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1. Introduction and State of the Art

The research of social robotics, especially the field of HRI (Human-Robot Interaction,
the investigation of interaction and communication between robots and humans), is a relatively
new, interdisciplinary research area, which is expected to advance considerably in the next
decades.

Social robots, especially service and assistive robots, are expected to become an
everyday part of our future e.g., in the field of hospitality [1] or as assistive elderly care robots
[2]. With the growing importance of social robots and other artificial agents (including
software-based, virtually displayed agents), the development of adequate communication in
Human-Robot and Human-Computer Interaction (HRI and HCI) is becoming imperative. A
common approach in developing the communicational signals of social robots and other
artificial agents is to base them on human communication [3] e.g., on speech [4] and human-
specific gestures [5]. Human-like communication seems to be a natural way of interaction for
social robots, as human languages can convey high complexity in sharing information [6], and
e.g., facial gestures can express a wide variety of affective states [7]. However, this approach
is frequently undermined by technological limitations relating to the perceptive, cognitive, and
motion skills implemented in the agent, which can become more obvious during the course of
interaction, leading to disappointment [8], [9].

Overt similarity can also cause aversion towards human-like robots, as predicted by
Mori’s Uncanny Valley hypothesis [10], [11]. Mori argued that close, but not ‘perfect’
resemblance to humans does not increase likeability, rather it leads to even stronger aversion
[11]. Since then, studies were conducted to investigate this hypothesis, both with morphed
pictures (faces: [12], [13], videos of real robots [14] or actual interactions with them [15].
Although the results are mixed and the debate is not over, the issue is worth considering during
the design of experiments and the development of social robots. Interestingly, a similar effect
can be found in animals (long-tailed macaques, Macaca fascicularis; [16]), as the behaviour of
the macaques towards generated monkey faces (that are realistic, but do not reach the realism
of actual faces) indicate the effect of the Uncanny Valley. However, there is also some data
suggesting that such aversion toward artificial agents may be modified during development
through socialisation in childhood, and that this issue may be circumvented by a different robot

building strategy [10].



Furthermore, the proposed functions (tasks or roles) of specific robots do not always
require the level of complexity found in human communication [8], or their capabilities and
functions are not in line with that of humans (e.g., no need for head-turning with 360° vision
[10], no morphological limitations in sound production). To avoid these issues, another
approach can be considered.

Ethorobotics — created from the word ‘ethology’, (the field of biology committed to the
analysis of human and non-human animal behaviour) and ‘robotics’ — considers HRI as
interspecific interaction in which the artificial agent is regarded as a separate species, and only
has to be equipped with a basic level of social competence and communicational skills that are
aligned with its function [10]. Social competence in the case of social robots should follow a
bottom-up approach, in which robots do not have to possess the same or similar levels of social
skills as humans do, rather a minimum set of skills with enough commonalities to that of
humans’ [10].

The importance of the topic was further increased by a recently started and ongoing
phenomenon, according to which, in parallel to the continued rise of classic industrial robots,
a paradigm shift is taking place in the industry, predicting an increased industrial interest in
social and service robots alongside the grand-scale industrial applications [17]. While the 3"
and 4™ Industrial revolution brought forth the popularity of automatization and cyber-physical
systems, the 5" Industrial revolution puts humans, and the interaction of humans and
technology in its centre. In contrast with classical industrial robots, that function in
environments separated from humans, collaborative robots already require the development of
adequate interactive capabilities in industrial production. This is a more pressing issue in the
case of social robots, that instead of the robot-optimised environments of factories, have to
function in dynamically changing human environments and have to interact, or even cooperate
with humans as part of their basic functions, requiring the implementation of various social
skills and interactive competences [18]. With the appearance of Industry 5.0, the robots
equipped with social skills can appear in the factories [19].

Alongside social robotics, new technologies such as Information and Communication
Technologies (ICT) have been on the rise. Artificial agents used in ICT devices could be
viewed by users as somewhat living beings similarly to how children regard social robots
differently than strictly inanimate objects [20]. A biological approach in the design of these
agents’ embodiment and behaviour could enhance the interaction between humans and the

artificial agents. Emotion expression is an important aspect, which could be used as a means



of communication for alerts and notifications (e.g., low battery) but it could also be used to

make the device or robot more acceptable to humans and easier to interact with [21].

