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1. Introduction

The aim of this dissertation is to provide an ethological basis for the
behaviour of social robots. The patterns of animal behaviour studied by
ethology can be applied to the control of autonomous robots, which it
is hypothesised would facilitate the adoption of robots in everyday life.
As robotics spreads and becomes more widespread in everyday life,
research into the interactions between humans and robots is becoming
increasingly important. Properly designed and programmed social
robots could be a major step forward in the field of interaction.

In recent years, automation and robotics have been increasingly used
in areas outside the industrial sector. The rapid spreading of robots
in the daily living environments has drawn attention to the field of
human-robot interactions (HRI) [1], human-robot interaction models
(MIHR) [2] and social behaviour of robots [3]. So-called service or
social robots are becoming part of everyday life, and this coexistence of
humans and robots raises some questions. How should a service robot
look like? How should a social robot behave with humans? Developing
an autonomous robot that has the right appearance and movement
skills to be accepted by humans is a challenging task.

According to the uncanny valley theory ofMasahiroMori [4] a response
of a person to a humanlike robot would abruptly shift from empathy to
revulsion as it approached, but failed to attain, a lifelike appearance.
This descent into eeriness is known as the uncanny valley. Furthermore,
the theory can be expanded into a more general form. Suppose a robot
is shaped after a previously known living species, but the likeliness
reaches a certain degree associated with the uncanny valley effect. In
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that case, itwill fail to connectwith humans. Thus a better approach is to
treat robots as a unique and new species and develop their appearance
and behavior according to it. However, the behavioral patterns can be
modeled after well-known creatures like dogs. A wide group of social
robots uses dogs as models [5] since dogs always have been reliable
companions for humans.

2. State of the art

Autonomous social robots

With the rise of robotics, a paradigm shift has occurred. Previously,
robots were mainly used in industrial environments, in well-controlled
environments, under the supervision of skilled engineers under con-
trolled conditions. Now the situation has changed and robots are trying
to assert themselves in environments dominated by ordinary humans.
Good communication is an essential element of coexistence and coop-
eration. At this level, the use of robot programming skills requiring
specific knowledge is no longer sufficient. Robots must be able to inter-
act with humans who lack this specialised programming knowledge.
This need puts the development of autonomous social robots at the
forefront. In the design and engineering of robots, social expressive-
ness is emphasised alongside functionality. This approach requires
new design approaches andmethods, as opposed to the previous target
hardware design approach. On the one hand, robots are compact for
ease of use, yet their programming provides a wide range of function-
ality. Functions that can be considered as motorized, such as mapping
and localization, require more efficient algorithms to implement the
necessary computations on the on-board computing unit of the robots.

2



Research question one: How to design the architecture of an ethorobot
and what algorithms can be used to make the mobile robot more effi-
cient?

Neural network based sensor fusion

The use of neural networks has grown by leaps and bounds in parallel
with hardware developments. Neural network structures are highly
applicable for pattern recognition, classification and regression. Their
architecture enables them to solve specific problems without explicit
programming. Their learning property makes them widely applicable.
Examples of tasks to be solved include navigation and positioning,
which are of particular importance for autonomous robots.

There are many practical applications that use a global positioning
system (GPS) [6], an on-board camera [7], a laser rangefinder (LIDAR)
sensor [8] or other externalmonitoring system [9] to determine position.
There are algorithms that calculate the odometry based on the encoder
signals from the motors.[10] However, to use these applications, we
need to know the exact geometry of the robot. Applications based on
image processing or 3Dpoint clouds have a high computational demand
to perform simultaneous localisation andmapping (SLAM) [11]. These
methods have limited suitability for robots with low computational
capacity. The question was therefore raised, can MARG sensor fusion
be used for positioning tasks? For robustness, the goal is a solution that
is compact, uses only the MARG sensor signals without involving any
other sensors, and has low enough computational demand to be run in
real time on an autonomous robot.

