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Abstract

Embedding virtual anthropomorphic characters as embodied conversational agents
(ECAS) in virtual reality (VR) applications offers benefits across various domains, includ-
ing training environments and therapeutic settings, by simulating face-to-face interaction
partners for human users. However, ensuring that ECAs are perceived as authentic and
human-like remains a challenge, requiring the integration of multiple modalities to create
convincing virtual humans.

This thesis explores key modalities that contribute to the believability of ECAs, which
act inherently multimodal when delivering speech acts encompassing verbal as well as co-
verbal behavior—such as gaze direction and gestures. We investigate the impact of voice
and prosody, making suggestions on how to balance technical effort with their effects
on perceived social presence. Additionally, we examine auralization, evaluating whether
simulating natural sound directionality enhances conversational realism and determining
the necessary level of technical fidelity. Furthermore, we delve into some communicative
functions conveyed by co-verbal behavior. Specifically, we examine turn-taking, which
governs speaker transitions in multi-party interactions, and back-channeling, which con-
veys agreement or understanding.

Throughout this work we put a particular focus on perceived social presence, the extent
to which users feel they are interacting with a real person. To this end, we first review
existing subjective and objective metrics for measuring social presence, identifying a
gap in objective evaluation methods. Therefore, we assess objective metrics for social
presence by leveraging the heard text recall (HTR) paradigm, developed in collaboration
with psychology researchers. By systematically degrading ECA performance quality
using aforementioned co-verbal components, we investigate HTR as a potential proxy
for measuring cognitive load and social presence more rigorously.

To facilitate VR-based user studies, we introduce and assess the StudyFramework, a
newly developed tool that streamlines factorial-design experiments and includes a sys-
tem for rendering participant avatars to enhance immersion. Additionally, we explore
methods for generating and capturing gestures using off-the-shelf VR hardware and an-
alyze their influence on perceived social presence.

In summary, this research advances the understanding of ECA behavior in verbal com-
munication, providing insights into key modalities that enhance natural and immersive
interactions in VR.






Zusammenfassung

Die Einbettung virtueller anthropomorpher Charaktere als Embodied Conversational
Agents (ECAs) in Anwendungen der virtuellen Realitdt (VR) bietet Vorteile in Bere-
ichen wie Trainingsumgebungen und therapeutischen Settings, in denen sie personliche
Interaktionspartner simulieren. Eine zentrale Herausforderung besteht darin, ECAs
als authentisch und menschendhnlich wahrnehmbar zu machen, wofiir die Integration
mehrerer Modalitédten erforderlich ist.

Diese Arbeit untersucht die wichtigsten Modalitéaten, die zur Glaubwiirdigkeit von ECAs
beitragen. ECAs agieren multimodal und ihr Verhalten umfasst verbale sowie co-verbale
Aspekte wie Blickrichtung und Gestik. Wir analysieren den Einfluss von Stimme und
Prosodie und diskutieren, wie sich technischer Aufwand und wahrgenommene soziale
Présenz in Einklang bringen lassen. Zudem untersuchen wir die Auralisierung, indem
wir bewerten, ob die Simulation natiirlicher Klangausbreitung die Realitédtsnédhe von
Gesprachen erhoht und welche technische Prazision erforderlich ist. Ein weiterer Schw-
erpunkt liegt auf kommunikativen Funktionen des co-verbalen Verhaltens, inshesondere
Turn-Taking, das den Sprecherwechsel in Mehrparteien-Interaktionen regelt, und Back-
Channeling, das Zustimmung oder Verstdndnis signalisiert.

Ein zentrales Thema dieser Arbeit ist die wahrgenommene soziale Priasenz — das Aus-
maf}; in dem Nutzer das Gefiihl haben, mit einer realen Person zu interagieren. Wir
analysieren bestehende subjektive und objektive Metriken und identifizieren eine Liicke
bei objektiven Bewertungsmethoden. Zu diesem Zweck untersuchen wir das in Zusamme-
narbeit mit Psychologieforschern entwickelten HTR-Paradigma (Hearing Text Recall).
Durch die gezielte Variation der ECA-Leistungsqualitdt anhand co-verbaler Komponen-
ten evaluieren wir HTR als potenziellen Proxy fiir die Messung kognitiver Belastung und
sozialer Présenz.

Zur Unterstiitzung VR-basierter Nutzerstudien stellen wir das StudyFramework vor —
ein Tool zur Vereinfachung experimenteller Designs, das zudem ein System zur Avatar-
Darstellung zur Erhohung der Immersion enthéalt. Des Weiteren untersuchen wir Meth-
oden zur Generierung und Erfassung von Gesten mit handelsiiblicher VR-Hardware und
analysieren deren Einfluss auf die soziale Présenz.

Zusammenfassend tragt diese Forschung zum Verstindnis des ECA-Verhaltens in der
verbalen Kommunikation bei und liefert Einblicke in Schliisselmodalitiaten, die natiirliche
und immersive Interaktionen in VR verbessern.
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CHAPTER 1

Introduction

In recent years virtual reality (VR) has seen a large gain in attention due to its versatile ap-
plication in very different fields and decreasing costs. Embedding virtual humans into those
VR applications can fulfill diverse needs. Virtual humans thereby can mean both virtual rep-
resentations of the user (so called avatars) and also anthropomorphically embodied virtual
agents (VAs), which operate autonomously through algorithms rather than direct user control.
When these agents possess conversational capabilities, they are referred to as embodied con-
versational agents (ECAs) [Cassell, 2000]. These capabilities allow the agents to participate in
conversations using natural language, thereby enabling meaningful interactions encompassing
spoken communication with VR users. In the remainder of this work, we will primarily use
the term ECA to emphasize the verbal communication of the agents.

ECAs have a variety of applications within immersive virtual environments (IVEs). For in-
stance, they can enliven these environments as background characters [Trescak et al., 2014;
Antunes and Correia, 2022], expose human users to social situations to treat social phobia
[Wechsler et al., 2019], or facilitate public speaking training [Chollet et al., 2015; Kang et al.,
2016]. Additionally, ECAs can serve as training partners [Chan et al., 2011; Anderson et al.,
2013; Gratch et al., 2016], tutors [Cook et al., 2017; Grivokostopoulou et al., 2020; Mostajeran
et al., 2020; Oker et al., 2020], therapists [Devault et al., 2014], or even product recommenders
[Cassell et al., 1999; Qiu and Benbasat, 2010].

As VR emerges as a powerful platform for psychological research [Pan and de C. Hamilton,
2018], integrating authentic and life-like ECAs becomes crucial for enhancing user engagement
and ensuring the reliability of studies (e.g., [Keller et al., 2024]). By embedding these realistic
agents as social stimuli within research contexts, findings gain high ecological validity, making
them applicable and meaningful in real-world scenarios beyond IVEs. To this end, it is essen-
tial to design effective ECAs that engage users in a meaningful way. First of all it has to be
considered how these ECAs look, ranging from abstract (e.g., robotic or cartoonish) represen-
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CHAPTER 1. INTRODUCTION

tation to photo-realistic renderings, but also comprises different clothing, gender, age etc. Key
aspects elaborated in this work include verbal communication capabilities—encompassing
both the production and rendering of speech——non-verbal behaviors, which include general
non-verbal cues such as facial expressions and gestures, as well as co-verbal behaviors that
occur in conjunction with speech. Additionally, fidelity in movement and expression is crucial
for creating believable interactions. FEach of these elements must be addressed individually
while also considering their interactions with one another to create a cohesive user experience.
In the following paragraphs, we will explore these aspects in greater detail, highlighting their
importance and how they contribute to the overall effectiveness of ECAs.

