainty on the other effects is mainly due to
the low number of experiments associated with a fractional factorial design (compared to the
number of coefficients), which in turn decreases the degrees of freedom left for the residual.
One solution would be to reduce the number of coefficients in order to increase the degrees of
freedom left for the residual. However, as Table 9.4 shows, including all factors except the three
main factors and the constant in the residual does not improve the p-value of the remaining
factors. Finally, it was decided to keep all factors with a relative effect above 5% in the linear
model presented in Eq. (9.1). Thus the following model for the response T was obtained:
4
Yr =) a;iX;+a13Xi3+ a14X14 + Res, 9.4)
i=1

where Y7 is the vector of results obtained for the response T and Res the residual.

9.5 Conclusion

We investigated the acceptance of a robotic fish among a group of real zebrafish while varying
several parameters of the experiments, such as the shape of the lure and the movement of the
robot in the tank.

We noticed that the zebrafish seem to be attracted by the lure, by comparing experiments with
and without the lure moving inside the tank. However, the fish were swimming less than 10%
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Effect SS df MS F p
ap 14183138 1 14183138 2072.2 0.014
a 152352 1 152352 22.3  0.133
as 58825 1 58825 8.6 0.209
as 1571765 1 1571765 229.6 0.042
ay 749088 1 749088 109.4 0.061
as 1202801 1 1202801 175.7 0.048
ais 240818 1 240818 35.2  0.106
Residual 6845 1 6845

Total 18165630 8

Table 9.3: ANOVA table for response T, where factors with relative effects below 5% are
included in the residual.

Effect SS df MS F p
ag 14183138 1 14183138 123.6 0.571
as 1571765 1 1571765 13.7 0.168
ay 749088 1 749088 6.5 0.237
as 1202801 1 1202801 10.5 0.191
Residual 458839 4 114710

Total 18165630 8

Table 9.4: ANOVA table for response T, where all factors except the three main factors and the
constant are included in the residual.

of the time near the lure during the 30 minutes long experiments. We realized that the open
area setup was not constraining enough the zebrafish movements, as the zebrafish prefered
to explore the arena than swim in the direction of the lure. Therefore, we decided at that
time of the project to create new types of experimental arenas that could constrain the fish
movements so that they would swim more close to the robotic agents, and also it would not
be too complex for the robots to join the shoal.

Statistical analysis were performed to process the data and build a model. We used a fractional
factorial design to reduce the number of experiments to be performed. The reduction of
experiments is also a powerful tool when working with real animals, as it reduces also the
amount of required subjects.

Two measurements were considered: the mean distances between the fish and the robot,
and the number of time that a zebrafish was at less than 10 cm from the robot during the
experiment, thus inside a zone in which shoaling can be considered. As the relative effects
of the coefficients were more significant for the latter, we decided to investigate further the
results concerning the second measure.

Results showed that among the different parameters that were varied during the experiments,
coefficients corresponding respectively to the robot’s movement, speed and interaction be-
tween the mock-up shape and movements of the robot could be considered as being signifi-
cant, and thus included in the model. As the p-value was not improved by reducing the number
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of factors, it was decided to keep all the factors in the linear model except the interaction term
between the shape of the lure and the robot trajectory.

To conclude, we can state that the locomotion of the lure is crucial for its acceptance towards
the animal. We have also shown that the visual appearance of the lure has to be taken into
account, thus, at that time of the project, we decided to create a biomimetic robotic lure, the
RiBot, described in Chap. 5, to investigate more deeply the effect of the lure on its acceptance
towards zebrafish. A more detailed study on the effect of the lure on the collective decisions of
zebrafish will be described in the next Chapter.

9.6 People who contributed to this work

Stefan Binder contributed to the design of experiment method research and to the statistical
analysis.
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I{l] Using a circular corridor to character-
ize the attractive cues of lures for a

shoal of zebrafish

10.1 Summary

The previous chapter presented the results of an experiment performed in order to isolate and
model the effect of various stimuli that the robotic device could generate on its attractiveness
to a fish shoal. We showed that, mostly, the robot’s movements and the lure shape had an
effect on the acceptance of the robot. However, the effect of the lure shape was not analyzed
in detail.

In order to determine the most attractive lure for this type of experiment involving the FishBot,
we designed an experimental setup composed of a circular corridor and a coaxial motor that
can steer lures inside the corridor. The attractiveness of the lures can be measured using
the decision of the fish to swim in the same direction as the lure. In this chapter, we present
the results of three experiments comparing the attractiveness of different lures on a shoal of
zebrafish.

Figure 10.1: The Ribot facing a zebrafish.
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10.2 Methods

10.2.1 Experimental Setup

The experimental setup designed for this study is presented in Fig. 10.2, left. We replaced
the support of the FishBot (Fig. 6.4, f) underneath the tank with a coaxial motor rotating two
rotors in the two possible directions, clockwise (CW) or counterclockwise (CCW). Magnets are
placed at the tip of these rotors in order to transmit the motion to lures that are moving inside
the tank.

In the experiments that are performed in this study, the lures are controlled in an open-loop.
This offers the advantage that we can test any type of lure, and the lures do not have to be
tracked in order to control them as in a closed-loop.

In order to constrain the zebrafish, the arena is composed of an outer circular wall and an
inner circular wall that forms a circular corridor inside the tank (Fig. 10.2) that was already
described in Fig. 6.5C. The dimensions of the corridor were as follows: an external diameter
of 58 cm, an internal diameter of 38 cm, and thus the width of the corridor is 10 cm. The
choice of the 10 cm width is a good tradeoff, allowing the zebrafish to have continuous motion
without being stressed. Indeed, in a large area, the zebrafish will tend to either move along the
walls or stay in one place due to stress, but, in a very narrow corridor, they will move faster
as they are stressed by the lack of room. The choice of the outer diameter and the size of the
corridor was determined by the non-visibility of the opposite side of the corridor and the fact
that with a linear speed of 12 cms ™!, if we suppose that the fish are not moving faster than on
average in one direction, it gives the lure time to complete one turn in the setup so that the
fish will spend several seconds without the presence of the lure.

10.2.2 Lures

The lures are moving at a constant water level, which depends on the height of the support.
We chose a support height of 3 cm in order to have the lure moving at the middle of the water
level. The lures were all placed on the module composed of a carbon pin attached to an iron
plate on which two magnets were placed. The module was painted in white so that it blends
in with the white background of the tank.

The linear speed of the lure for each experiment was 12 cms™!. This speed is higher than
the average speed of the fish in the circular corridor (8 cms™!), as we wanted to increase the
attractive effect of the lure. Indeed, when escaping from the group and possibly attracting the
rest of the shoal with them, the fish will have a tendency to increase their linear speed, and
thus a robot with a linear speed higher than the zebrafish shoal could have a higher chance of
attracting the zebrafish.

The goal of this study was to test various types of lures, which will be described in detail in the
different experiments described in this chapter.

120



10.2. Methods

1

Figure 10.2: Left: Experimental setup used for the experiments described in this chapter. A
coaxial motor is rotating two blades underneath the experimental tank presented in Chap. 6.
The two blades can rotate in both directions independently and in a different range of speeds
that can be controlled from a computer. Inside the tank, the fish and the lures are constrained
in a circular corridor. A camera is placed on top of the tank and grabs frames that are collected
on the computer that performs the online and offline tracking of the agents. Right: The result
of the online tracking performed on the low-resolution frames grabbed by the camera placed
on top of the experimental setup. The position of the five zebrafish (cyan dots) and the lure
(red dot) is retrieved and the swimming direction of the fish is estimated using the position of
the fish groups. The setup is cut into four quadrants during the analysis in order to estimate
the direction in which the fish are swimming. The number of fish inside each quadrant is
compared between the frames in order to determine the direction in which the majority of
fish is moving.

10.2.3 Tracking

In order to determine the swimming direction of the fish, we separated the experimental setup
into four quadrants (Fig. 10.2, right). Each second, the algorithm finds the quadrant in which
the majority of fish is currently swimming. Then it is compared with the result in the next
frame. It will be counted as turning CW or CCW depending on the new estimated position of
the fish shoal. The percentage of swimming direction is obtained using only the cases when
the fish are turning, meaning that we ignore all the cases in which the fish are not counted as
turning in the setup, which also appends if there is no majority measured (example 2-2-1-0).

In addition to the online tracking, we used high-resolution videos, which we processed offline
using idTracker software [Pérez-Escudero et al., 2014]. We used idTracker to process some of
the experiments in order to first evaluate the algorithm that is used for the online tracking
to measure the fish swimming direction, and, second to estimate the distance between the
zebrafish and the lure as well as the speed of the zebrafish during the experiment. This allows
us to measure whether the zebrafish are stressed during the experiment by comparing their
individual linear speeds between the control experiments and the experiment involving lures,
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and by determining if the fish are swimming close to the robot or not, as they could also swim
in the same direction as the robot if they were frightened by it.