2. Establishing the research topic and the scientific challenge

The present dissertation — similarly to a significant portion of contemporary scientific
pursuits — is the result of interdisciplinary research, in which the perspectives of engineering
and biology appear simultaneously. The dissertation encompasses the development of
nonverbal communicational signals for robots, and a method for the objective description of
robot behaviour in the field of social robotics.

Based on research activities and the devices entering the market, the fastest developing
branch of robotics is social robotics. However, this is the area that is surrounded with the most
misconceptions. The target audience of social robots are people who do not possess robotics
expertise (with whom the robots have to communicate and cooperate with), who frequently
overestimate the capabilities of robots, while others are also unaware of their current physical
and computational skills. We also cannot predict the time when robots become a natural part
of our homes, and some might even start considering these robots as family members, similarly
to family pets.

Strictly speaking, robots have already appeared in our homes, as while the simple
cleaning robots do not yet take notice of a person entering the room, the natural demand can
easily arise for it to ask us if it should continue working, or if it should pause while we are in
the area. From this, it is only a step forward for us to require added social skills, for example
for the robot to greet us as we enter.

The development of physical capabilities and the aligned interactive competences is
parallel in social robots. The advancement of physical capabilities is clearly the enterprise of
engineers, while the investigation of the central aspects of social interactions, their
understanding and definition goes beyond engineering competences, but it is not independent
of it. The advancement of social robotics developments and the spread of the technology in
everyday life may be facilitated if we investigate the social skills and communicational
possibilities necessitated by the function of the robot already during the design phase.
Ethorobotics provide a scientifically grounded approach with a strong biological basis and a

unified concept, complementing the engineering expertise.



3. The objective of the dissertation

During the writing of the dissertation, the subject area changed so much that the
objectives of the dissertation had to be fundamentally reformulated, but I did not
experience this as a difficulty, but rather as a strengthening of the importance of the
dissertation.

A challenge of interdisciplinary research stems from the issue that the cooperating
research areas often use different terminologies in differing interpretations of the same
phenomena, or use the same terminology in different manners. Behaviour, as discussed in an
engineering viewpoint in engineering systems, is drastically distant from the interpretation of
behaviour by ethologists in biological systems to an extent, which can even hinder cooperation
between engineers and ethologists. Furthermore, the scientific approach of engineers is more
characterised by synthesis, while ethologists are more analysis-oriented, which results in the
fundamentally different description of behaviour in these two areas. The replicability of
experiments is important in science. If we describe the behaviour of an animal, it is generally
sufficient to focus on a few behavioural elements depending on the current scientific question,
since in a repeated experiment the animal is likely to also perform those behavioural elements
that we did not record in our description. In contrast, when describing the behaviour of the
robot every detail must be determined, as the robot does not do anything by itself. One of the
goals of the dissertation is to present a novel method developed specifically for the
description of robot behaviour, that can be accepted not only by engineers but also by
ethologists, and which is suitable for describing the behaviour of different robot
platforms in such a way that the experiments on these robot behaviours can be replicated
and compared by others.

An important conceptual message of the thesis is that the robot should not imply
more than what it is actually capable of. Therefore, we aim to avoid the extensive use of
verbal communication until robots can meet the expectations set by humans towards their
cognitive understanding capabilities. At the beginning of our research we focused on non-
verbal communication in order to circumvent the rudimentary verbal communication available
for robotics at the time. A significant change in verbal communication technologies took place
in the last phase of writing this thesis with the development of Chat GPT and subsequent
programs providing artificial intelligence services based on LLM (Large Language

Model) methods. An increasingly wide range of verbal communication skills utilisable in



social robotics is based on Chat GPT; for example, our most important industrial partner in the
field of social robotics, Enjoy Robotics, has also converted to use Chat GPT as the basis of the
verbal communication of its robots.