Speech Production According to Johar [2016], verbal aspects of human communication
that extend beyond the content of speech are referred to as paralanguage. This includes
prosody——encompassing the rhythm of speech, stresses, pauses, pitch, and loudness—as well
as vocal fillers (e.g., “um” or “ooh”). These vocal characteristics enable listeners to infer a
speaker’s age, gender, geographic origin, or emotional state [Johar, 2016]. Seaborn et al. [2021]
identified anthropomorphism as another important vocal aspect in ECAs. This refers to how
human-like a voice is perceived. Typically, recorded human voices are compared with synthetic
voices generated employing text-to-speech (TTS) synthesis. TTS offers advantages such as
reduced technical effort compared to recording human speakers and increased flexibility as new
speech acts can be generated in real-time if scenarios extend beyond pre-scripted conversations.
However, while TTS systems provide these benefits, they often produce less natural-sounding
speech and frequently generate inadequate prosody during synthesis [Kiihne et al., 2020]. This
limitation presents a significant research gap regarding its impact on user perception of ECAs.
To this end, our research will specifically examine voice anthropomorphism as one influencing
factor in this thesis to understand its contribution to bridging this gap and enhancing the overall
effectiveness of ECAs. We will further call this factor voice in contrast to anthropomorphism,
to better distinguish it from anthropomorphism consideration of other behavioral modalities
of ECAs.

Speech Rendering In addition to these verbal aspects, another critical consideration in
effective communication is auralization. Auralization [Vorldnder, 2008] describes the technical
way in which sound, or more particular here speech material, is presented to a human listener,
for example, including artificial reverberation. Auralization techniques can significantly influ-
ence how users perceive spoken interactions within virtual environments [Dicke et al., 2010].
Therefore, this thesis will explore various auralization methods that account for directional
propagation effects of speech, where the sound reaching a listener depends on the orientation
of the speaking ECA to them.



Non-Verbal Behavior The effectiveness of ECAs is enhanced by leveraging their non-verbal
capabilities, such as gaze and gesture behavior. These features can significantly increase user
engagement |[Oertel et al., 2020; Robb et al., 2023] and foster trust [Luo et al., 2023; Etienne
et al., 2024]. Moreover, they contribute to greater enjoyment [Lee et al., 2006] and satisfaction
[Biocca, 2001; Tu and Mclsaac, 2002] during interactions while also improving the effectiveness
of training simulations (e.g., [Strojny et al., 2020]) and making communication more efficient,
for example, by streamlining the conversational flow (see, e.g., [Lopez et al., 2008]). Wang and
Ruiz [2021] identify the following forms of non-verbal behavior to be most prevalent (behaviors
not particularly addressed in this thesis are grayed out):

o Facial Expression

e Gaze

e Gesture

e Posture

e Proxemics

e Behavioral Mimicry

e Complex Non-verbal Behavior

Thereby facial expressions can be used to transport emotions and articulation movement
is also needed to realistically present speech with an ECA. Gaze and gestures not only ac-
company verbal communication but also provide additional information during pauses between
speech acts. In this thesis, we will focus primarily on behaviors that occur in parallel to speak-
ing. Therefore, we will refer to these as co-verbal behaviors rather than non-verbal behaviors.
Behavioral mimicry describes the mirroring of a human interactant’s behavior. While hu-
mans often do this unconsciously—such as following gaze direction or mirroring posture (e.g.,
crossing one’s arms)—it can also be an effective technique to convey active listening [Maat-
man et al., 2005]. Proxemics, the distance an ECA keeps from a human user (see, e.g., [Bonsch,
2024]), and the general posture of the ECA are also important aspects which, however, will
not be a focus of this work as this work is primarily concerned with face-to-face interactions in
stationary contexts. Additionally, all these non-verbal behaviors together can convey complex
information known as dialogue functions [Bente et al., 2008], which differ from discourse func-
tions, which are closely related to speech production and understanding, and socio-emotional
functions, which convey emotional states and interpersonal relationships. These dialogue func-
tions encompass mechanisms such as listener back-channels that signal understanding or
agreement [Bevacqua et al., 2010], enhancing the overall communicative experience. In this
thesis, we will primarily focus on turn-taking cues as dialogue functions, which manage who
is speaking next. It is essential for an ECA to effectively signal turn-taking so that users can
easily follow the flow of conversation. By examining which specific cues are most impactful,
we aim to gain a deeper understanding of how different non-verbal modalities interact within
conversational dynamics.
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CHAPTER 1. INTRODUCTION

Fidelity in Movement and Expression Furthermore, the fidelity of the ECAs’ movements,
including gazing, gestures, posture, facial expressions, locomotion, and subtle cues like breath-
ing movement, have to be catered for when designing a believable ECA. For example, Ferstl
et al. [2021] showed that low-fidelity movement can significantly shape how we perceive and
like ECAs during an interaction.

Challenges in ECA Evaluation Evaluating the speech performance of ECAs, which en-
compasses both verbal and non-verbal behaviors, presents significant challenges [Sterna and
Zibrek, 2021]. Many existing evaluations are often conducted in highly abstract settings, lim-
iting their applicability to real-world scenarios [Sterna et al., 2023]. To address this issue,
we decided to conduct our evaluations within more realistic contexts using the Unreal Engine
(UE), as it allows for the creation of realistic IVEs that enhance the authenticity of ECAs
as social stimuli. To achieve this, we developed a plugin, as described in Sec. 3, to equip
researchers with the essential software tools for efficiently setting up and conducting VR, user
studies in UE, addressing the lack of a dedicated framework for UE.

In addition to this study framework, we created a modular ECA plugin specifically designed
for behavior control, which incorporates functionality relevant to ECA behavior described in
the following chapters (see App. C.3). This plugin enables researchers to customize and extend
ECA functionalities within the UE environment, facilitating more nuanced interactions and
enhancing the overall user experience. While our earlier research utilized the SmartBody toolkit
[Thiebaux et al., 2008], which is capable of interpreting Behavior Markup Language (BML)
[Kopp et al., 2006], we aimed to leverage the latest character animation capabilities offered by
UE while maintaining flexibility for extending functionality. Consequently, we developed our
own solution, and its components will be detailed throughout this thesis.