Previous research using an explicit algorithm [12] has been applied to
the MARG sensor position and orientation estimation task for a special
periodic case. However, the application had significant computational
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complexity and could only be evaluated offline. Due to its specialized
design, it is not suitable for implementation on a mobile robot.

Research question two: Is the fusion of MARG sensor signals suitable
for positioning tasks without involving any other sensor using neural
networks?

Ethorobotic researches

Ethorobotics [13] is an emerging interdisciplinary field of science that
aims to combine robotics and ethology. Ethology is the discipline of
animal behaviour, which can be used to create behavioural models [14].
Ethorobotics, as an engineering application of ethology, is concerned
with the development of behavioural models that can be implemented
in robots. According to the methodology of ethorobotics, instead of
prioritising human or animal appearance, robot design should be based
on the environment and the desired skills of the robot [15].

One of the main goals of ethorobotics is to create a harmonious coex-
istence between humans and autonomous robots [16]. To achieve the
desired goal, social robots must be accepted by humans. This means
that, in addition to functional skills, the robots must also maintain some
behavioural motif or model.

A more concrete approach to designing social robots might be to use
dogs as behavioural models [5]. The behavioural model of a domestic
dog is not as complex as the psychological model of a human, and
is therefore better suited to a smaller robot with low computational
capacity. The simpler cognitivemodel can bemapped to different robots
that do not necessarily show similarities in appearance.

So the question is, how can dog behaviour, or at least elements of
behaviour, be implemented inmobile robots? In addition to the question
of implementing behavioural patterns, there is also the need to create a
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system that can measure and learn the behavioural patterns of dogs.
Such a system could simplify the process of evaluating ethological tests,
which is currently done manually. On the other hand, it would provide
a suitable model for the control of mobile robots.

Research question three: How can dog behaviour be modelled and
implemented on mobile robots?

Research question four: What kind of automated system would be
suitable for the ethological study of dog behaviour, which could be
used to train behavioural models that can be implemented on mobile
robots?

3. Results of the research, theses

Mapping and filtering on a mobile robot

Simultaneous Mapping and localisation (SLAM) is an important func-
tionality of autonomous robots. Amoving robot must be able to process
the environment around it, position itself in space and avoid obstacles.
But the task is memory and computation intensive.

Several solutions to overcome this problem are available in the literature.
Sensor fusion applications include both applications using an external
sensor and applications using an on-board sensor. The most common
solution to ensure accurate localisation is GPS or, in controlled areas,
the use of an external camera system. Among on-board sensor based
solutions, LIDAR or camera image processing based solutions are the
most common. Using a depth camera, a detailed 3D point cloud of the
local environment around the robot can be generated. The point clouds
taken at different positions are stitched together to form a map, or the
current position can be determined bymatching the current point cloud
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with the point cloud of the map based on an unknown position. The
complexity of the algorithms for filtering and maintaining the point
cloud requires a large computational capacity. Accordingly, 3D point
cloud processing is either not performed in real time or is outsourced
to an external processing unit. A more reliable solution is to have the
processing done on the on-board computer. The FMC algorithm was
developed as a solution that can be run on the on-board computer of
small autonomous robots with limited computational capacity. The
𝑂(𝑛) complexity makes it suitable for real-time use. Using the FMC
algorithm a 3D point cloud can be reduced to up to 10% of the size,
while keeping the environment elements recognizable by highlighting
edges. The research is summarised in the following thesis.

Contribution 1

The Fast Marching Centroid (FMC) algorithm can reduce a 3D point
cloud in real time with 𝑂(𝑛) complexity. The schematics and the
flowchart of the FMC algorithm can be seen in the following figures.
The FMC algorithm has the ability to keep recognisability of edges
and shapes and the reduction of the point cloud can be adjusted with
the the radius of the filtering sphere (𝜌).

Figure 1: Schematic functionality of the FMC algorithm
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Figure 2: Flowchart of the FMC algorithm

Related publications: [P1][P2]

Position estimation with MARG sensorfusion

In addition to filtering 3D point clouds, another problem in mobile
robot mapping algorithms is the matching of point clouds of spatial
fragments at different positions.