Notwithstanding, the driving force behind my research that | present in the thesis is the
claim that verbal communication in itself is generally not sufficient. It is known that during
verbal communication between people, information of fundamental importance passes through
metacommunicative channels. Non-verbal communication covers all behaviours of
communicative importance, all of which is not the textual content of the speech itself [22], for
example the spatial position or locomotive behaviour (proxemics, e.g., to how close and at
what speed one person approaches another), hand gestures, facial expressions, touch, body
posture, gaze behaviours, non-verbal signals independent of, or accompanying speech (e.g.,
laughter, sighs, prosody of speech, timbre), turn-taking, etc. [23]. That is why we often insist
on personal discussions instead of written ones. Although social robots can produce the
generated verbal content with the help of speech synthesis software, the realisation of human-
robot interaction in everyday life will also require other components of communication, which
can be expressed by robots, i.e., artificial agents with a "body", a physical presence.

Special fields of application can also require effective and faster-than-verbal
communication in e.g., noisy environments, which also prioritizes non-verbal communication.
A potential example is the collaborative work of robots and humans as part of the Industry 5.0
environment, in which humans could react to visual signals or short sound effects faster than
the time required to say words. In human non-verbal communication the visual and acoustic
modalities are of great importance, which modalities are also fundamental in developing the
communicative skills of robots. Accordingly, my thesis also focuses on the investigation of
visual and acoustic signals.

The other goal of the thesis is to explore new communicative prospects that can
aid social interactions between robots and humans. As the main goal is to serve robotics,
the topic is more aligned with the doctoral school of engineering than with the doctoral school
of biology. The achievements of other scientific fields (ethology, sociology, psychology) must
be made accessible and applicable to the experts working in the field of engineering. The
dissertation follows this approach: it investigates general rules observed in biological

systems, that can be implemented in abstract forms in engineering systems.



4. The applied research methodology

In the field of engineering, the formulation of a hypothesis is via the writing of an
equation, and proving the hypothesis is achieved by establishing the mathematical truth of the
equation, or by conducting measurements. The present thesis utilises the second approach,
although the measurements differ from the conventional measurements that are more
frequently used in engineering. Measurements are always afflicted by noise, so ensuring the
reliability of the measurement results is extremely important for every measurement. There are
accepted mathematical methods to achieve this, and we did so in all cases. The questionnaire
measurement methodology used during the experiments is also commonplace in research
related to comfort theory, which is one of the important areas of the doctoral school.

The usability of the new robot behaviour description method was validated by applying
it to the description of the behavioural elements of a robot in an experiment specifically dealing
with human-robot social interactions.

Engineering work is mostly based on synthesis, while ethology on analysis, therefore
the methodology of scientific process in these two fields differs substantially. It is important to
emphasize that in scientific analysis, the literature research is part of the scientific work, and
not just an introductory chapter, as it usually appears in dissertations dealing with synthesis. In
this dissertation, the literature research related to the theses is always an important part of the
thesis itself.

This difference in approach justifies the fact that, after stating the theses, I briefly
address the methodological differences of these two scientific fields in the formulation of my

own scientific contribution.

5. The structure of the dissertation

In the dissertation, following the introductory chapter, | focused on the methodological
aspects of ethorobotics and created the concept of a robot ethogram (a catalogue describing the
robot's behavioural elements) that meets both engineering and ethological considerations
(Chapter 2).

In Chapter 3 and 4 | delve into the topic of artificial emotion expressions. A long-term
goal of ethorobotics is to develop multimodal communicational signals for artificial agents
based on general biological rules, but first individual modalities also have to be explored. In
Chapter 3 | introduced a study in which I investigated the recognition of visual emotionally



expressive behaviours via an abstract virtual agent. The visual emotion expression displays
were based on the emotionally expressive behaviours of a wide range of animal taxa. Similarly,
the artificially generated emotionally expressive sounds presented in Chapter 4 were also
created following the acoustic coding rules found in animal vocalizations. Finally, in Chapter

5 | present some ethical issues and conclusory ideas.

6. Theses

Thesis 1.