Social Presence When interacting with ECAs, one important concept is social presence
[Short et al., 1976], which plays a crucial role in evaluating their speech performance and overall
perception by human interactants. In essence this described the feeling of being in the presence
of and interacting with a real person [Biocca et al., 2001; Oh et al., 2018]. Higher levels of social
presence facilitate smoother interactions because humans can best utilize their communicative
skills learned through countless prior interactions with other humans. However, evaluating
social presence subjectively through questionnaires often results in significant variance due
to the challenges participants face when reflecting on their experiences retrospectively. To
address this issue, we investigate objective measures of social presence (see [Oh et al., 2018]),
which will be detailed further in the following chapter. We will evaluate whether the measured
cognitive spare capacity can serve as a proxy for social presence, based on the premise that
unexpected ECA behavior consumes cognitive resources that would otherwise be available
for performance in the listening task. One promising new approach is to employ the Heard
Text Recall (HTR) paradigm [Schlittmeier et al., 2023], originally designed to assess memory
performance in listening tasks, in more plausible scenarios. In this paradigm, participants listen
to family stories, which can be presented as a dialogue between two speakers, and are then
required to answer questions about the content they heard [Fintor et al., 2021; Mohanathasan
et al., 2024] (see App. A.1 for an example text).



1.1. CONTRIBUTION

1.1. Contribution

Designing effective ECA behavior is complex and non-trivial, as it involves multiple interacting
modalities that significantly impact user experience. Thereby, aiming for a high perceived
social presence is desirable, as it can lead to more engaging and natural interactions. Thus,
understanding which aspects of this multimodal behavior should be prioritized is crucial for
enhancing user-ECA interactions. Consequently, the primary research objective RO1 of this
thesis is to evaluate different aspects of ECA behavior and their influence on perceived social
presence. To this end, this thesis adopts a comprehensive approach by examining the breadth
of ECA behavior rather than focusing exclusively on a single aspect, describing all modalities
necessary for stationary interactions with ECAs. Therefore, locomotion and proxemics are
specifically excluded from this analysis. We assess the verbal components of voice and prosody
(Sec. 4.1) alongside advanced auralization techniques that utilize directional rendering of ECA
speech (Sec. 4.2).

As a prerequisite to evaluating fully animated ECAs we present our solution to full-body
motion capturing using standard VR hardware. As this simple tracking produces considerable
tracking errors, we evaluate what effects various improvement techniques have on the perceived
naturalness (which has a positive correlation with perceived social presence [Xenakis et al.,
2023]) and preference of recorded co-verbal gestures (Sec. 5.3). We then use these recorded
co-verbal gestures to address the research objective RO2 of how non-verbal turn-taking cues
contribute to the clearness of turn-taking and perceived social presence (Sec. 5.5). This is
important because the ability to easily assess conversational flow enhances users’ feelings of
connection and engagement. Such clarity fosters a more open and natural dialogue with the
ECA, promoting effective information exchange and increasing users’ willingness to interact
with the agent which is an essential factor for various applications, such as ECAs embedded
as therapists or tutors.

As ECAs are not always the direct interactants of a human user, but can also be additional
listeners or background characters, we address the research objective of how well these have to
be represented by means of behavioral realism (RO3). We evaluate the effect of the presence
and behavior of additional listeners on perceived clearness of turn-taking cues in Sec. 5.5.5 and
the required audio-visual coherence of background characters in Sec. 6.2.

Building on the previous discussions regarding user engagement and interaction quality, the
concept of social presence will be central to our considerations throughout this work. Thus,
one significant contribution of this research is to provide a comprehensive overview of the
concept of social presence and its subjective and objective measurements. However, measuring
social presence presents various challenges due to the lack of reliable assessment methods.
Consequently, we aim to explore alternative measurement techniques by focusing on cognitive
load as an indirect indicator of social presence, which can provide insights into communication
effectiveness and overall interaction quality. We anticipate a negative correlation between
cognitive load and social presence, indicating that when users engage with ECAs without
feeling overwhelmed or irritated—-resulting in low cognitive load——they are likely to perceive
a greater sense of connection and engagement, thereby experiencing higher levels of social
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CHAPTER 1. INTRODUCTION

presence. In light of this, one further research objective (RO4) explores whether the HTR
paradigm can be employed to assess memory performance or cognitive spare capacity as a
proxy for social presence, potentially offering a straightforward method for evaluating various
ECA performance modifications (Sec. 6.1). Thereby, we further investigate how different ECA
speech performance degraders impact perceived social presence, aiming to provide guidance for
developers on prioritizing limited resources again addressing our primary research objective.

Lastly, to facilitate the user studies necessary for addressing the four presented research objec-
tives and enhance the methodological rigor of these studies, an additional contribution of this
thesis is the careful design, development, and evaluation of a comprehensive study framework
tailored for factorial-design studies (see Sec. 3.2 and Sec. 3.3). Additionally, we contribute
an avatar plugin (see Sec. 3.4) allowing users a synchronized representations of themselves
via diverse sparse marker sets, enhancing self-awareness and realism during user-ECA interac-
tions.

As this thesis prioritizes evaluating multimodal ECA behavior in terms of voice, speech au-
ralization, and non-verbal behavior, we consciously do not alter visual fidelity aspects such as
rendering quality or representation style (e.g., realistic, cartoonish, or robotic representations
as detailed by [Zibrek et al., 2018] and [Zibrek and McDonnell, 2019]). Instead, we consistently
employ state-of-the-art realistic visual representations to ensure a high-quality user experience.
This approach aligns with our goal of integrating authentic and life-like ECAs as social stim-
uli, facilitating generalization to real-world scenarios beyond immersive settings, as required
by psychological research. To further enhance our evaluations, we ensure that all modalities
not in focus for a certain study are executed as effectively as possible based on state-of-the-
art approaches. This strategy was employed to minimizes the risk of unintended side effects
caused by inconsistencies in behavioral realism across different modalities [Kétsyri et al., 2015].
Additionally, while we do not delve into the cognitive aspects of ECAs, we maintain authentic
interactions by adopting a Wizard-of-Oz (WoZ) approach [Devault et al., 2015], allowing an
experimenter to remotely control the ECA’s responses using their own social intelligence. This
ensures that interactions remain grounded in realistic social cues and responses, enhancing the
validity of our findings while avoiding complexities introduced by decision-making driven by
artificial intelligence.

As this work reproduces several publications that were previously published and to value the
contribution of all co-authors, the author will use the pronoun “we” instead of “I” throughout
this work. This is also meant to pay tribute to the invaluable feedback and inspiring discussions
the author had with them throughout the process of this work. For the publications reproduced
in this thesis the individual contributions can be found in App. C.1.



1.2. OUTLINE

1.2. Outline

This thesis is organized as follows: Following this introduction, we thoroughly introduce the
concept of social presence in Chapter 2 and explain why we place it at the core of our eval-
uation while also giving an overview of potential subjective and objective metrics measuring
it. After that, we will introduce the tools we developed to facilitate VR research, namely the
StudyFramework as well as our implementation of body-avatars in Chapter 3. This is followed
by overviews of verbal (Chapter 4) and co-verbal behavior (Chapter 5). During these chapters
we will discuss our research on various specific aspects, as detailed before. Concluding these
individual assessments we will take a more holistic view in Chapter 6, where we will look at the
influence of different degraders on ECA performances and evaluate the HTR task as a proxy
for measuring social presence, before reflection audio-visual coherence in more detail. This is
followed up by a general discussion in Chapter 7 before concluding this work in Chapter 8.