Computationally intensive methods exist to solve this problem, such as
keypoint detection or odometry-based solutions. A reliable algorithm
with low computational complexity would have better met the require-
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ments of an autonomous robot, and since keypoint detection requires
too much computation, a different solution was needed. For robustness,
the robot wheel encoder signals were not included in the sensor fusion
input vector. In this way, the algorithm could be applied in the future
even on wheelless robots. To solve this problem a position estimation
method using neural networks with MARG sensor data was proposed.

For the position estimation algorithm, a neural network was trained.
In the first step the implementation of the problem in a simulation
environment was investigated. In the second step, periodic pendulum
motion and non-periodic translational motion were observed on a real
physical system. In the real test cases, the results were encouraging.
The next step would be to extend the test cases to 2D plane motion, a
typical case of rolling robots, and general 3D motion. A future plan is
to scale up and test complex cases.

Supervised training technique was used to train the neural network.
The movement of the MARG sensor was tracked by an external camera
system using infrareflective markers attached to the sensor. Using the
position recorded by the camera system as a reference signal, the labeled
training, validation and test data series was generated. The research is
summarised in the following thesis.
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Contribution 2

Fusion of magnetic, angular rate and gravity (MARG) sensor involv-
ing integration of signals is suitable for position estimation tasks
in periodic and non-periodic translational motions using the low
computational complexity neural network structure shown in the
following figure.

Figure 3: Position estimation neural network architecture. The time
steps (𝑘) dependent input variables are the sampling time
(𝑑𝑡), the triaxial accelerometer data (acc), the triaxial gyro-
scope data (gyro) and the triaxial magnetometer data (mag).
The output of the neural network is the estimated position

Related publications: [P3][P4]

Behavioural pattern estimation with neural networks

In parallel with the development of the robot concept, a measurement
system for ethological tests was developed. The behaviour of the robot
was based on the behaviour of dogs. To carry out this task, a suit-
able measurement system, a model and a learning algorithm were
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needed. An intelligent space based on 18 infrared cameras was devel-
oped, which could record and transmit data from marker sets placed
in its observation space. Its first task was to capture enough data dur-
ing the ethological tests to provide the necessary training data of the
neural networks. The modified Ainsworth’s strange situation test was
used as the test scenario. The test is used to investigate the interaction
between dogs and their owners and to study the interaction of dogs
with humans. Data were collected during the tests performed, which
served as an input to the neural networks. During the data collection
the model was designed in a way that later it could be run on robots. In
this manner a set of observed variables were defined that could later be
extracted from a sensory system of a robot. The research is summarised
in the following thesis.

Contribution 3

Fully connected dense neural networks using only the distance and
orientation data from the modified Ainsworth’s strange situation
test are capable to learn the basic elements of dog behaviour and
recognise or predict these elements with an accuracy considered
significant in behavioural science.

Related publications: [P5]

Ethologically inspired behaviour transfer into a social robot

The multidisciplinary field of ethorobotics aims to create a link between
robotics and ethology. The focus is on the development of behavioural
patterns in social robots based on observations of animal behaviour.
Implementing animal behaviours in robots is a non-trivial task, for
which a complete measurement system design and measurement set-
up was proposed.
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Among the animals, the behaviour of dogs was choosen as a suitable
model to design social robot behaviour. First, a well-defined measure-
ment test case and a measurement system to perform the measurement
were needed. As test case the modified version of Ainsworth’s test was
used for measuring dogs in unfamiliar situations. The test consists of
seven sequences designed to observe the interaction of dogs with their
owners and strangers. Since the long-term goal is to implement the
observed behaviours on robots, a few requirements had to be taken into
account. In the course of the measurement, a set of observed parame-
ters was compiled that could be measured using on-board sensors of
a self-built Mecanumrobot. Based on these considerations, the main
parameters are the relative distances and orientations of the agents
from each other.