Methodological problem statement

The elements that are most directly evident to a person who interacts with the robot —
following its embodiment — are the actions, the behaviour of the robot. All HRI research on
some level has to deal with these behavioural elements that consist the continuous behaviour
of the robot, as the basis of interaction between the robot and the human. Ethologists have
developed the ethogram, which serves to catalogue and describe behavioural elements to aid
observational and experimental investigations [24]. In the field of social robotics, engineers
and experts from other areas investigate a wide variety of social skills and communicational
signals with the use of diverse robot platforms. The cataloguing and detailed description of
these behavioural elements increases the comparability of HRI research results, and facilitates
the objective investigation of behaviours during robot development and experiments. In my
work connected to Thesis 1 my goal was to adapt the method of ethograms in a form that is

acceptable for engineers.

Formulation of Thesis 1.

The description of the behavioural elements of social robots that takes both
ethological and engineering scientific criteria into account is possible with the help of

ethograms that fulfil the following requirements:

a) The position and form have to be described in relation to the angles of

articulations, the directions of movements, the necessary degrees of freedom,



and the intended kinematic chain of the motion (Denavit-Hartenberg
kinematic description).

b) The proxemic parameters have to be specified via the spatial positions and
orientations.

c) The robot orientation has to be defined according to the function of the
behavioural (e.g., orienting towards human face).

d) The intensity of the behavioural element is to be defined via the used quantities
of relevant parameters (speed, acceleration, duration, exerted force, sound
pressure level of vocalizations, etc.).

e) Variability of the behavioural element parameters are to be specified via the
ranges of these variations.

f) The behavioural elements have to be defined as overlapping or mutually

exclusive.

These conditions ensure that the described behavioural elements are comparable and

replicable.

Related publications: [P1], [P2], [P7], [P8], [P10]

My own scientific contribution

| introduced the usability of the ethogram in robotics in the publication [P1], in which
| was co-first author with Dr. Judit Abdai. The content of the article reviews the
methodological difficulties of two separate topics, Human-Robot Interaction (HRI) and
Animal-Robot Interaction (ARI). The ethogram description created by me in the HRI
section of the article is introduced here for the first time.

My further work supporting the thesis, in which | elaborate in detail the steps,
background and advantages of using the ethogram as a method in social robotics, is
presented in the following article: Korcsok, B., Korondi, P. How do you do the things
that you do? - Ethological approach to the description of robot behavior, Biologia
Futura (accepted, In press.).

| corroborate the applicability of the ethogram method by presenting its use in a HRI
experiment. Beyond the development of the ethogram for the experiment, | also
contributed to the research by creating the supporting structure and modular cover of



the robot and its tray, by developing the experimental protocol, and by conducting the
experiments. The main programmer of the robot was Ferdinandy Bence, who also

participated in the testing.

Application of Thesis 1.

Ethograms are created by observing the continuous behaviour of the studied species
and defining discrete behavioural elements that comprise the behaviour repertoire of the
animal, based on their form and sometimes their presumed function. These elements can be
described on different levels, (e.g., relating to only a muscle, a body part or the whole body),
and can contain different modalities (e.g., vocalizations, see the ethogram of bottlenose
dolphins (Tursiops truncatus) [25]). Ethograms usually contain a detailed description of
position and form (e.g., limb raised at a certain angle [26]), spatial position (e.g., behavioural
element occurring near conspecifics [27]), orientation (e.g., head orientates towards food), and
sometimes even intensity (e.g., loudness of vocalization, speed of locomotion) for the specific
behavioural elements.

In the dissertation after the overview of descriptive methods used in ethology and
robotics, | am presenting an ethogram format that can be easily applied to differing modalities
and robot platforms, and that is based on the ethograms utilised for various animal species.

I validated the method’s usability via its application in a research study. I have
cooperated with the researchers of the Department of Ethology at ELTE to conduct an
experiment, in which a social robot served food to participants as a waiter assistant robot in a
mock-up restaurant (Figure 1). Note: one of the most promising areas of application for social
robotics is waiter assistant robots. At the time of writing this thesis, an ordinary person could
mostly encounter social robots in restaurants or hotels.