CHAPTER 2

Evaluating Social Presence

Evaluating how authentic or natural an Embodied Conversational Agent (ECA) is perceived
by human users is crucial for creating effective and engaging interactions that foster meaningful
communication. For example, aspects such as behavior, speech, and appearance can be assessed
to better understand how these contribute to enhancing the design of an ECA. Thereby eliciting
higher social presence has multiple advantages. For example, it correlates with increased trust
(see, e.g., [Luo et al., 2023; Etienne et al., 2024]), and enjoyment ([Lee et al., 2006]) and
satisfaction ([Biocca, 2001; Tu and Mclsaac, 2002]) of the interaction. Furthermore, it can also
change the outcome of, for example, a training simulation. Strojny et al. [2020] found virtual
bystanders to only have an influence on the performance of fire fighters being trained, if they
rated the social presence of these bystanders as high. We further believe that social presence is
superior to aforementioned concepts influencing social presence, like naturalness and realism,
since it goes beyond mere biologically appropriate presentation and looks also into cognitive
processes happening in the observers and being projected onto the ECAs.

Biocca and Harms [2002] proposed the notion of social presence for ECAs, originally introduced
by Short et al. [1976]. It was meant as a metric “to compare the relative effectiveness of various
mediated technologies, interface features, or agents” [Biocca et al., 2001]. Social presence
describes the feeling of being in the presence of another human being — which is also often
described as co-presence — and having “access, and connection to the intentional, cognitive, or
affective states of the other” [Biocca et al., 2001]. Biocca and Harms [2002] further describe
that the aspects going beyond co-presence can be further subdivided into the subjective level
(experiencing an accessibility of the other) and an inter-subjective level (mutual social presence,
so feeling also experienced as socially present by the other). While in some literature co-
presence and social presence are used interchangeably (e.g., [Oh et al., 2018; Sterna and Zibrek,
2021]), we follow the definition in [Biocca and Harms, 2002] which defines co-presence only as
the “being together” aspect of social presence. Following Bente et al. [2008], “higher levels of
social presence include a sense of behavioral engagement, which is expected to lead to actions
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CHAPTER 2. EVALUATING SOCIAL PRESENCE

that are perceived as linked, reactive, and interdependent.” Sterna and Zibrek [2021] state
that social presence can be seen as a needed baseline for research on social behavior in VR,
since social reactions to ECAs are tied to an enhanced perceived social presence of those, not
only experiencing them as mere computer programs. An in-depth historical analysis of the
concept can be found in [Kreijns et al., 2022]. The concept of social presence is inspired by the
concept of presence, which describes the sensation of feeling to “be there” as part of a virtual
environment rather than observing it from the outside and is, for example, influenced by the
immersion provided by the used hardware (see [Heldal et al., 2005; Grassini and Laumann,
2020]). In a differently pivoted approach Slater [2009] uses the dimensions Place Illusion (PI)
and Plausibility Illusion (Psi) to describe presence, where the first describes the illusion that
one feels to be at that virtual place while the later is characterized by the illusion that events
occurring within the virtual space are actually plausible for the depicted scenario (so a dragon
can be well plausible in a virtual fantasy world albeit not plausible in a simulation depicting
reality). Skarbez et al. [2017] accompany these two illusion by the co-presence illusion, which
again described the feeling of togetherness. Following them, the co-presence illusion together
with Psi creates a Social Presence Illusion. These concepts are still in open discussion, see for
example [Latoschik and Wienrich, 2022], where plausibility and congruence are used to replace
the illusions described by Slater [2009] and further refined in [Slater et al., 2022]. Kreijns
et al. [2022] addressed social presence from a distance education perception and found that
in the literature there exists a jingle-fallacy for social presence, which means that the term
social presence is sometimes used with very different meanings and therefore special care has
to be taken when using this term. Furthermore, they give their own interpretation of social
presence, more focused on social interaction during remote teaching and state that social group
and sociability should be regarded separately, which we would also see under the umbrella of
social presence as conceptualized in [Biocca and Harms, 2002]. A further framework for rating
social presence in the context of joint music making is given by Kerrebroeck et al. [2021]. In
this work, we will, however, use social presence as introduced by [Biocca et al., 2001], since it
captures more aspects than mere co-presence, that help to understand how an ECA is perceived
by a human user.

The remainder of this chapter is structured as follows. First we will give a brief overview
about other concepts that are strongly related and intertwined with social presence in Sec. 2.1.
After that we will introduce subjective (Sec. 2.2) and objective (Sec. 2.3) measurements before
presenting influencing factors of social presence in Sec. 2.4. We will end this chapter by
discussing shortcomings and potential research directions of the aforementioned in Sec. 2.5.

2.1. Related Concepts

There is a multitude of concepts that either describe similar aspects as social presence or can
be seen as predictors of social presence. A large group of those centers around the idea of
naturalness, which, based on Xenakis et al. [2023], is fundamental to the occurrence of social
presence. Naturalness itself is often expressed through various related terms such as realism,
human-likeness, or fidelity. All of these describe the idea of ECAs being presented in a specific
way, i.e., emulating interactions and human behavioral experiences from the real world as
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closely as possible [Alexander et al., 2005]. An overview of how to rate realism in IVEs in
general can be found in [Goncalves et al., 2021]. However, the application context always
needs to be taken into account as argued by Xenakis et al. [2023]: the perceived naturalness
of, e.g., given co-verbal cues, depends strongly on the specific scenario and is not sufficient to
elicit high social presence but overall sensible behavior is required as well.

This can potentially be described by the terms authenticity and believability, which seem to
go further the pure naturalness by also considering a simulated consciousness of those ECAs
[Kope et al., 2013], which can only be experienced in more complex interactions. Another
related concept put forward by Burgoon et al. [2016] is the violation of expectation, which
can be especially detrimental for very realistic ECAs which cannot live up to the formed
expectations. However, violations of expectations can also be positive, if low expectations are
positively violated by behavior going beyond the expected, which can be beneficial for the
outcome of an interaction [Burgoon et al., 2016].

Recently, this range of concepts was further broadened by the introduction of the Interaction
Fidelity Model (IntFi) [Bonfert et al., 2024], which tries to categorize fidelity over all levels
of a VR application with a focus on the interaction. Of the eight introduced fidelity aspects,
simulation fidelity and rendering fidelity come closest to the previously discussed concepts and
could be applied to ECAs. A narrative survey about the realism of ECAs and the interplay
with other concepts—with a special focus on animation—can be found in [Rekik et al., 2024],
which also relates these aspects to the uncanny valley theory.