A suitable measuring systemwas needed to perform the measurements
and collect the data. Ethological measurements are mostly performed
by video analysis, which is a very time consuming process and there is
no detailed database in the literature that can be used to train neural
networks to robots by supervised learning. To perform the measure-
ments, an intelligent space based automated measurement system was
developed where the named agents are equipped with special marker
sets. The position and orientation of the marker sets are recorded by
a motion tracking unit consisting of 18 cameras and the software con-
nected to it guides the subjects to be measured according to the test to
be performed.

Using the collected measurement data, a supervised learning technique
was used to train neural networks to recognize behavioral patterns in
dogs. There are several studies in the literature where animal behavior
is inferred from external camera images using image processing based
neural networks. In these solutions, the current state of the animal
is considered, but little information is available about what triggered
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the state. In my research, I have tried to define a feature vector of
variables that can be used to model dog behaviour. In this case, we are
not only observing the dog, but also the changes in its environment,
and from this we are trying to predict the behaviour of the dog. With a
successful model implementation, input variables can be extracted from
the sensory system of the robot and the model can be implemented on
the mobile robot as well. The research is summarised in the following
thesis.

Contribution 4

A model of dog behaviour and interaction with humans can be
learned using the intelligent space-based Behaviour Transfer System
(BTS) using optical motion tracking. The hardware and software
schematic of the BTS are shown in the following figure where the
main elements of the system are as follows:

• Ethologically accredited test and predefined behavioural ele-
ments.

• Target robot concept.

• Intelligent space-based measurement system.

• Neural network-based behaviour model.
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Figure 4: Behaviour Transfer System (BTS) flow chart

Related publications: [P5][P6][P7]

4. Practical applications of the results

Practical application of the FMC algorithm proposed in the 1. thesis.

The FMC algorithm is a 3D point cloud reduction algorithm that can be
used in real time for mapping purposes in autonomous robots. In an
application using RGBD camera the point cloud generated during map-
ping needs to be continuously filtered for manageable storage. During
the filtering process, care had to be taken to preserve the recognizable
elements of the space. For autonomous robots, it is important that these
algorithms can be run on the on-board computer and do not need to be
outsourced to an external processing unit for offline processing. With
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the FMC algorithm, the reduction of the 3D point cloud size is possible
under these conditions.

Application of the neural network-based MARG sensor fusion pro-
posed in the 2. thesis.

Aneural network trained on a given system can be used for a position es-
timation task. It has a small positioning error during sensor fusion and
eliminates the shift error of the gyroscope. In this way, the algorithm is
suitable for various applications, even for computing the odometry of
autonomous robots on low-computational complexity systems without
the use of encoders and other sensors. An additional use could be to
improve tracking errors due to marker occlusions in a motion tracking
system based measurement system, if a MARG sensor is attached to
the observed marker sets.

Application of the neural network structures trained on dog be-
haviours proposed in the 3. thesis.

Neural networks can identify or predict individual dog behaviour pat-
terns with an accuracy of approximately 80 %. In terms of further
applications, these results can be used to automate the evaluation of
ethological measurements. The processing of the measurements is
done subjectively by hand under human supervision, which is a time-
consuming process. With trained neural networks, the process could be
automated and accelerated. On the other hand, the model can be used
to control autonomous robots as a higher-level behavior engine. In this
case, the inputs to the neural nets could be replaced by sensor signals
from the robot. To realize this task, a sensor fusion implemented on
a robot would be required, which can provide inputs that match the
model.
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Application of the measurement system proposed in the 4. thesis.

The developed measurement system and the measurement procedure
are suitable for analysing and learning dog behaviour. The measure-
ments focused on learning three behavioural patterns, namely tail wag-
ging, attention and contact seeking. The test system could be used
to analyse additional behavioural patterns. The translation of the be-
haviour patterns into robots provides a guide for the design of the robot
concept to ensure that the behaviour patterns tested are compatible
with the capabilities of the robot. In terms of robot control, several neu-
ral networks trained on dog behaviour patterns can be interconnected
to produce complex behaviours.
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