The goal of the study was to provide an objective analysis on how certain
communicational signals (orientation with gaze, vocalizations, etc.) affect humans’ interactions
with the robot and their opinions and attitudes regarding robots. The two experimental groups
of the study were the ‘interactive’ and ‘minimally interactive’ groups, which differed in the
communicational signals used by the robot. In the minimally interactive group the robot could
be sent away from the table by the guests via an ultrasound sensor, but the robot did not perform
other interactive behaviours. In the interactive group the robot interacted with humans via

multiple communicative signals and behavioural elements (greeting, real-time generated



artificial sounds based on rules found in animal vocalizations [28], orienting at the faces of
humans and performing gaze alternation between them, looking down at its tray and the use of
attention getting sounds, as well as a farewell sound, sending the robot away via an ultrasound

sensor).

Figure 1. The social robot leads the participants to their table.

As part of the creation of the ethogram, | have defined these communicative
behavioural elements, and all other behavioural elements exhibited by the robot during the
experiment, in a table format. The descriptions of behavioural elements include: the name and
unique code of the behavioural element; the experimental group in which the behavioural
element occurs; the behaviour complex that the behavioural element belongs to (locomotion,
orientation, vocalization, interaction); the verbal description of the behavioural element; the
direction of movement for those behaviours for which it is applicable; the variability of the
behavioural element (e.g., the randomness of fundamental frequency that occurs during
vocalization); the description of form and position with the help of codes used in ethology; the
autonomy of the element; the process that activates the behavioural element (e.g., is it activated

by an environmental stimulus or the experimenter); whether the behaviour takes place without



feedback (Fixed Action Pattern); the possible overlap of the behavioural element and its
simultaneous appearance with other elements; its kinematic description with the Denavit-
Hartenberg parameters used in the field of engineering; and finally the illustration of the
behavioural element using pictures and videos. In total | have described 19 behavioural
elements in the ethogram (6 in the minimally interactive group and 13 in the interactive group).

For an example, see Figure 2. The full ethogram is available online?.
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Figure 2. A section from the ethogram. The figure shows the description of a behavioural
element, leaving table (ILLT).

Thesis 2.

Main research question

Given an abstract agent with a dynamic (changeable) geometric formation (Figure 3).
If we move and change this abstract geometry in accordance with the emotionally expressive
behaviours common to biological organisms and readily observed across different species of
animals (we increase its size, rotate it, change its colour, the speed of its movement, etc.), will
humans be able to recognize the emotional expressions based on biological rules that we intend

to display via the artificial agent?

! https://doi.org/10.5281/zenod0.8349912




Figure 3. The abstract virtual agent used for the investigation of artificial emotion expressions.
The agent is comprised of a sphere and a labyrinth-like, angular part, “grid”. | have used this
previously created agent in my work. The agent was created by Gyorgy Persa and Péter Baranyi

[29], [30], and the emotionally expressive displays were implemented by Marta Géacsi.
Hypothesis:

Participants recognize the generalized simple expressive behaviours observed in animal species
as displayed by an abstract artificial agent, and give the highest score to the respective emotions

in multiple choice questions.

Formulation of Thesis 2.

It is provable with statistical analysis conducted with the previously created Emotion
Display Agent, that if a dynamically changing complex abstract artificial agent is
equipped with movement and colour dynamic properties based on the behaviour of
animal species that indicate their internal emotional states, then humans are able to

associate basic emotions with the artificial agent according to the following rules:

e Neutral state: The agent retains its original size and position. Rounded and jagged
parts are both visible in the outline of the agent. The angular subunit moves at a
constant medium speed. The colour of the agent is green, the colour of the angular

subunit changes randomly.



e Surprise: The normal movement of the angular subunit of the agent stops, the size
of the agent increases slightly. The angular subunit turns 90° in the opposite
direction of its normal movement, then the movement stops again. The angular
subunit becomes slightly brighter.

e Fear: The agent moves towards the edge of the movement area. The movement
speed of the angular subunit increases. The overall size of the agent and the size
of the angular subunit decreases, the outline of the agent becomes fully rounded.
The colour of the agent becomes pale and bright.

e Anger: The size of the agent and the angular subunit increases. The outline of the
agent becomes more jagged. The movement speed of the angular subunit
increases. The agent becomes red and the angular subunit takes on colours that
contrast with the colour of the agent.

e Happiness: The agent moves towards the bottom of the movement area, its size
increases, the outline of the agent becomes fully rounded. With rapid movement,
the agent moves slightly from the bottom of the movement area toward the centre,
and then returns to the bottom of the movement area. The agent turns orange, the
colour of the angular subunit becomes similar the colour of the agent.

e Sadness: The agent moves slowly towards the side of the movement space. The
movement speed of the angular subunit decreases significantly. The overall size of
the agent and the size of the angular subunit decreases, the outline of the agent
becomes fully rounded. The colour of the agent fades and becomes mostly

transparent.