The uncanny valley goes back to Mori [1970] It describes the effect that when the human-
likeness of an ECA is increased, the familiarity /affinity increases, before sharply dropping
for more human-like but not quite realistic characters, before then again climbing farther
than before after this uncanny valley. This effect was first reported by Mori [1970] for wooden
puppets and only later on applied to anthropomorphic virtual characters, where it was believed
that ECAs looking somewhat eerie and corpse-like, especially when moving in not quite human
ways, cause this effect and should therefore be carefully avoided. However, there exists an open
debate whether the uncanny valley effect in this simple form does actually depict the effect in
its entirety. More recently, while still commonly using the same name, the concept has shifted
to a perceptual mismatch hypothesis [de Borst and de Gelder, 2015]. The core idea for this
hypothesis is that if single modalities are more human-like then others this causes repulsion
and eeriness in human observers. They state, for example that “not the most realistic looking
virtual characters evoke an eerie feeling, but rather those on the border between non-human
and human categories, especially if they are combined with human-like motion” [de Borst and
de Gelder, 2015]. So this effect should also be carefully considered when looking into social
presence of ECAs.
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2.2. Subjective Measurements

There are many questionnaires available to rate social presence or related concepts. One of
the earliest was the Semantic Differences Survey (SDS) [Short et al., 1976] (see App. B.1)
which used semantic differentials to rate ECAs between two bipolar attributes like “cold” and
“warm”. After that many questionnaires were developed using Likert scales and statements
to be rated, like “I perceive that I am in the presence of another person in the room with
me.” from the Social Presence Survey (SPS) [Bailenson et al., 2001] (see App. B.2). While
most of them were specifically designed for virtual agents, like ECAs, some were also made to
rate robots, for example, the Godspeed Questionnaire [Bartneck et al., 2009] (see App. B.7).
Fitrianie et al. [2019] conducted a survey on available questionnaires for virtual agents and
robots alike and then conceived a questionnaire, namely the Artificial Social Agents (ASA)
Questionnaire [Fitrianie et al., 2022] (see App. B.11). For this very questionnaire we were also
involved in formally deriving a German translation (see [Albers et al., 2024]) of which parts
were used in some of the studies described in this work.

In App. B, we reproduced the questionnaires most commonly used in our research domain. We
will therefore not present all of them here. Instead, we have curated a list of recommended
questionnaire constructs derived from various sources for use in user studies involving ECAs.
This list aims to provide readers with an overview of existing constructs while acknowledging
that it only reflects our perspective on the current state of the art and may require re-evaluation
as new questionnaires are published.

The primary goal of this curated list is to measure whether interactions with one or multiple
humanoid virtual agents in an IVE felt realistic and whether these agents were perceived as
socially present. Furthermore, the list should be as concise as possible, while compromising all
relevant aspects. We intentionally do not focus on improving perceived personality or emotions
of the agents. Instead, our emphasis is on (non-)verbal behavior improvements, which are
central to this work. Explicit manipulations of emotions fall outside the scope of this thesis.
Additionally, we do not evaluate agent appearance since we consistently use high-quality virtual
human models and do not consider appearance an independent variable relevant to our research
focus. To this end, we, for instance, chose not to include the Human-Like Appearance construct
from the ASA Questionnaire (see App. B.11).

In our early user studies, we utilized the SPS [Bailenson et al., 2001] (see App. B.2), partic-
ularly in studies presented in Sec. 4.2. However, feedback indicated that participants found
it challenging to respond effectively. For example, one participant complained that rating a
virtual agent to be “only a computerized image” felt odd. We hypothesize that this was one
potential reason why this questionnaire failed in our studies to reveal significant effects, as it
measured not exactly the construct necessary there (which probably would have been more
concerned with naturalness). To this end, we excluded the SPS from our curated list.

We also did not include, e.g., the Social Presence dimension of the questionnaire by Nowak
and Biocca [2003] (see App. B.4), since it was too closely tailored for a face-to-face interaction
between two interactants and not applicable to a broader set of scenarios. Furthermore, we did
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not consider constructs from the original Networked Minds Questionnaire [Biocca, 2001] (see
App. B.3) since it was later on revised by the same authors into the Revised Network Minds
Questionnaire (RNMQ) [Harms and Biocca, 2004] (see App. B.3.1) which is now more actively
used and items of which were considered for this combined questionnaire (see below).

For the curated list we extracted the Social Presence (SP) construct (see Tab. 2.1) from the
Multimodal Presence Scale for Virtual Reality Environments (MPS) [Makransky et al., 2017]
(see App. B.8). It closely resembles the aforementioned SPS [Bailenson et al., 2001]. However,
feedback from our user studies suggests that participants found it more straightforward to
respond to. For example, the second question was reformulated from “I feel that the person
is watching me and is aware of my presence” (SPS) to “I felt that the people in the virtual
environment were aware of my presence” (MPS). The more general phrasing in the MPS
is preferable because it allows for a broader interpretation of awareness, whereas the SPS
question specifically ties awareness to gazing behavior. This distinction is important, as ECAs
can convey a sense of awareness even without continuously looking at the participant.

Social Presence

SP1 I felt like I was in the presence of [another person| in the virtual environ-
ment.

SP2 I felt that the [person] in the virtual environment was aware of my presence.

SP3 The [person] in the virtual environment appeared to be sentient (conscious
and alive) to me.

SP4 During the simulation there were times where the computer interface
seemed to disappear, and I felt like I was working directly with [another
person)].

SP5 I had a sense that I was interacting with [another person] in the virtual

environment, rather than a computer simulation.

Table 2.1.: The social presence dimension of the Multimodal Presence Scale for Virtual
Reality Environments (MPS) [Makransky et al., 2017] rated on a 5-point Likert scale
between “completely disagree” (1) , “disagree” (2), “neither disagree nor agree” (3),
“agree” (4), and “strongly agree” (5). The full questionnaire can be found in App. B.8.

From the Temple Presence Inventory (TPI) [Lombard et al., 2009] (see App. B.6) we considered
the construct Social presence - Active interpersonal to measure spontaneous user reactions
towards the ECA as an indicator of the ECA’s plausibility. This kind of reactions can be
an indicator that users pereived the ECA as a social entity and therefore response adhering
to learned social norms, potentially without consciously deciding to do (cp. [Sheridan, 1992;
Hoffmann et al., 2009]). To this end, we also incorporated one item from the emphSocial
Presence - Actor within Medium (Parasocial Interaction) dimension as SR/ (see Tab. 2.2),
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as it aligns well with the spontaneous social reactions. The other items from this dimension
were, however, excluded as their content is already well covered by the MPS construct above.
Although the items of the Social Realism dimension seemed helpful for measuring naturalness
on a first glance, we did not include them. Our concern was that participants might interpret
these items too broadly and rate aspects of the virtual environment beyond just the ECAs.
For instance, statements introduced with “The events I saw/heard ..”” could lead to varied
interpretations among different participants, introducing inconsistency and ambiguity in the
data collected. Instead, we believe that the item will be more effectively assessed content-wise
through the ASA Questionnaire’s Human-like Behavior dimension (see below).

Spontaneous Reactions

SR1 How often did you make a sound out loud (e.g. laugh or speak) in response
to someone you saw/heard in the media environment?

SR2 How often did you smile in response to someone you saw/heard in the
media environment?

SR3 How often did you want to or did you speak to a [person| you saw/heard
in the media environment?

SR4 How often did you want to or did make eye-contact with someone you
saw /heard?

Table 2.2.: The “Social presence - Active interpersonal) dimension of the Temple
Presence Inventory (TPI) [Lombard et al., 2009] (SR1 - SR3) enhanced by one question
from the Social Presence - Actor within Medium (Parasocial Interaction) dimension
(SR4). All items are rated on a 7-point Likert scale between “Never” (1) and “Always”
(7). The full questionnaire can be found in App. B.6.