10.2.4 Zebrafish

For the experiments performed in this chapter, we used 60 wild-type zebrafish, with short fins.
We used preliminary experiments to determine the optimal zebrafish shoal size required in
order to obtain a clear collective decision response of the shoal. This was needed to quantify
the effect of the robotic agents on the collective behavior of the zebrafish. Table 10.1 shows
a comparative qualitative study of the different shoal size that were tested in preliminary
experiments. With a shoal size smaller than five individuals, the group is very homogenous,
but due to the low number of fish, there is a lower chance that one of them will be attracted to
the robot, which lowers the chance that an effect will be seen on the whole group. There is
also a high probability that the zebrafish will freeze, probably due to the fact that they usually
live with many other fish in their housing aquarium and feel stressed when there are only
a few conspecifics in an open area. For the case of shoals composed of more than five fish,
we observed that the effect of the robot on individuals increases, although the homogeneity
of the group will decrease with the increase in the zebrafish number. We observed that the
best trade-off between the observed effect and the homogeneity was for groups of five to six
zebrafish, and therefore we only performed the experiments presented in this study only with
groups of five zebrafish with one lure.

Table 10.1: Qualitative effect of the shoal size on different parameters involved in the measure-
ments of the collective behavior of the zebrafish in experiments involving the circular corridor
(++: optimal result, +: good result, -: poor result, - -: very poor result).

Number of fish | Group’s homogeneity | Attraction effect on the group | Risk of freezing
1 ++ -- --

2 ++ - -

5 + + ++

8 - ++ ++

10 -- ++ + +

10.2.5 Hypothesis tested in our experiment

In all experiments presented in this chapter we made a general hypothesis to determine
whether or not the lure has an influence on the collective decision of the fish. Hypothesis
H, in our experiment is that the lure has a positive influence on the fish shoal’s swimming
direction, i.e., the fish shoal will tend to swim in the same direction as the lure. Thus, the null
hypothesis Hj is that the lure has no influence on the fish shoal direction of swimming.
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10.3 Experiments 0: testing the influence of a constant water flux
inside the circular corridor

It is known that the behavior of zebrafish might change depending on the presence of water
flow [Suriyampola et al., 2016]. The flow might, for instance, change their average swimming
speed and group cohesion. When an object is rotating inside the circular corridor that we
designed, with a constant speed, a water flow is generated after a certain amount of time.
This can thus result in a change in the behavior of the zebrafish. Before conducting any test
involving different types of lures in the setup, we wanted to analyze the impact of a constant
water current inside the circular corridor setup on the behavior of the zebrafish.

10.3.1 Experimental design

We used an external water filter Eheim Echo Pro 130 (EHEIM GmbH & Co KG, Germany) to
generate a water current inside the circular corridor. A pipe connected to the output of the
filter was placed inside the corridor and generated a water flow in one direction (Fig. 10.3). We
generated a water flow higher than the one created by a lure moving with a constant speed of
12 cms™!, and we used a small floating object in order to determine this speed difference. We
performed experiments with 20 minutes in duration, as we noticed that after 20 minutes, the
zebrafish were getting tired due to the fact that they were constantly swimming against the
current, as it will be shown, and we did not want to take risks.

10.3.2 Results

First, we could clearly observe that the fish had a tendency to swim against the water current,
for any current generated inside the experimental setup. We also observed that for a very
strong current, the fish swam strongly in the opposite direction, and thus we avoided long
experiments since it seemed they were not healthy for the zebrafish and they were not relevant
for what we wanted to show in this experiment.

Figure 10.4 shows the result of the experiment with a water current stronger than the one that
can be generated by a robot moving at 12 cms~!. We can observe that the zebrafish swim
mostly in the opposite direction of the flow (Kruskal-Wallis p<0.05). Of course, the intensity
can vary depending on different parameters, such as the speed of the water flow, the number
of fish, the size of the fish, etc.

Using this result, we can assume that the fish will not have a tendency to follow the current;
thus, with a lure moving inside the corridor and generating a water flow, the attractiveness of
the lure should induce a change in the swimming direction, as the zebrafish would normally
swim against the water flow.
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Figure 10.3: Setup used to test the effect of water currents on the zebrafish behavior. A pipe
connected to the output of an external water filter was placed inside the circular corridor in
order to generate a water flow in one direction. A shoal of six zebrafish was then placed inside
the corridor and we measured their swimming direction in order to determine if they swam
mostly with or against the water current.

10.4 Experiments 1: testing the appearance and shape of individual
lures

The first parameters that were tested were the visual appearance and shape of the lure. These

parameters were hard to decouple, and therefore we combined them in the same experiment.

This was used to determine if designing lures that mimic the visual appearance and shape of

the zebrafish was necessary to design a lure suited for experiments involving mixed societies
of fish and robots.

10.4.1 Experimental design

Five types of conditions were tested using four different lures (Fig. 10.5):

e Control: The coaxial motor is rotating, CW or CCW, but no lures are placed inside the
corridor, and thus nothing is visible to the zebrafish. This condition was tested in order
to determine whether or not the coaxial motor had an effect on the swimming direction
of the zebrafish

e Lure base: Only the base of the lure that is painted white is placed without any lure
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Figure 10.4: Zebrafish shoal swimming direction when a water current is created inside the
circular corridor in one direction (CCW). Each condition was repeated four times using a shoal
of six zebrafish that were randomly selected from their housing aquarium. The duration of the
experiment was 20 minutes. The fish that were used for an experiment were not reused for
the same experiment afterwards. The distributions differ significantly (Kruskal-Wallis p<0.05),
showing that the current has an impact on the zebrafish direction of swimming.

mounted on it. We wanted to determine if the base of the lure would have an attractive
or a repulsive effect on the fish.

¢ 3D lure: A black 3D printed lure that is based on a 3D scan of one of our zebrafish is
placed on the lure base. This was used to test if the shape of the lure, without any other
visual cues, could be attractive. The fact that this lure has exactly the body shape of a
zebrafish is also a good indicator to see if the drag generated by the lure moving could
have an attractive effect on the zebrafish shoal

¢ Fishing lure: A fishing lure with a size and shape similar to that of the zebrafish, with
the tail beating passively when moving. This was used to test if a lure that has a body
motion would be more attractive for the zebrafish. This is the same lure that was tested
in the experiment presented in Chap. 9.

e Zebrafish lure: A lure mimicking the visual appearance of the zebrafish, made of a
zebrafish image printed on a paper that was covered with a latex coating. The size of
the eye was also slightly increased as suggested by [Landgraf et al., 2016]. The external
shape, however, did not precisely reproduce a zebrafish.

The three first conditions were repeated 10 times for a total of 30 trials, with an observation
time of 30 minutes. The last two conditions were repeated four times, also with an observation
time of 30 minutes. This is due to the fact that we preliminary observed that the biomimetic
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lures obtained narrower distributions compared to the non-biometric lures, and we used a
power analysis to compute the sample size required to obtain a significant result. This also
explains why further tests involving biomimetic lures will use also this range of repetitions.
For each condition, the lure moved CW half of the time and CCW half of the time. To ensure
that fish were not exposed to the same stimuli twice, we randomly selected the zebrafish in
the housing aquarium each morning to perform the experiments.

Figure 10.5: The four lures that were tested in Experiment 1. Top Left: the base of the lure
composed of an iron plate and a carbon stick of 1.5 mm in diameter painted in white. Top
Right: a 3D printed zebrafish replica made of ABS fixed on the base. Bottom Left: a fishing lure
mimicking the fish size aspect ratio and beating its tail passively during the motion of the lure
underwater. Bottom Right: a lure mimicking the visual appearance and length of a zebrafish,
with an increased eye size.

10.4.2 Results and discussion

A comparison of the collective decisions of the zebrafish shoal for all conditions tested in
experiment 1 is shown in Fig. 10.6.

We found a significant difference for the distribution between the five focal groups (Kruskal-
Wallis, p < 0.01), and therefore we concluded that the shape of the lure has an impact on the
collective decision of the zebrafish. A post-hoc analysis demonstrated that the mean ranks
of the conditions with the fishing and zebrafish lures significantly differ from the control
experiment, which is not the case for the lure base and the 3D lure.

For the module and the 3D printed lure we can observe that they have a large distribution.
Moreover, the zebrafish sometimes even swim in the opposite direction of the lure. For these
two cases, we conclude that the lures are not very attractive, despite the fact that the average
of the fish swimming direction preference is above 50% as compared to the lure.

For the fishing lure and the zebrafish lure, we have distributions that are narrower than for the
module and the 3D lure, and the mean is also higher. We conclude that for these conditions,
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Figure 10.6: Zebrafish swimming direction preference for experiment 1 for the five different
conditions tested. Each of the first three conditions was tested ten times, and the last two
conditions four times, with a trial duration of 30 minutes. The zebrafish were randomly
selected from their housing aquarium. The zebrafish were used only for one experiment every
day, but it is probable that some zebrafish were chosen to perform several conditions. The
distributions differ significantly (Kruskal-Wallis p<0.01), showing that the lure can have an
impact on the zebrafishes’ swimming direction preference.

the biomimetics lures are more attractive, as the fish have a tendency to swim with them most
of the time. The best result in terms of the mean was obtained for the fishing lure. Even though
it does not mimic the visual appearance of the zebrafish in particular, it does attract them
more. This can be explained by the fact that the tail of the lure is beating passively, compared
to the zebrafish lure. This was one of the reasons the robotic lure RiBot was designed with a
beating tail.