Related publications: [P3], [P4], [P6], [P9]

Note: an important part of the scientific work has been the literature research of animal
behaviour patterns, therefore the list of articles supporting the thesis can be considered part of
the thesis.

My own scientific contribution
The thesis is based on analysis, and it declares scientifically established statements after the

scientifically required statistical analysis of the provided stimulus material questionnaire



data, and after extensive literature research. Some of the statements could be considered
true intuitively, however, in a scientific work with an analytical approach scientific proof of all
statements is required. The provided material has been heuristic from the point of scientific
analysis, that is, its effect on humans was not scientifically verified before. The result of my
work, based on literature research and mathematical statistics, is the verification that the
characteristics of the emotionally expressive animations — that are based on general biological
rules and the connected behavioural characteristics observable in the animal world — provide
emotion expressions recognisable by humans. I made a decisive contribution to the research on
which the thesis is based on by thoroughly analysing and interpreting the collected data using
descriptive and mathematical statistical methods, by establishing and exploring the scientific

literary background of the previously created animations and by writing the manuscript.

Scientific importance of Thesis 2.

The artificial visual agent investigated in the thesis can already be used for the
expression of emotions in its given form, but the thesis also provides guidance on the principles
with which new artificial emotion expressions can be created. The results of the thesis inspired
the start of a study at the University of Debrecen, in which the emotional expression of a
geometrical agent — with a significantly different appearance from the artificial visual agent
used in the thesis — is investigated.

In my thesis work, a multi-questionnaire study was carried out on the assessment of the
displays with both Hungarian and Japanese participants. In the first, open-ended questionnaire
the participants could freely express their opinion on what mood, feeling they considered the
agent displaying the animation had, while in the second questionnaire after viewing each
display again, they scored all animations in terms of all the emotions on a 5-point Likert scale.
I have conducted both descriptive and statistical analyses (statistical analysis: 1. comparison of
the success of recognition in each display to chance level with binomial tests, 2. Friedman tests
and Wilcoxon signed rank tests, with Benjamini-Hochberg corrections, 3. Ward’s hierarchical
cluster analysis, 4. Generalized Linear Mixed Models analysis).

The results show that the recognition of the displayed emotions was significantly higher
than chance level in all emotion expression displays. In most cases the subjects could
successfully recognize the emotions that the agent’s display was meant to convey: the scores

given to the correct emotions were significantly higher than the scores given to all the other



emotions in four displays (Fear, Surprise, Sadness and Anger). In the Happiness display the
scores of happy and angry were not significantly different. The Hungarian participants
recognized the Anger display correctly based on both the descriptive and statistical analysis,
and the certainty of their answers was the highest in this display. Participants mixed emotion
displays more easily which had similar behavioural attributes relating to their intensity
(happiness - anger) or valence (sadness - fear). When we look at cultural differences, we can
see that in most cases the participants from the two cultures recognized the displays similarly,
but differences were also found. The Anger and Surprise displays received similar scores in
the two groups, but Japanese participants were more successful in the recognition of Sadness,
while also being less successful in the recognition of Happiness than Hungarians. Although the
differences show the need for cultural fine tuning, the majority of displays received the highest
scores for the correct emotions, indicating that the general rules used for creating the emotion

expressions can be considered a good basis for emotion expression in artificial agents.

Thesis 3.