We further extracted the dimensions 1.2 Human-Like Behavior and 13 Agent’s Coherence from
the ASA Questionnaire [Fitrianie et al., 2022] (see App. B.11) as they nicely cover naturalness
aspects of the evaluated agents (see Tab. 2.3). Both constructs focus on key aspects that define
how convincingly an ECA can simulate human behavior by directly evaluating the degree to
which the ECA’s behavior is seen as human-like and assessing the consistency and rationality
of the ECA’s actions.

While coherence and rationality are essential for assessing the ECA’s naturalness, understand-
ing users’ perceptions of its intentionality reveals how purposeful they find its behavior. This
perception is crucial as it enhances user engagement and trust, making interactions feel more
natural. When users see the ECA as acting with clear intentions, they can better predict its
actions, leading to smoother interactions and increased reliance on its decisions. To this end,
we also included the ASA Questionnaire’s construct 14 on Agent’s Intentionality (see Tab. 2.3).
Additionally, we incorporated an item from 5. Agent’s Sociability—specifically, “[The person]
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interacts socially with [me]”—to evaluate how effectively the ECA engages in social interac-
tions, which is integral to enhancing user experience. In this thesis we focus on stationary
interactions. For dynamic scenarios where social formations and movement is involved (see,
e.g., [Bonsch, 2024]), however also the first two items AS1 and AS2 can be of relevance.

Human-Like Behavior

HLB1 | A human would behave like [the person]
HLB2 | [The person|’s manners is consistent with that of people
HLB3 | [The person]| behavior makes me think of human behavior
HLB4 | [The person] behaves like a real person
HLB5 | [The person| has a human-like manner
Agent’s Coherence
AC1 [The person]’s behavior does not make sense inv
AC2 [The person]’s behavior is irrational inv
AC3 [The person] is inconsistent inv
AC4 [The person| appears confused inv
Agent’s Sociability
AS1 [The person| can easily mix socially
AS2 [t is easy to mingle with [the person]
AS3 [The person] interacts socially with [me]
Agent’s Intentionality
ATl [The person| acts intentionally
AI2 [The person] knows what it is doing
AI3 [The person] has no clue of what it is doing inv
Al4 [The person| can make its own decision

Table 2.3.: The “Human-like Behavior”, “Agent’s Coherence”, “Agent’s Sociability”,
and “Agent’s Intentionality” dimensions from the ASA Questionnaire [Fitrianie et al.,
2022] rated on a 7-point Likert scale with labels: “disagree” (-3), “neither agree nor

disagree” (0), and “agree” (3).

“inv” means that the item’s rating is inverted before

computing the mean of the individual items. The full questionnaire can be found in
App. B.11.

@~
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Furthermore, we suggest to utilise the Perceived Behavioral Interdependence construct from
the Revised Networked Minds Questionnaire [Harms and Biocca, 2004] (see App. B.3.1). This
construct (see Tab. 2.4) introduces the reciprocal dimension of social presence, where perceived
social presence also depends on whether the user feels perceived as socially present by the ECA.
We prefer this one over the 19 User-Agent Interplay dimension of the ASA Questionnaire since
we found those items more intuitive to answer and less focused on emotional responses like, for
example, the item “[My / The user’s| emotions influence the mood of the interaction” which
is part of the ASA Questionnaire.

Perceived Behavioral Interdependence

PBI1 My behavior was often in direct response to [the other person]’s behavior.

PBI2 | The behavior of [the other person| was often in direct response to my be-
havior.

PBI3 | I reciprocated [the other person|’s actions.

PBI4 | [The other person] reciprocated my actions.

PBI5 | [The other person|’s behavior was closely tied to my behavior.

PBI6 | My behavior was closely tied to [the other person]’s behavior.

Table 2.4.: The “Perceived Behavioral Interdependence” dimension from the Revised
Networked Minds Questionnaire [Harms and Biocca, 2004]. As in the original publica-
tions not concrete rating scale is given, we propose for consistency to rate it on a 7-point
Likert scale with labels: “disagree” (-3), “neither agree nor disagree” (0), and “agree”
(3). The full questionnaire can be found in App. B.3.1

Lastly, we consider the semantic differentials described in the first dimension, namely Anthro-
pomorphism, of the Godspeed Questionnaire [Bartneck et al., 2009] (see App. B.7) relevant,
which are rated on a 5-point bipolar scale. Participants have to rate the ECAs on the scale
between these two opposing terms (see Tab. 2.5), and thereby this instrument gives a very ex-
plicit and conscious way of rating the ECAs compared to the rated statements of the constructs
before, albeit asking for similar concepts.

From the second dimension (Animacy) we considered the pairs “Inert - Interactive” and “Ap-
athetic - Responsive” interesting, as they have a stronger focus on the interactive capacities
of the ECAs as the aforementioned semantic differentials. However, we found them already
well-enough covered by the Perceived Behavioral Interdependence construct from the Revised
Networked Minds Questionnaire [Harms and Biocca, 2004], and tried to reduce the cherry-
picking of construct items to a minimum.

16



2.2. SUBJECTIVE MEASUREMENTS

Anthropomorphism
Please rate your impression of [the other person]| on these scales:
ANT1 | Fake Natural
ANT2 | Machinelike Humanlike
ANT3 | Unconscious Conscious
ANT4 | Artificial Lifelike
ANT5 | Moving rigidly Moving elegantly

Table 2.5.: The “Anthropomorphism” dimension from the Godspeed Question-
naire [Bartneck et al., 2009]. Items are rated on a 5-point bipolar scale between the
given two anchor labels. The full questionnaire can be found in App. B.7

The questionnaire items presented above were partially modified for consistency to ensure
they can be used together in a single questionnaire. Specifically, we standardized the term
“person” throughout, replacing various terms such as “agent”, “interaction partner”, or “virtual
character” found in the original questionnaires. However, terms in brackets (like “[person]”)
are intended to be replaced by the experimenter with

We found our curated list of constructs to well capture the general perception in an interaction
with an ECA, without any particular focus. To this end, depending on the research, the
questionnaire needs to be extended. For example, if verbal behavior is tested, both intelligibility
of the ECA’s speech but also perceived message understanding of the ECA might be of interest.
For the latter, for example, the RNMQ) - Perceived Message Understanding can be used as
addition.

Interested readers are referred to [Oh et al., 2018] or [Fitrianie et al., 2019] and App. B for
further information on available questionnaires. However, there exists also a general criticism
towards the potential of questionnaires to measure social presence, since they always require
a subjective rating to questions after the exposure, which might be hard to do and potentially
subject to biases. Slater et al. [2010] for example proposes the usage of the Configuration
Transition method where participants are allowed to change aspects of the scene until they
deem it good enough, potentially incentivized to change as little as possible. Beyond that
Slater et al. [2022] also proposes that participants write short essays about their experience
during a study condition and then Sentiment Analysis is used to derive how positively or
negatively the virtual simulation was perceived. Along these lines Wolfert et al. [2024] found,
while comparing a newly developed questionnaire and direct comparison of co-verbal gestures,
that the direct comparison where participants had to repeatedly identify the better stimulus
from a pair of stimuli, yielded more powerful results.