10.4.3 Tests using idTracker

We performed a test using the software idTracker on high-definition videos in order to deter-
mine whether the effect of the lure on the fish is due to the lure itself or other factors.

Figure 10.7 shows the linear speed of the fish for experiments with and without a fishing
lure moving at 12 cms™!. It can be seen that, despite the fact that the lure seems to have an
influence on the swimming direction of the zebrafish, the linear speed of the zebrafish is not
influenced (ANOVA, p>0.05).

Figure 10.8 shows the percentage of swimming direction for individual zebrafish versus the
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Figure 10.7: Linear speed difference of the zebrafish between the experiments involving
the lure and experiments without anything moving in the circular corridor. We tested each
condition three times, with a trial duration of 30 minutes. The two distributions do not differ
significantly (ANOVA, p>0.05), which indicates that the moving lure does not influence the
average linear speed of the fish.

median distance between individual zebrafish and the lure for experiments involving 5 ze-
brafish and the fishing lure. It can be noticed that the fish that are the closest to the lure
during the experiment are also the zebrafish that swim in the same direction. We performed a
linear regression fitting that showed that the distance from the lure has a significant impact
on the individual zebrafish swimming direction preference (p<0.01). We can conclude that
the attraction of the lure is increased when the fish are close to the robot. Thus, the lure seems
to influence the zebrafish more than other factors.

10.5 Experiments 2: testing the number of lures

10.5.1 Experimental design

In this experiment, we compare the effect of a different number of lures attached to the same
module in regard to their attraction to the zebrafish shoal. Indeed, having more lures attached
to the same module could increase its attraction, as the zebrafish could be more influenced by
a shoal of lures than by an individual one. Also, the water drag and water current generated by
three lures is greater than the one generated by an individual lure, which might impact the
collective preference of the zebrafish.

Four types of conditions were tested using the lures presented in Fig. 10.9:

e 1 zebrafish lure: The same zebrafish lure that was tested in Experiment 1

¢ 3 zebrafish lures: 3 zebrafish lures attached to a base composed of two carbon sticks,
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Figure 10.8: Relation between the individual fish-robot distance and the fish swimming
direction for three experiments involving five fish and the fishing lure moving in the circular
corridor during 30 minutes. A linear regression fitting (red line) shows that there is a significant
impact of the distance from the lure on the individual fish swimming direction (p<0.01).

one vertical and one horizontal, glued to the vertical one
e 1 fishing lure: The same fishing lure that was tested in Experiment 1

¢ 3 fishing lures: 3 fishing lures attached to a base composed of two carbon sticks, one
vertical and one horizontal, glued to the vertical one

10.5.2 Results and Discussion

Figure. 10.10 shows the result of experiment 2, with a comparison between the individual
fishing and zebrafish lures and the modules with three of these two lures. We can observe
that in terms of averages and distributions, the module with three lures does not result in a
significant change in the attraction of the lure to the zebrafish shoal compared to the module
equiped with an individual lure. A Kruskal-Wallis test was run on the data (p=0.63) and a
post-hoc analysis that confirmed that there are no significant differences between the four
distributions. However, it seems that there is a small preference for the fishing lure compared
to the zebrafish lure, which was also shown in Experiment 1, but is confirmed here using the
experiments involving multiple lures.

The results obtained in this experiment will be used for the design of further experiments with
mixed societies of fish and robots. An increase in the number of lures on a module moving at
the same speed, such as the lures used in [Ladu et al., 2015b][Bartolini et al., 2016], does not
seem to have an impact on the attractiveness of the module. Tests should be performed with
lures moving at different speeds and trajectories to examine the impact on the fish collective
decision. Indeed, in this experiment, the three lures were moving together closely, forming
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Figure 10.9: Lures that were used in Experiment 2. Top left: lure mimicking the zebrafish size
aspect ratio and visual appearance. Top right: three lures mimicking the zebrafish size aspect
ratio and visual appearance. Bottom left: a fishing lure mimicking the fish size aspect ratio and
beating the tail passively during the motion of the lure underwater. Bottom right: three fishing
lures mimicking the fish size aspect ratio with the tail beating passively during its motion
underwater that was used in Experiment 1.

a small swarm of fish. Fish are probably more attracted by lures moving like them, i.e., in a
shoal formation. The fact that three lures are generating more water current and water drag
does not seem to have a significant impact on the collective decision of the zebrafish to follow
the lures.

10.6 Experiments 3: lures moving in opposite directions

10.6.1 Description of Experiments

As we have shown in the description of the experimental setup, the system designed to rotate
the lures is equipped with two rotors, and thus it is possible to rotate two lures in the same or in
the opposite directions. Here, experiments were performed with two lures moving in opposite
direction, one close to the inner boarder of the corridor and one near the outer boarder of the
corridor. This test was done to determine if one lure is more attractive than the other in the
same experiment.

Two types of conditions were tested:

¢ 1 zebrafish lure vs 1 lure base

e 1 zebrafish lure vs 1 fishing lure
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Figure 10.10: Fish swimming direction preference for experiment 2 for the four different
conditions tested. Each condition was tested four times with an experiment duration of 30
minutes. The fish were randomly selected from their housing aquarium. The fish used for
only one experiment. The distributions do not differ significantly (Kruskal-Wallis p>0.05),
showing that the number of lures does not seem to have an impact on the swimming direction
preference of the zebrafish.

10.6.2 Results and discussion

The results for experiment 3 are shown in Fig. 10.11. We ran a Kruskal-Wallis test to prove
that there was a significant difference between the two distributions (p<0.05). Thus, we
can conclude that, compared to a zebrafish lure, the lure base and the fishing lure have a
significantly different effect on the collective decision of the zebrafish.

This test could thus confirm the results obtained in experiment 1. Indeed, the fish seem to
have a preference for the fishing lure compared to the zebrafish lure, and they have a clear
preference for a biomimetic lure compared to the lure base.

This methodology is therefore appropriate for finding the most attractive lure among different
lures. Moreover, here, the water current generated by one of the lures moving is also partially
cancelled by the water current generated by the lure moving in the other direction.
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Figure 10.11: Results for experiment 3. For the first condition, a zebrafish lure was moving
in one direction and the lure base in the opposite direction. For the second condition, the
zebrafish lure was moving in one direction and the fishing lure was moving in the opposite
direction. Each condition was tested four times. The fish were randomly selected from their
housing aquarium. The fish used for only one experiment. The distributions significantly differ
(Kruskal-Wallis p<0.05), showing that the zebrafish have different preferences for different
lures moving in opposite directions.

10.7 Experiments 4: the effect of a biomimetic actuated lure

10.7.1 Experiments Description

Based partially on the results obtained in experiments 1, 2, and 3, and on the current state
of the art in fish-robot interaction, we designed the robotic lure RiBot mimicking the visual
appearance of the zebrafish (Chap. 5). Additionally, this lure is able to beat its caudal peduncle
with a large range of amplitudes and frequencies.

In this experiment, we tested the effect of the actuated tail and the color appearance of the
RiBot lure on the collective decision of the zebrafish. The tail was actuated with a frequency of
5 Hz and an amplitude of + 5 degrees. The choice of the tail beating frequency and amplitude
was made based on preliminary experiments that were presented in [Bonnet et al., 2016b] that
tested the attraction of the lure towards fish for different ranges of frequencies and amplitudes.
The two RiBots that were used during this experiment can be seen in Fig. 10.12.

The RiBot can beat its tail thanks to a stepper motor, which also generates some noise when
activated. First, we tested if the noise of the motor has an effect on the collective decision of
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the zebrafish. We decoupled the caudal peduncle part from the motor in order to activate the
motor without generating any movements of the tail. We tested two conditions:

e lure without pattern and motor not moving

e lure without pattern and motor moving without the tail fixed to the motor

Then, we tested four conditions in order to determine the attractive factors of the RiBot among
the visual appearance and the tail beating:

lure with pattern and tail not moving

lure with pattern and tail moving

lure without pattern and tail not moving

lure without pattern and tail moving

Figure 10.12: Actuated biomimetic lures used in experiment 3. Left: Lure with a zebrafish color
pattern. The pattern was printed on the skin of the lure using decals. The pattern was then
covered with latex to become waterproof. Right: Lure without any zebrafish color pattern. The
PCB with all electronic component that are used for the actuation of the caudal peduncle can
be seen from outside.

10.7.2 Results

Figure 10.13 shows a comparison between experiments in which the motor was not activated
and experiments with the motor activated without the tail beating movements. It shows that
the motor-generated vibrations have no significant effect on the swimming direction of the
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Figure 10.13: Effect of the noise of the motor on the swimming preference of the zebrafish.
Each condition was tested six times with a trial duration of 30 minutes. The fish were randomly
selected from their housing aquarium. The zebrafish were used for only one experiment. The
distributions do not significantly differ (Kruskal-Wallis p>0.05), showing that the noise made
by the motor does not significantly change the swimming direction preference of the fish.

zebrafish (Kruskal-wallis p>0.46), and thus we conclude that the noise of the motor has no
effect on the behavior of the zebrafish.