Main research question

Humans are able to recognise animal vocalizations as emotionally expressive sounds,
and rate their valence and intensity based on acoustic parameters such as the fundamental
frequency or call length [31]-[33]. These connections are consistent with the existence of
simple coding rules of affective vocalizations that are a commonly found, shared characteristic
of terrestrial tetrapods [34], [35]. The research question was whether the simple coding rules
connected to the fundamental frequency and call length of vocalizations can be applied to

artificially generated sounds?

Hypothesis:

The simple coding rules observed in animal vocalizations apply to artificial sounds as well, the
direction of the effects of the acoustic parameters on the emotion ratings are the same on the
distinct biological complexity levels. Human listeners will rate artificial sounds with higher
fundamental frequency as more intense and sounds with longer call lengths as having more

negative valence.



Formation of Thesis 3.

It is provable on a statistical basis that the simple acoustic coding rules observed
in emotionally expressive animal vocalizations can be abstracted to non-biological sounds
as well, as humans are able to evaluate the intensity and valence of artificially generated
sounds according to these rules (the perceived intensity increases with the fundamental
frequency, and the emotional valence becomes more negative with the increase of call
length).

Related publication: [P5]

My own scientific contribution
My contribution was fundamental throughout the research in the development of the main
concept, the generation of the artificial sounds, the data analysis and the writing of the

manuscript.

Scientific importance of Thesis 3.

The generated artificial sounds can be used already in their current form, but the thesis
also provides guidance with which new artificial sounds can be created. The strength of the
thesis is shown by the fact that it inspired several further studies: the generated sounds were
investigated using fMRI methods by measuring the brain activity of dogs and humans, as well
as in a questionnaire study in which we examined the approach-avoidance reactions elicited by
the sounds. The sounds were also used as the vocalizations of artificial agents: in the HRI
experiment related to Thesis 1, the real-time generated sounds of the robot were created based
on the parameters and results of this study and Thesis 3, and the sounds are also being used in
dog-robot interaction research as the vocalizations of small remote controlled artificial agents.

Following the previously outlined concepts, the artificial sounds were created based on
general acoustic features of emotionally expressive vocalizations of humans and non-human
animals. The specific ranges of the various acoustic parameters were mostly based on dog
vocalizations, as these have been previously studied with a similar methodology [31]. | have
generated the sound samples in seven categories, on three complexity levels using the Praat

6.0.19 software. The simplest sound category used sine-wave sounds, as these are single-



frequency sounds that rarely occur naturally, but which are frequently used in artificial signals
of machines. Then, starting with the simple sine-wave sounds, new acoustic features (pitch
contour changes, harmonics, variations of call properties within a sound sample, formants)
were added that are characteristic of animal vocalizations, to make more complex and
biologically more congruent samples (Figure 4). In each category, | systematically changed the
fundamental frequency and call length of the sounds to cover the relevant acoustic ranges of
these parameters. The total number of created stimuli consisted of 588 sound samples, 84 in
each category.

An online questionnaire was used to measure the perceived emotional valence and
intensity of the sounds in a two-dimensional model of emotions, with a total number of 237
human participants. The questionnaire used a modified version of the two-dimensional model
of emotions by Russell [36]. The questionnaire measured the values the participants gave for
the sounds on the valence and intensity axes. After a sound was played, the participants had to

indicate the valence on a horizontal axis and the intensity on the vertical one with one click.
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(call length, fundamental frequency)

Figure 4. The categories of the artificial sounds across three levels of complexity

Statistical analysis was conducted in the R statistical environment, with Linear Mixed
Modeling with Tukey post-hoc tests. The models of category 1 were also used to predict the
valence and intensity ratings of the other categories: comparisons between the predicted and

actual valence and intensity ratings were conducted with Pearson’s correlation.



The results show that the artificially generated sounds are able to mimic some of the
basic coding rules that are present in animal (mammalian) vocalizations. The fundamental
frequency of the sounds affects the perceived intensity, that is, sounds with higher fundamental
frequency were perceived as more intense, while sounds containing longer calls were rated as
more negative across all categories. Additionally, fundamental frequency also affected valence,
as sounds with higher fundamental frequency were rated as more negative.

As the basic coding rules related to fundamental frequency and call length were also
present in the artificial sounds with no added biological features, we can infer that these effects

might originate from a more fundamental component of sound processing.
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