While there exist many questionnaire-based instruments to measure social presence (with only
the most prominent being reproduced above and in App. B), these self-report based measures
often do not yield significant results for subtle changes in the ECAs, e.g., Harms and Biocca
[2004] were not able to significantly discriminate video and text-based interactions using the
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above mentioned scale. Therefore, we will next look at objective ways to quantify social
presence in the following section.

2.3. Objective Measurements

One possibility for objective measurements of social presence could be proxemics, the distance
a user keeps from an ECA [Bonsch et al., 2018a], which was found to enlarge with increasing
social presence [Bailenson et al., 2001, 2004]. Furthermore, the Ash conformity test [Kyrlitsias
and Michael-Grigoriou, 2018] can be used, which examines whether a human user adapts to the
exhibited behavior of an ECA. Similarly, socially conditioned behavior can be provoked [Sheri-
dan, 1992], like grasping for an offered object or responding to a sneezing or waving ECA.
One specific aspect of this is mimicry/alignment, copying non-verbal behavior of ones inter-
actant, which was found to be an indicator of higher social presence [Hasler et al., 2017], or
the adaptation of verbal behavior to that of the ECA (see, e.g., [Piitten et al., 2010; Ochs
et al., 2017, 2022]). Interestingly, Bergmann et al. [2015] found that lexical alignment, i.e.,
whether similar words are used, actually decreases with higher social presence. However, this
is also the case when comparing interactions with a computer and with another human, where
lexical alignment is much greater for the computer, so these results illustrate well that social
presence increases when the interactant is experienced to be more human-like. Hayes et al.
[2022] developed the Social Presence Behavioral Coding System to formalize analysis of user
behavior, looking for mimicry but among other things also for emotional engagement, socially
engaging, or self-disclosing during an interaction with an ECA.

With the advent of head-mounted displays (HMDs) eye tracking also became more accessible,
since trackers are already integrated in some consumer headset. This allowed the analysis of
gaze data, which showed that humans tend to look more in the eyes of ECAs than they do
when they expect to virtually interact with a real human and adhere to social norms (see, e.g.,
[Rehm and André, 2005; Canigueral and Hamilton, 2019]). Along these lines, Holleman et al.
[2020] found participants to gaze more towards the eye of another person if the presentation
was given asynchronously and their gaze wasn’t perceived by the presenting person, which was
further backed by Canigueral et al. [2021]. An in-depth description of how to analyze gaze
tracking was published by Lamb et al. [2022].

Beyond these behavioral measures, also physiological measures are put forward. For example,
Sterna et al. [2023] tried to employ heart rate and skin conductance to measure social presence.
In addition to this, Kock [2005] links media naturalness to cognitive effort, seeing a higher
cognitive effort if the degree of realism is too low. Further, Bailenson et al. [2005] found
memory performance to be influenced by social presence, albeit not conclusively.

In the remainder of this thesis we will elaborate on the usage of objective measures for social
presence by utilizing them in various user studies side-by-side with traditional questionnaires.
Thereby we plan to evaluate their applicability in potentially replacing such questionnaires.
Lastly in Sec. 6.1, we will evaluate a specific task developed by psychologists for measuring

18



2.4. INFLUENCING FACTORS OF SOCIAL PRESENCE

memory performance and cognitive spare capacity as potential proxy for objectively measuring
social presence.

2.4. Influencing Factors of Social Presence

While there are many ways to measure social presence as discussed previously, numerous factors
can impact the perceived social presence of an ECA. There exists a large body of work eval-
uating different aspects of ECAs and their influence on social presence. For example, Nowak
and Biocca [2003] found that a higher social presence was perceived if anthropomorphic repre-
sentation were shown and Zibrek et al. [2017] showed that more realistically rendered ECAs
can improve the perceived social presence. This was also confirmed in [Zibrek and McDonnell,
2019], however, Arboleda et al. [2024] were not able to reproduce this effect between “realis-
tic” and “cartoonish” representations. Further, Wang et al. [2019b] found that participants
preferred miniature ECAs over full-size ones in augmented reality (AR). These described ef-
fects could origin from the interdependence of behavioral and visual realism on social presence
described by Bailenson et al. [2005] and Sterna et al. [2023], where social presence decreases
if behavioral and visual realism do not match, which was the case for most studies described
above if only the visual representation was manipulated.

Oh et al. [2018] state that in general behavioral realism is a powerful predictor for perceived
social presence. For example, Kim et al. [2018] found a significant influence of appropriate
movement on social presence. Kimmel et al. [2023] found facial expression and facial animation
in general to elicit higher degrees of social presence, while Luo et al. [2023] were not able to
show this influence on social presence. Another important aspect of behavior are so-called back-
channel movements, which is one key aspect discussed in this thesis and will be elaborated in
Sec. 5.4. Poppe et al. [2011] and Piitten et al. [2010] found that they have a positive influence
on the perceived social presence. Furthermore, Ferstl et al. [2021] evaluated that degraded,
robot-like gestures are perceived as less human-like, unfortunately not directly measuring social
presence. An in-depth literature review of the influence of non-verbal behavior on (social)
presence can be found in [Xenakis et al., 2023], also putting forward the possibility of having
“super-natural” behavior, like a single ECA making eye-contact with multiple users at the
same time.

In general, Sterna et al. [2023] found interactability to have a strong positive influence on
social presence, albeit only when the behavioral realism was in general high. This is supported
by research conducted by Skalski and Tamborini [2007] and Garau et al. [2005], where the
latter explicitly stated that participants felt “ghost-like” or even voyeuristic if the ECAs did
not appropriately react to their presence, for example, by acknowledging them by means of
gazing at them.

Another important aspect of ECAs is how they sound. This is also an integral part of this
work, addressed in Sec. 4.2. Higgins et al. [2022] showed that synthetic voices used for ECAs,
rather than recording a human speaker, has a detrimental effect on social presence and Miniota
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et al. [2023] found that one deficiency of current speech synthesizers is that the speech does
not sound truly spontaneous which negatively impacts naturalness. Beyond that, Lam et al.
[2023] found that human observers have a clear expectations of which voices fit which visual
ECA representation, which should be carefully considered to increase believability. Similarly,
Lee and Nass [2003] found higher social presence rating for voices matching the portrayed
personality of the ECA, in their case comparing introvert and extrovert portrayals.

Regarding personality, Lee et al. [2006] found that opposite personalities to that of the par-
ticipants provoked higher social presence. In this regards, Cheng and Wang [2024] researched
the influence that an ECA’s clothing can have on its perceived personality showing influences
of, for example, the color or the style (e.g., professional compared with casual etc.) of outfits.
Allmendinger [2010] even constitute that the personality, in her case shyness, of the person
interacting with an ECA, has an influence on whether higher or lower social presence is per-
ceived as more pleasant by the person. Further information about the influence of personality
and trustworthiness of ECAs can be found in [Etienne et al., 2024], which is however beyond
the scope of this thesis, focusing on social presence.