Figure 10.14 shows the result of the test with the four conditions: RiBot with pattern and tail
on, RiBot without pattern and tail on, RiBot with pattern and tail off, and RiBot without pattern
and tail off. It appears that both the pattern and beating of the tail seem to have an effect.

We computed the relative effect of each factor: the effect of the motor a;, the pattern ay, and
the combination of both effect a;». Table 10.2 shows the relative effects of the factors. One
can observe that both a; and a;» have a relative effect close to 5%, compared to a, which
seems to have a lower effect on the swimming direction of the zebrafish. This is consistent
with the results obtained in experiments 1, 2, and 3, which showed that the fishing lure that
is equipped with a beating tail is more attractive than a lure mimicking only the appearance
of the zebrafish. However, the visual appearance also plays a role, as shown in experiment
1: A lure simply mimicking the shape of a zebrafish has no significant attraction, and thus
both factors, the visual appearance and the beating tail, should be probably considered in
the design of a robot that has to interact with fish. We performed an ANOVA on the data, the
results of which can be seen in Tab. 10.3. The only factor that has a significant impact is the
beating tail a; (p<0.05), confirming that this factor plays a non-negligible role in the attraction
of the zebrafish.
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Figure 10.14: Fish swimming direction preference for experiment 4 with the four conditions
tested: the lure with a pattern beating the tail (Tail ON+Pattern), the lure without pattern
beating the tail (Tail ON), the lure with a pattern not beating the tail (Tail OFF+Pattern) and
the lure without pattern not beating the tail (Tail OFF). Each condition was tested six times.
The fish were randomly selected from their housing aquarium. The fish were used for only one
experiment per day, but it is probable that the same fish was used to test several conditions.
The analysis of the relative effect shows that the beating tail seems to have the most effect on
the attractiveness of the RiBot to zebrafish.

10.7.3 Tests using idTracker

Figures 10.15 and 10.16 show the percentage of swimming direction for individual fish versus
the median distance between individual fish and the RiBo for experiments involving five
zebrafish and the RiBot that has the tail ON (Fig. 10.15) and the tail OFF (Fig. 10.16). We can
observe that the experiment with the lure beating its tail offers a result more similar to what
was shown in Fig. 10.8, with a correlation between the individual fish-lure distance and the
fish swimming direction. However, this seems not to be the case for experiments with the
RiBot not moving its tail. A linear fitting regression was applied to the two different conditions,
showing that there is a significant correlation between the fish-lure distance and the fish
swimming direction in experiments with the tail of the RiBot ON (p<0.05), which is not the
case for experiments with the RiBot with its tail OFF (p=0.668). Thus, for an attractive lure, we
can confirm that the fish that are close to the lure are also the ones that are mostly swimming
with it.
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Table 10.2: Relative effect of the different factors on the swimming direction of the zebrafish.

Factor ID | Relative effect (%)
Tail beating a 4.54
Pattern ax 0.74
Tail beating and pattern | a;» 2.97

Table 10.3: ANOVA obtained for experiment 4. a; corresponds to the beating tail factor, a, to
the color pattern factor, and a;» to the interaction term.

Effect SS df MS F p
a 265.07 1 265.069 6.79 0.0169
ap 405 1 4.051 0.1 0.7506
a 16.1 1 16.105 0.41 0.5279
Residual 780.29 20 39.015

Total 1065.52 23

10.8 Conclusion

In terms of the method that was presented in this chapter, we show that the system developed
with the coaxial motor does not affect the swimming direction of the zebrafish if the motor is
rotating without being coupled with any object inside the tank. We also showed that, inside a
circular corridor, without any object rotating, and during experiments of 30 minutes, a shoal
composed of five zebrafish will have a tendency to swim half of the time CW and half of the
time CCW.

By introducing a constant water current inside the corridor, we could significantly change
the swimming direction preference of the zebrafish shoal, with the fish shoals that preferred
the direction always opposed to the water current in all the experiments. This indicates that
a water current induced by an object moving inside the corridor can change the collective
behavior of the zebrafish. However, if the moving object was attractive to the zebrafish, there
should be a counter-effect, with the fish starting the swim in the direction of the current
generated by the lure.

When having a lure inside a corridor moving at a speed above the average linear speed of the
zebrafish, we could trigger an effect on the zebrafish shoal’s direction of swimming. A shoal
size of five zebrafish was a good tradeoff between homogeneity and the effect on the collective
behavior that we wanted to observe.

Experiments involving lures with different shapes confirmed that the lures with the most
biomimetic cues are the most attractive for the zebrafish shoals. This result is not new when
compared to what can be found in literature. However in this study, we wanted to decouple
all the influencing stimuli that could be perceived by the fish. We wanted to be sure that this
effect was not due to the shape of the lure base or to a generated water current. We could
indeed see that a small white module moving at high speed could also change the swimming
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Figure 10.15: Individual fish-RiBot distance versus the fish swimming direction for RiBot
ON for the experiments involving five zebrafish and the actuated lure moving in the circular
corridor with the tail beating. The red line indicates the linear regression that was performed
on the data.

direction of the fish. However, the distribution was very large, indicating that in some cases it
can influence them, but the effect is not as significant as it is for the lures with a biomimetic
appearance.

The use of the software idTracker confirmed that the methods used in the online tracking
to determine the swimming direction of the zebrafish was accurate. Videos processed with
idTracker also showed that the linear speed of the zebrafish did not change between exper-
iments involving the lure and experiments without any objects moving underwater. This
indicates that the lure was not introducing more stress for the fish nor changing their behavior
drastically. Finally, we could show that there was a correlation between the individual fish-lure
distance and the fish swimming direction when the fish where swimming more in the direction
of the lure. This shows that the closer the fish are to the lure the more they are swimming in
the same direction. Hence, the decision of the zebrafish is not influenced by the fact that they
are frightened by the lure; it is the lure itself that influences the fishes’ decision.

We also show that increasing the number of lures on the support does not influence the
decision of the shoal, despite the fact that the lures were moving in the same direction and
generated more water perturbations than an individual lure.

Finally, we studied the effect of an actuated biomimetic lure, using the beating of the tail and
the coloration as parameters to study the attractiveness of the device. We show that the tail
beating has a significant effect on the attraction of the fish towards the lure, compared to the
coloration.
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Figure 10.16: Individual fish-RiBot distance versus the fish swimming direction for RiBot OFF
for the experiments involving five zebrafish and the actuated lure moving in the circular corri-
dor with the tail not beating. The red line indicates the linear regression that was performed
on the data.

All these results confirm that a lure designed to perform experiments involving mixed societies
of fish and robots should include two main features in order to increase the attraction of the
lure: a biomimetic shape and a beating tail.
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B8 Towards mixed societies of fish and
robots

11.1 Summary

In the first chapter of this dissertation, we defined the main goal of this study: successfully
designing robotic tools to create mixed societies of robots and fish. Then, we showed how
we designed the different robotic devices and controllers, using experiments involving fish to
assess and improve their efficiency to trigger the social behavior of zebrafish.

The aim of this chapter is to show how we can use the developed robotic system in experiments
involving mixed societies of fish and robots. These experiments were conducted to show that a
group of robotic devices could be integrated into zebrafish shoals and are also able to monitor
the shoals collective decisions.

Figure 11.1: Top view of the setup that was used to demonstrate the creation of a mixed society
composed of three robots and three zebrafish.
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11.2 Methods

11.2.1 Binary choice setup

This chapter is based on a methodology similar to the one used in the LEURRE project,
where the authors succeeded in implementing a mixed society of living and artificial agents
(cockroaches and robots, respectively) [Halloy et al., 2007]. The goal behind this methodology
is twofold: first, to show that the artificial agents behave like the group of animals, and second,
that the mixed society can behave in the same way as if the society was composed of only
real animals. Once we have shown that the artificial agents are integrated into the society,
we must show that they can also influence the society in its collective decisions, as it is the
case for some members of the animal society that can make decisions for the collective
[Krause et al., 2000][Ward et al., 2013].

In order to show these two experiments, a binary choice setup was specifically designed for
the LEURRE project (Fig. 11.2, Left). In the first step, the setup was designed to offer an equal
choice between two spots for the animals to test whether the robots were well integrated into
the animal society. The setup could also be biased in order to observe how the robot could
force the animals’ choices. In the LEURRE project, the binary choice was composed of two
shelters placed in an open arena under which the cockroaches could hide. The setup could be
biased by changing the darkness of one of the shelters, as the cockroaches would then choose
to aggregate more often under the darker shelter.

.Zhoice #1

Choice #2

-

s
-

Cockroach

Figure 11.2: Binary choices for LEURRE project and the mixed society of fish and robots. Left:
Experimental setup used in the LEURRE project, with a binary choice made of two shelters.
The robots and the cockroaches chose one shelter under which to aggregate after a certain
period of time. Right: The setup that we used for the experiments presented in this chapter,
where the binary choice is the swimming direction of the mixed society of fish and robots.
Here the fish and robots agreed on the swimming direction (CW).
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11.2.2 Arena selected to conduce mixed society experiments

As we have already shown in Chap. 10, it is very difficult to design a setup where the location
of the zebrafish can be stabilized for a long period of time, as they are constantly moving and
exploring the arena. Therefore, in order to design an experiment with a mixed society of robots
and fish in which the collective choices made by the fish shoals can clearly be measured, we
have used the same arena as the one presented in Chap. 10, with some adaptations (Fig. 11.2,
Right). We showed in Chap. 10 that the circular corridor setup offered an equal binary choice,
as the fish shoals will tend to swim clockwise (CW) half of the time and counter-clockwise
(CCW) half of the time. Thus, this setup is suitable for testing whether the robots can be
integrated into the fish society without changing their collective behaviors and if the robots
can influence these behaviors, using the results that were obtained in Chap. 10. Additionally,
we needed a biased setup to test whether the robots could force the zebrafish to move in a
certain direction that would not be preferable for them.

In order to bias the experimental setup, we designed an apparatus placed in the middle
of the circular corridor arena that can rotate a pattern made of black stripes on a white
background (Fig. 11.3). The visual behavior of zebrafish has already been deeply studied
[Fleisch and Neuhauss, 2006], and some studies have shown that they can react differently to
black and white stripes moving at different speeds [Maaswinkel and Li, 2003]. We used this
mechanism as an environmental parameter that could bias the collective choice of the fish
without using the robotic agents.

The designed system consists of a cylinder with an outer diameter of 38 cm and 12 cm in
height. Inside the cylinder, a DC motor with a gearbox (Faulhaber, Switzerland) is rotating
a rotor on which the pattern made of black and white stripes is attached. A raspberry PI is
used to control the rotation speed of the motor in a closed-loop, using the optical encoder
of the motor as a measurement for the speed. A Pulse Width Modulation (PWM) signal at 1
KHz is generated on a Raspberry PI GPIO to control the motors via a SI9989 H-bridge motor
driver. The speed is controlled with a Proportional-Derivative (PD) controller. The system
is powered by an external USB rechargeable battery. The autonomy of the system is about
three hours, and the device can reach speeds between 0 and 30 revolutions per minute (rpm).
The motorization is very silent and can be barely heard by a human ear. The system can be
remotely controlled via Bluetooth, and the operator can select the speed and the direction of
rotation during the experiment.

We performed preliminary tests to determine the rotational speed and the width of stripes that
could affect the collective behavior of the fish. Among the different values that were tested, we
selected a speed of 12 rpm and a width of the black and white stripes of 3 cm, which resulted
in a clear bias in the swimming direction of the zebrafish, as it will be shown in Sec. 11.3.1.
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Figure 11.3: Left: 3D CAD design of the rotating stripes machine. A coaxial motor is rotating
a rotor on which a circular sheet composed of black and white stripes is attached. Right:
The rotative stripes machine installed in the circular arena. The system is powered by a
rechargeable LiPo battery and controlled by a Raspberry PI. The Raspberry PI can be remotely
controlled from a computer via Bluetooth.

11.2.3 Mixed society size

In Chap. 10, we showed that the size of the fish shoal should be chosen as a function of the
group homogeneity and the attraction effect of the lures on the fish group. As we performed
most of our experiments in Chap. 10 with groups of six agents (five fish responding to one
lure), we decided to use a mixed society composed of six agents, three fish and three robots,
and compared it with a control experiment where the group was composed of six zebrafish.

11.2.4 FishBot control

Compared to Chap. 10, in which a coaxial motor was rotating the lure inside the circular
corridor, here, in order to build a mixed society composed of fish and multiple robots, we used
the FishBots to move the lures. Due to their small width, two FishBots can cross inside the
circular corridor, and thus the robots can achieve the same types of movements as the fish do
in this setup.

The three FishBots were controlled in a closed-loop thanks to CATS, using the PID control
described in Chap. 7 with a linear speed of 8 cms™!, which forced the FishBots to rotate either
in a CW or CCW direction. The Braitenberg local obstacle avoidance allowed the FishBots to
avoid the walls. We observed that the resulting behavior mimicked the behavior of zebrafish
swimming in a narrow corridor, with the robots swimming along the corridor walls with small
oscillation between the two walls.
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11.2.5 Lures

For this experiment, we used the fishing lure that we presented in Chap. 10 that demonstrated
the best acceptance by the fish society. The lures that were coupled with the FishBots were all
identical.

11.2.6 Experiment design

In both the biased and non-biased setups, we tested three conditions:

¢ Control (CT): Six zebrafish were placed in the circular arena without any robots and
were free to move either CW or CCW. The zebrafish were thus only influenced by the
environment, i.e., any bias in the swimming direction could be contributed to the
rotative stripes machine.

¢ Robots swimming with fish (RW): In this experiment, groups of three robots and three
zebrafish were tested. The robots were following the decision made by the shoal of fish,
which was determined by CATS and the same algorithm that was used to determine
the fish shoal swimming direction presented in Chap. 10. The robots were controlled to
always swim in the same direction; thus, if the majority of fish decided to swim in one
direction, the three robots were controlled to swim in the same direction.

* Robots imposing a choice (RI): In this experiment, three robots were placed with three
zebrafish, and the robots were controlled to turn only in one direction in the circular
corridor. Hence, it was an extreme case that measured the impact of three robots going
in one direction on a shoal of three fish. The rotating direction of the FishBots was
varied between the experiments in order to eliminate any bias. Even though the robots
were programmed to move in only one direction, in some cases they were not turning in
the same direction 100% of the time, as they sometimes collided with each other, which
could cause one or two robots to move in the wrong direction for a short amount of time.
However, as we obtained a common direction 95% of the time, we assumed that they
were mostly moving in one direction.

The experiments lasted for 40 minutes. In the first 10 minutes, we let the fish adapt to the new
environment, and then we started the experiment, which we recorded with the Basler camera
in high definition for post processing using idTracker (as described in Chap. 10). We repeated
each condition eight times. We had 60 zebrafish at the time of the experiment. The zebrafish
were randomly selected from their housing aquarium in the morning to perform a set of five
to seven trials. We also varied the bias, i.e., the swimming direction of the robots for the third
condition, as well as the direction of rotation of the rotative stripe device for randomization in
order to avoid other biases.
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11.2.7 Measurements

We used the same algorithm for the measurements that was used in Chap. 10 to determine the
swimming direction of the shoals, which was also used as input for the closed-loop control of
the robot. We also used idTracker to determine the individual trajectories and speeds. In these
experiments, we also made a measurement of the two species separately (robots and fish) as
well as of the mixed society (fish with robots). For instance, we will describe in further sections
the second condition RW by mentioning the whole group of six agents (RW6A), only the three
fish without taking the robots into account (RW3F), and only the three robots without taking
the fish into account (RW3R).

11.3 Results and discussion

11.3.1 Collective decision
Non-biased setup

Figure 11.4A, shows the percentage of swimming direction for the entire shoal (six agents)
in the non-biased setup. In the first condition, the control (CT), the group consists of six
zebrafish, and in the two other conditions (RW6 and RI6), it consists of mixed societies of three
fish and three robots. We can observe that the decision of the mixed society of three fish and
three robots is the same for condition RW as for the condition CT. This was predicted, as the
robots should be integrated and not change the collective decisions of the zebrafish. On the
other hand, we can observe for the third condition (RI6) that the three robots, by swimming
in only one direction, could modify the swimming direction preference of the whole mixed
society compared to the RW6 condition. The three distributions are significantly different
(Kruskal-Wallis p<0.05), and a post-hoc analysis shows that the mean ranks of distribution of
conditions CT and RW6 are significantly different from that of condition RI6, while condition
CT and RW6 have no significantly different distribution.

If we look at the two species separately for conditions RW and RI (Fig. 11.4C and E), we can
observe that for condition RW, the zebrafish seem to behave in the same way as in condition
CT, swimming half of the time in each direction, which influences the robots to behave as
programmed and to follow the estimated collective decision of the zebrafish. This result shows
that the zebrafish were not perturbed in their collective decision in this condition. Figure 11.5,
left, shows the percentage of swimming direction for each trial separately for the RW condition.
It shows that the robots were able to follow the decisions of the zebrafish in the non-biased
setup most of the time.

If we now observe the separation of both species for condition RI (Fig. 11.4E), we can see
that the swimming direction preference of the zebrafish was changed, and they were mostly
swimming in the same direction as the robots. This result is also very promising as it shows
that the robots are able to influence the collective behavior of the fish shoal in a binary choice
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Figure 11.4: Mixed society swimming direction preference for the three tested conditions in a
non-biased (Left) and biased setup (Right). CT stands for control experiment condition, RW
robots swimming with fish, and RI robots imposing a choice. We also make the distinction
between the group of six agents (6A) and the subgroups of three fish (3F) and three robots (3R)
for the second and third conditions. Eight trials were performed for each condition, and the
duration of each trial was 30 minutes.

setup. Compared to the experiments that were shown in Chap. 10, the robots here were not
programmed to move faster than the average linear speed of the zebrafish. Thus, the fish were
not only attracted because the lures were moving faster but also because they were all moving
in one direction at the same speed as the zebrafish.

Biased setup

Figure 11.4B shows the percentage of swimming direction for the entire shoal (six agents) for
the three conditions in the biased setup. We can observe that the setup indeed induced a bias
in the collective choice of the zebrafish, with the society of six zebrafish (CT) swimming with
an average percentage of 60% in the opposite direction of the rotating stripes. The bias also has
a strong influence on the distribution of this decision when compared with the distribution of
the fish collective choice shown in Fig. 11.4A. Indeed, the zebrafish seemed to be sometimes
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Figure 11.5: Mixed society swimming direction preference for each of the eight trials in the
non-biased (left) and biased (right) experimental setups for the second condition RW, for
which the three robots were programmed to follow the collective decision of the zebrafish. In
orange, the collective preference of the three zebrafish, and in blue, the collective preference
of the three robots.

highly affected by the rotative stripes while other times almost unaffected. We assume that the
reason the fish primarily swim in the opposite direction to the rotating pattern is because the
rotative stripes simulate a water current and this effect is less perceived than a physical water
flow. As shown in Chap. 10, Sec. 10.3, the fish have a tendency to swim against a water current.

When comparing the mixed society of three robots and three fish for conditions RW and RI
with condition CT in Figs. 11.4B, it can be seen that the robots have an effect on the group
decision (Kruskal-Wallis p<0.01). Using a post-hoc analysis, we can state that condition CT
and RW do not differ significantly, and they have significantly different distributions compared
with condition RI. Therefore, we can assume that we can build a mixed society of three fish
and three robots that, on one hand, could behave with collective decisions like a shoal of six
fish in a biased setup, and on the other hand, that the robots could modify the whole mixed
society by influencing the decision.

For condition RW, for which the robots were programmed to follow the collective decision of
the fish, we can observe that the collective choice of the fish was modified (Fig. 11.4D). The
robots in this condition seem to have stabilized the decision of the zebrafish, around 50 % in
both directions, and the fish seem to be more likely to ignore the effect of the induced bias.
When looking at the trials separately for condition RW in the biased setup (Fig. 11.5, Right)
we see that the robots had more difficulty following the zebrafish direction compared to the
experiment in the non-biased setup. This can be explained by the fact that, in the biased
setup, the zebrafish move with more abrupt movements that are difficult to mimic for the
closed-loop control of the robots.

For the third condition, in which the robots imposed a direction on the fish (RI), we can see
in Fig. 11.4F that the decision of the zebrafish was also modified compared with the first
condition CT. However, the influence of the robots was not enough to completely change the
swimming direction preference of the shoal of fish compared to the equivalent experiment
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performed in the non-biased setup. Thus, it seems that the robots can modulate the decisions
of the zebrafish in such an environment only when the robots are programmed to move like
them. Indeed, for the third condition, RI, the robots are ignoring the decision of the fish and
move on their own. The result is that the zebrafish seem to be less attracted to the robots’
decision compared to the second condition, RW.

The most interesting aspect of these experiments in terms of fish behavior is that we can
clearly identify a change in the fish behavior when inducing the bias using the rotating stripes
machine. The resulting behavior of the mixed society was also modified, and thus the system
can be used to monitor the behavior of fish in different environments. We could imagine that,
using evolutionary algorithms and adaptive controllers, the robots could manage to adapt to
the changes in the fish behavior and possibly find out by themselves what factors should be
adapted to impose a choice, depending on the environmental conditions.

11.3.2 Collective decision over time

In order to measure the potential of our system for long-duration experiments, we analyzed
how the collective choices of the zebrafish shoal varied during the experiments. For that, we
sampled the experiments in periods of five minutes and computed the average swimming
direction percentage of the three fish for conditions RW and RI. Figure 11.6 shows the results
of these measurements. We can see that for the two conditions, there are no significant
differences between the periods (Kruskal-Wallis p> 0.05 for both conditions). This means
that the effect of the robots on the collective behavior of the zebrafish seems constant for
experiments of 30 minutes.

11.3.3 Linear speed

We investigated other metrics in order to evaluate the impact of robots on the zebrafish
behavior. We analyzed the linear speed of all the agents in the non-biased and biased setups
(Fig. 11.7).

For the non-biased setup, (Fig. 11.7A), the distributions of the mean linear speed of the shoal
of six agents do not significantly differ between the three conditions (Kruskal-Wallis p>0.05),
which indicates that the global speed of the societies in the three conditions is the same.

However, when looking at the two species of agents separately (Fig. 11.7C and E), we can
observe that for the second condition, RW, the robots were moving with a mean speed smaller
than that of the fish. This can be explained by the fact that the robot often turned in the setup
due to the frequent change in fish swimming direction. The speed of the fish for RW3F is
higher than that for the CT. This effect might be due to the fact that, by introducing robots in
the group that are usually slower than the fish, the fish tend to move faster in order to maintain
the same dynamics in the group. For the third condition (Fig. 11.7E), however, we can observe

1

that the robots are moving at 8 cms™" on average as they are programmed to do so, and the
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Figure 11.6: Mixed society swimming direction preference over time for two conditions involv-
ing mixed societies of robots and fish: the robot swimming with fish (RW) and Robot imposing
a choice (RI) (A and B, respectively) in the non-biased setup. For both conditions, there are no
statistical differences between the periods (Kruskal-Wallis p>0.05). We measured the average
speed based on the eight trials that were completed for each condition in the non-biased
setup.

speed of the fish is almost the same as that of the controls, CT. This result is comparable to
what was obtained in Chap. 10, when we showed that a moving lure did not change the linear
speed of the fish significantly.

The speed of the fish is increased in the biased setup compared to the non-biased setup, as
can be seen in Fig. 11.7B. This can be explained by the fact that the fish, as they perceive that
they are moving in water with a current and thus increase their linear speed to compensate for
the current. The presence of the robots inside the mixed society seems to stabilize the speed
of the fish (Figs. 11.7D and F).

11.3.4 Inter-individual distance

We also analyzed how the inter-individual distances between the fish varied in the different
experimental conditions. We measured three types of inter-individual distances for the three
conditions:

1. Inter-individual distance between all the agents for CT, RW, and RI

2. Inter-individual distance between the three fish only for RW3F and RI3F

3. Inter-individual distance between the robots only for RW3R and RI3R

In order to compute the inter-individual distance, we computed at each time-step, for each
agent, the average of the distance that separates it from the other two or five agents, and then
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Figure 11.7: Mean speed of the mixed society for the three tested conditions in a non-biased
(Left) and biased setup (Right). CT stands for control experiment condition, RW Robots
swimming with fish, and RI Robots imposing a choice. We also make the distinction between
the group of six agents (6A) and the subgroups of three fish (3F) and three robots (3R) for the
second and third conditions. Eight trials were performed for each condition, and the duration
of each trial was 30 minutes.

computed the mean for all agents at the end of the experiment.

Figure 11.8 shows the mean inter-individual distance for the experiment in the non-biased
and biased setups. First, we can see that the inter-individual distance of the robots is larger
than that of the fish. This is due to the fact that we do not control the inter-individual distances
between the robots. This could be done for further analyses, by adding controllers that make
the robots swim in shoals in this experiment, using for instance the vision-based model
described in Chap. 8.

Regarding the fish inter-individual distance, we can see that it does not vary greatly between
experiments involving robots and experiments involving only fish. The presence of the robots
moving inside the groups probably affects the cohesion of the zebrafish slightly, but not
significantly. Thus, we can assume that the robots did not introduce a drastic change in the
social behavior of the fish.
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Figure 11.8: Mean Inter-individual distances of the mixed society for the three tested con-
ditions in a non-biased (Left) and biased setup (Right). CT stands for control experiment
condition, RW Robots swimming with fish and RI Robots imposing a choice. We also make
the distinction between the group of six agents (6A), and the subgroup of three fish (3F) and
three robots (3R) for the second and third condition. Eight trials were performed for each
conditions, and the duration of each trial was 30 minutes.

11.4 Conclusion

The control experiment shows that, as shown in Chap. 10, the zebrafish are moving CW
half of the time and CCW half of the time in the non-biased circular arena. When a device
rotated black and white stripes in one direction, the zebrafish tended to swim in the opposite
direction. This result is not surprising, compared to what was shown in Chap. 10, Sec. 10.3,
when a current was generated in the circular corridor, the fish tended to swim against the
current. The moving stripes are probably generating the same types of reflex as the water
current for the zebrafish. We could also see that the mean speed and inter-individual distances
were slightly increased in the biased setup, which is often the case for a shoal of fish in a water
current [Suriyampola et al., 2016].

We could show that, in a non-biased circular arena, we succeeded in building a mixed society,
composed of half animal agents and half robots, with the robots able to modulate the choices
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of the zebrafish. When the robots were programmed to follow the collective decision of the
fish, the mixed society of three robots and three fish behaved the same way as a group of six
zebrafish that were free to choose their swimming direction. In the case where the robots were
programmed to only swim in one direction, they influenced the collective decisions of the fish,
and thus the whole mixed society collective choice was changed significantly.

We finally showed that, in a setup biased by the rotative stripes machine, we could also
modulate the collective decisions of the fish using the robotic agents. However, due to the bias
induced by the rotative stripes machine, the modulation was not the same compared to that
obtained in the non-biased setup. However, this shows that the zebrafish were more cohesive
with the decisions of the robots when the robots were programmed to follow their decisions
instead of imposing a decision. This indicates that, in order to integrate robots into a group of
zebrafish, the robots need to adapt and swim with the fish in order to increase their ability to
modulate their decisions. This is a strong motivation for continuing efforts aimed to build
accurate controllers for the robots to mimic the behavior of fish and swim with them in the
shoal.

The measures of the fish linear speed and inter-individual distances confirmed that the robots
were not inducing stress in the fish. However, the behavior of the fish still changed slightly,
and thus improvements could still be made in terms of the lure design and robot control to
achieve a complete integration of the robots into the group.

Among the different groups that are working in the field of fish-robot interaction, we are
the first being able to develop a mixed group composed of more than two robotics agents.
We are also the first to have designed a closed-loop system with mixed groups composed of
half robots and half fish, in which the robots can be controlled according to the current fish
behavior while imposing a behavior on the fish at the same time. It appears that the robots
are also integrated into the mixed groups. Finally, we have shown a comparison between a
non-biased and biased setup, highlighting the potential of using robotic agents inserted into
animal societies to sense environmental changes through changes in animal behavior.

To summarize, the results shown in this chapter are very promising for the field of fish-
robot interaction. Despite the fact that the design of the experiments involved a constrained
environment for the fish in order to retrieve a clear collective response, we hope that these
results will be extended in further studies in more complex environments, involving societies
composed of more agents, in order to study how information can be transferred between the
agents, how the robots can accurately modulate the behaviors of the fish, and possibly, how
the robots can adapt to these behaviors in more detail.

11.5 People who contributed to this work

Matthieu Broisin contributed to the design of the rotative stipes machine and performed the
first tests to qualify the system for the experiments with zebrafish.
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|4 Conclusion

12.1 Summary

In this chapter, we conclude on the global achievements that were obtained throughout
this study. We summarize the main contributions of this thesis in the topic of animal-robot
interaction studies and present the perspective for the future in this field. We also mention the
lessons learned about the use of zebrafish for this type of study and the potential applications

of our designs and discoveries.

Figure 12.1: The FishBot coupled with the RiBot during an exhibition at the Ars Electronica
Festival 2016 in Linz, Austria.
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12.2 Main accomplishments

This work provided several main contributions to the state of the art. On a global level,

we have contributed to the field of animal-robot interaction by showing a novel implemen-

tation of a mixed society of animals and robots based on the methodology proposed by

[Mondada et al., 2012], using societies composed of multiple vertebrates and robots.

In more detail:

154

e The first contribution concerns the translation of biological definitions into a modu-

lar robotic system, composed of a miniature wheeled mobile robot and an actuated
biomimetic fish lure (Fig. 12.1). Due to its small size, reactive motions and continuous
powering, the wheeled robot, FishBot, offers a convenient tool for biologists to study
the effect of any type of lure inside a tank for experiments involving small fish species.
The biomimetic actuated robotic lure, RiBot, is by far the smallest designed robotic lure
currently used for such studies. As it is capable of imitating the movements of the tail, it
offers a tool for biologists to measure the effect of the tail movements on the acceptance
of arobot inside a fish society. We also proposed innovative design techniques for the
conception of the RiBot, based on extracted 3D scans of real zebrafish and by designing
the electronics using Rigid-Flex PCBs in order to integrate more components while
decreasing the size of the device. This robotic platform is modular in a way that the
FishBot can be coupled with different types of lures designed to interact with different
small species of fish including the RiBot. The RiBot can also be used alone if one wants
to study only the stimuli generated by this device. The entire framework developed
during this project is completely open-source and open-hardware.

The second contribution is the design of a fully automated setup to perform multi-
agent experiments involving small species of fish and robots, especially concerning
the software CATS, which offers convenient control of multiple robots and tracking of
animals for behavioral studies. Due mainly to its modularity, this software could be
used in many fields of research for which closed-loop control of robots based on visual
tracking is needed.

The third contribution is the development of a bioinspired controller to reproduce the
locomotion patterns of zebrafish based on data collected from the animal. We show
that groups of robotic devices, when coupled with a model that simulates the typical
trajectories of zebrafish inside the shoal, could mimic the group of fish in terms of
trajectories and locomotion inside an open arena.

The fourth contribution is our study of the acceptance of different types of lures among a
shoal of zebrafish, when varying different parameters. Thanks to the fractional factorial
design method, we could test the effect of various factors without having to test all
the combinations, and thus use a lower quantity of animals. We showed that among
different parameters, the lure motion as well as the lure shape had a strong effect on
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the acceptance of the lure in the fish shoal. By isolating the fish shape and tail-beating
movements using a constrained setup composed of a circular corridor with a coaxial
motor, we showed how the aspect of the lure as well as the tail beating could also increase
the lure acceptance. The combination of biomimetic lure controlled using a biomimetic
displacement model could thus be sufficient to integrate artificial agents inside fish
shoals.

e Finally, our fifth contribution is the design and validation of an experiment involving
a mixed society of fish and robots. This is the first time that a group of robots has
infiltrated a group of vertebrates and had the ability to change the collective behavior of
the animals. This mixed society of fish and robots is the result of the work performed on
the development of the robotic agents and the analysis of the stimuli that were perceived
by the fish under study. We were the first to design an experiment composed of more
than two robots driven by bio-inspired controllers swimming among fish, which could
at the same time demonstrate the integration of the robots among the animal society
and with robots able to influence the collective decisions of the fish.

12.3 Lessonslearned in robotic design for animal-robot interaction
studies

During this project, we designed miniature waterproof robots embedded with many different
components such as stepper motors, LEDs and infrared receiver. We developed techniques
to make the devices rechargeable and easy to build. We showed that very simple techniques
based mainly on the molding of different materials could allow the miniaturization of the
device while guaranteeing its waterproofness. Even though we were not able during the time
of this thesis to design a fully autonomous robotic fish lure that can reproduce the movements
of the zebrafish, we think that the device created is sufficiant to perform many different types
of experiments involving mixed societies of fish and robots. We also believe that in a near
future, with the miniaturization of electronic et mechanical components, it will be possible to
create an autonomous robotic lure with the same size of a zebrafish, that can at the same time
reproduce the fish body movements and motion underwater.

We observed how the control of the robots can become difficult when introducing multiple
robots, with the robots’ movements also constrained by the small size of the environment.
We showed how the use of simple navigation algorithms for mobile robots could resolve
these issues while maintaining biomimetic locomotion. Biomimetic controllers that were
designed preliminary without taking the robot dynamic into account could be applied to our
robotic system, mainly because the specifications were well drawn for the robot design at the
beginning of the project.

During the robots’ development phases, we realized several times how the designed system
was sometimes complex to use, as we encountered problems such as the FishBots decoupling
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from the lures during an experiment, losing power after several hours of experiments, and
disconnecting from Bluetooth. One of the major issues that we encountered during the first
years of the project was also due to the distance between Paris, where most of the experiments
took place, and Lausanne, where the technical infrastructure was built. A lot of time and
resources were spent on long-distance discussions and traveling. We think that to improve the
project’s efficiency, the collaborators should be located in closer proximity to each other, as
the robotic design should be realized in very tight collaboration with the biologists, with both
parties meeting on a regular basis.

In terms of the collaboration between engineers and biologists, we could notice how a multi-
disciplinary project with people from different fields of expertise could benefit for the global
achievements obtained. Indeed, biologists were particularly demanding in terms of the speci-
fications of the robotic system, as for them it should mimic as closely as possible all aspects of
the animal, and also be capable of generating results that are repeatable. Engineers, on the
other hand, could find the trade-off between efficiency and simplicity, for instance by testing
new types of arenas and new configurations of the robotic systems and suggesting them to
the biologists. Thus, we think that such collaborations are essential for this field of study and
could only benefit all partners.

12.4 Lessons learned from zebrafish social behavior

Using our robotic design, we showed that, in order to be accepted inside the fish shoal and
able to monitor collective decisions of the zebrafish, each robotic agent should have several
important aspects:

e Tt should be able to swim among the fish shoal, either by using models that the robot
can follow or by constraining the setup.

e It should have a biomimetic appearance. However, it is still difficult for us to claim
which aspects have the most impact. For instance, it has been shown that for the
guppies, the eye is an important biomimetic feature that can increase lure accep-
tance [Landgraf et al., 2016]. In the case of the zebrafish, some studies suggested that
certain aspects such as the stripes and the size ratio could increase lure acceptance
[Abaid et al., 2012a]. However, we show that a lure without stripes could be attractive
enough to significantly modify the fish collective behavior for long periods of time.

* Moving parts on the body of the lure could increase its acceptance, as the tests involving
the RiBot could demonstrate. Compared with what was shown in [Abaid et al., 2012a],
the robotic fish lure RiBot could reproduce tail beating frequencies more closely to those
produced by the zebrafish, showing that such frequencies were also acceptable. We
also shown that the fishing lure equipped with a passive tail beating was also the most
attractive among all the passive lures that were tested.
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¢ It should have a locomotion pattern mimicking the fish locomotion. For instance, in a
corridor, it should move at a constant speed and follow the walls, and in an open arena,
it should move with jerks using the same movement phase of zebrafish: orientation,
acceleration and deceleration.

The system that was designed in this work can provide all these points, and we showed in our
last experiments that, indeed, a shoal of three robots seemed to be infiltrated among the fish
shoal and had the ability to modify the fish collective decisions. However, different aspects
can still be improved. For instance by controlling the robots using more biomimetic model
to mimic the shoaling behavior of the fish. Also, we did not test the impact of the height of
the lure, as the lure is moving at a fixed height. The difficulty is in knowing what aspects are
playing a role and at which level, but this is more a question for the biologists who will use this
framework in the future and will investigate more deeply the effect of all the different factors,
requiring years of experiments. For instance, by making experiments longer, using different
strains of zebrafish, these parameters could be compared. In a roboticist point of view, we
conclude that our devices were able to satisfy the requirements set by the biologists, and were
validated to perform experiments with the animals.

12.5 The fish, an appropriate subject for behavioral studies?

Recent studies have shown that the fish might be a good candidate for studying the collective
behavior of animals, but compared, for instance, with social insects that clearly show what is
called Swarm Intelligence, the social mechanisms and information transfer in fish might be
more complex to study [loannou, 2016].

There are also many fish behavioral studies in the literature showing a lack of robustness in
our opinion. The recent studies performed by the group of Porfiri that tested fish reaction to
lures of different sizes [Bartolini et al., 2016] showed many contradictory results compared to
their previous studies, meaning that the variability of the fish behavior needs to be taken into
account and the experiments carefully conducted. In this study, we also encountered a lot of
variability in the results between experiments, mostly using experimental setups like the open
arena (Fig. 6.5A), in which the behavior of the zebrafish may vary depending on the zone, as
shown in Chap. 8. Therefore, we decided to perform our experiments with a higher number of
repeated runs and lasting at least 30 minutes in order to obtain a more robust and repeatable
measurement of zebrafish behavior. In addition, we are very confident that with our approach
using the circular corridor we could analyze in a robust way the fish collective decisions. We
had very robust and repeatable results with this setup, even when testing different groups of
zebrafish and having different runs of experiments spread over several months. We believe
that such a setup is a good candidate to test mixed groups of robots and animals due to its
homogeneity.

In summary, we do believe that the zebrafish has real potential for behavioral studies using
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it as a model of social vertebrates, and for experiments involving mixed societies of fish and
robots as the ones presented in this dissertation.

12.6 Potential applications

The work presented in this dissertation involving animals was performed only in a laboratory
using laboratory animals. The results are thus mostly constrained by the environment, and we
will not generalize our work to all fish evolving in their natural environment. Moreover, we
used a robotic system that can only evolve in a very specific setup. However, some results of
this thesis could potentially be used in a different area of study.

12.6.1 Deeper behavioral research on fish

Deeper studies on fish social aggregation in their natural environment could be beneficial at
the same time for fishermen and for the fish themselves. Indeed, nowadays, people are
using systems like Fish Aggregation Devices (FAD) to attract the fish into specific spots
[Dempster and Taquet, 2004]. But, unfortunately, due to the fact that the reaction of the
fish towards these systems is not well studied, many fish usually are captured even though
the fishermen do not want them [Capello et al., 2011]. Thus, a deeper understanding of fish
behavior and fish reaction to specific stimuli is needed, and tools as the ones developed in
this research could contribute to extending the knowledge of fish behavior.

In this research, we focused on the social behavior of the fish, but there are also other behavior
that could be tested with the same apparatus. For instance, we could test the escaping behavior
of the individuals using a predator fish lure as it is done in [Swain et al., 2012], or a prey lure to
analyze the predator behavior of fish. The fact that our robotic platform is modular allow to
test different types of lures that can be controlled in a closed-loop.

Another application of behavioral study that came out into a concrete product is the repellent
bracelet for sharks [Sha, 2016]. This bracelet uses a repulsive stimulus to repel the shark away
from people. This is a good example of a non-invasive method of modifying the behavior
of animals for the well-being of humans, and the types of study to extract signals that are
sensitive for fish could be performed using the framework that we designed.

12.6.2 Ecology

We showed in the previous chapter that we could measure a change in the animal behavior
when an environmental factor was included. This experiment showed that the animal sensing
capabilities can be used to retrieve information from the environment and, moreover, that our
robotic system could be used to modulate the behavior of fish depending on the environmental
conditions. Fish today are suffering from pollutants and other negative environmental factors.
By being able to sense animal behavior changes and modify them depending on the situation,
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we could simultaneously benefit from animal knowledge of the environment and possibly
save the animals in cases in which they cannot find a solution on their own.

12.6.3 Pharmaceutical

Our system could be used to help identifying behavioral genes and neural connection responsi-
ble for behavior in vertebrates. For instance, in [Stewart et al., 2014], they suggest the zebrafish
as a model to study autism spectrum disorder. For such experiments, our robotic system could
be used to identify behavior changes of zebrafish when modified genetically or using chemi-
cals to cure the disease. Many other behaviors, such as aggression, anxiety and sleep, which are
currently using zebrafish as a model as shown in [Norton and Bally-Cuif, 2010] could also use
our robotic system to monitor and control fish behavior in very long-duration experiments.

12.6.4 Research involving collective behavior studies

Other groups are working with a similar circular corridor arena to test the collective behavior of
agents. For instance, in [Lemercier et al., 2012], they use it to study the effect of the crowd on
human pedestrians. Crowds and traffic flow management are a challenge in our society when
a mass of people aggregates towards the same points, and the modelling of crowd behavior
using animals such as fish in a constrained environment could be extended to other social
species, using optimization methods such as the ones described in [Cazenille et al., 2015].

12.6.5 Benefits for the ASSISIbf project

The robots, software and automated setup that were designed during this thesis were produced
in order to be used by our main partner in the ASSISIbf project, the team of the University
Paris Diderot that was involved in the experiments to study the collective behavior of zebrafish
and to set up mixed societies of zebrafish and robots. In total, 30 FishBots and 30 RiBots were
produced during the project and were or will be used in the ASSISIbf project, and hopefully
after the project. Two automated setups were implemented in Paris on the same basis as the
one implemented at the EPFL to study fish behavior.

The extension of the software with long-distance infrastructure (Sec. 7.10) allows the connec-
tion between the fish experimental setup in Paris and the bee experimental setup in Graz. This
experiment, which is the final target experiment of ASSISIbf, will be able to show how two
social animal species, i.e. zebrafish and bees, can communicate through robotic agents, and
how this multi-artificial-living system could evolve by learning from each other.

A public demonstration of the framework developed during this project was shown at the
ARS Electronica Festival in Linz, Austria (Fig. 12.2). Live experiments showing mixed societies
of fish and robots and mixed societies of bees and robots could be shown to the public.
Experiments involving interactions between the two mixed societies were also shown during
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'

Figure 12.2: Fish and bee mixed society setup at the ARS Electronica festival 2016 in Linz,
Austria. On the left (black): the bee setup with the running experiment involving honeybees
and robotic honeybees shown with a projector. On the right (white): the fish setup with the
running experiment involving zebrafish and the robotic fish that was also projected on a
screen.

this festival (Fig. 12.3).

12.7 Final words

To conclude, this work contributed to the animal-robot interaction research, more specifically
the fish-robot interaction research, by miniaturizing the standard robotic tools used for these
types of studies and adding multiple robots into the interaction loop, showing that these
tools can be used to design mixed societies of robots and vertebrates. In addition, we showed
that our hypothesis about the increase of lure acceptance on the fish using biomimetic cues,
such as tail beating, locomotion patterns, fish motion model reproduction and visual aspects
could be verified. Our goal was to create a mixed society of robots and fish, thus showing
a new application of the general methodology that is used for such types of research, and
the results presented in this dissertation showed that a group composed of half robots and
half fish could be created, with the robots able to behave as zebrafish and also to change the
collective behavior of the animals. Finally, by being introduced into the animal societies, the
robots might be able to learn the language and behaviors of animals, and we hope that the
tools presented in this study will be used to learn more about fundamental biological aspects
of the collective behaviors in fish, taking interest in the shoaling behavior of fish to new levels.
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Figure 12.3: Fish and bees interacting at the ARS Electronica Festival 2016 in Linz, Austria. On
the left: the bee arena with the honeybees that aggregate near one of the two bee robots. On
the right: the fish arena with the fish following the lure that is steered by a FishBot, which is
driven by the bees’ collective decision.
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