Furthermore, the used display system, for example whether a desktop monitor or an HMD
is used, can have an influence on the perception of social presence (see, e.g., [Guimaraes et al.,
2020]). As the used medium for mediated-communication was the original purpose of the
conception of social presence, there exists a large body of work, mainly finding higher degrees
of social presence for more immersive technology like HMDs (see, e.g., [Heldal et al., 2005]).
However, other researchers, for example, Bente et al. [2008] did not find a strong influence
of the medium, only showing increased social presence of the tested degrees of immersion
against pure text-based communication. Another potentially beneficial capability of such a
system is haptics. Sallnéds [2010] found that adding haptics when passing objects in mediated
collaboration did significantly increase social presence.

Other influencing factors can be the perceived agency (see, e.g., [Kyrlitsias and Michael-
Grigoriou, 2022]), so whether participants believed to interact with a real human embedded as
avatar or a computer-controlled ECA. Oh et al. [2018] report, that there is some evidence that
believing to interact with a real human increases the social presence, independent of whether
the interaction actually is done with a human or a computer-controlled ECA. Beyond looking
at individual aspects of ECAs, Qiu and Benbasat [Qiu and Benbasat, 2010] report that in
general higher social presence is reported for ECAs that match the ethnicity of participants.

For further reading a narrative review of how different ECA design decision influence emotional
experience, psychological discomfort, presence, engagement, and social presence in interactions
with ECAs in VR can be found in [Mulvaney et al., 2024]. Other interesting reviews can be
found in [Yassien et al., 2020] and [Oh et al., 2018], while Norouzi et al. [2020] looked specifically
at interactions with ECAs in AR.
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2.5. Summary

The presented literature shows that there are many factors influencing social presence. Thereby
eliciting higher social presence has multiple advantages, as mentioned before, like increased
trust (see, e.g., [Luo et al., 2023; Etienne et al., 2024] but also [Alimardani et al., 2024] who
were unable to reproduce this), and enjoyment ([Lee et al., 2006]) and satisfaction ([Biocca,
2001; Tu and Mclsaac, 2002]) of the interaction. For this work it is important to understand
that there are many influencing factors that potentially even influence each other. We believe
that social presence is a more comprehensive concept than the previously mentioned factors
influencing it, such as naturalness and realism. Unlike these factors, which focus primarily on
biologically appropriate presentation, social presence also encompasses the cognitive processes
occurring in observers and how these processes are projected onto the ECAs.

We presented the most commonly used questionnaires for quantifying social presence above
(and in App. B). However, since they often fall short to measure social presence reliably, there
are constantly new questionnaires developed and published. Furthermore, often objective
measures are also used. For example, Sterna and Zibrek [2021] constitute that there is a
shortage of validated measures and a clear and generally-accepted definition of social presence
still does not exist. Nevertheless, Sterna and Zibrek [2021] further propose the usage of indirect,
objective metrics alongside subjective questionnaires.

In this work we will therefore look into other objective metrics in Sec. 6.1. Before that, however,
will will shed more light onto the different modalities used for ECAs and their influence on
social presence, presenting original research alongside general conceptualizations. However, we
will now first introduce some tool which were implemented to facilitate this research process.
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CHAPTER 3

Essential Tooling: A Factorial-Design
Study Framework with Body Avatar
Integration

The contents of this section are based on and taken in part from work previously published in
[Ehret et al., 2024a).

To understand the influence that different changes for example on ECA behavior have on the
perceived social presence as outlined in the previous chapter, formal evaluation is necessary.
Thereby it is required to generate a deep understanding of human behavior in interactions with
these ECAs, to be able to incrementally enhance the effectiveness of those. Controlled user
studies are a key method to assessing new or refined techniques, to be able to further guide
development into the most promising directions and confirm that meaningful enhancement
over existing methods were taken. User studies can reveal how users interact with ECAs
and identify factors in the multimodal ECAs’ design that enhance realistic interactions and
perceived social presence. Furthermore, VR is an emerging tool in, for example, psychological
research where it can help to conduct controlled experiments in settings closer to real life
than classical lab experiments. However, setting up those studies is time-consuming and holds
a lot of potential caveats with respect to experimental design and data management, such
as counterbalancing randomized condition orders and thoroughly storing all relevant data. If
setup errors go unnoticed until the study conductance or data evaluation, there is a substantial
risk of data corruption, making parts or all of the data unusable.
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Figure 3.1.: The pipeline of the StudyFramework: The factorial-design setup is ran-
domized into an ordered list of conditions. This list can then be executed in VR, pro-
viding an helpful control interface to the experimenter. Finally, all gathered data is
carefully logged.

Modern game engines like the Unreal Engine® or Unity? are readily available and are increas-
ingly often used as they provide a lot of helpful tools to simplify setting up IVEs and also
to implement complex interactions. However, their complex internal architectures can intro-
duce numerous challenges when trying to implement a robust study that, for example, should
include different virtual scenes, especially for engine novices. On top of that, the required
code for setting up such studies is often very similar. Consequently, identical code has to be
reproduced over and over again, potentially introducing unwanted side effects.

To facilitate the development and execution of factorial-design studies using the Unreal Engine,
we developed the StudyFramework. A factor in this context can be, for example, the degree of
usage of co-verbal gestures being varied between the levels: no gestures, non-fitting gestures,
fitting gestures. This factor can then potentially be paired with another factor like the visual
representation varying between the levels realistic and cartoon-like.

Next, we explore related approaches in Sec. 3.1. We then define our contributions by outlining
our goals and detail the core components of our framework, employing an illustrative 2-factorial
study, where the visibility of displayed letters is judged based on color and size (see Fig. 3.1),
in Sec. 3.2. We chose a simple example here, that is not directly linked to ECA evaluation,
as it was easier to visualize and therefore allowed for better clarity in the presentation. In
Sec. 3.3, we present an evaluation based on feedback from 11 independent study developers
— computer science students or researchers in acoustics or psychology — who have used our
framework. Rather than conducting an artificial study to compare our framework with existing
ones or none at all, we deliberately chose to gather real-world experiences and insights from
those actively using our framework. This approach allowed us to enhance our solution based
on practical usage scenarios. After that we will also introduce one aspect specific to VR user
studies conducted with HMDs, namely the need for a body-avatar (Sec. 3.4. We briefly present

lhttps://www.unrealengine.com
’https://www.unity.com
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3.1. RELATED WORK

a solution that was also implemented to easily be integrated in studies set up and conducted
using the StudyFramework.

3.1. Related Work

Several frameworks and tools exist that should support researchers from diverse research ar-
eas to implement, set up, and conduct experiments in VR using various rendering engines.
Most of them are built on top of Unity. Omne of these is the Unity Fzperiment Frame-
work (UXF)? [Brookes et al., 2020], which allows to specify experimental orders a priori
or progressively using a session-block-trial model and also supports remote experiments out-
side the lab. Another possibility is BMLtuz* [Bebko and Troje, 2020], which allows to im-
plement and conduct factorial-design experiments, aiding experimenters in visually keeping
track of the progress of each session. Further frameworks are the Virtual Reality Scientific
Toolkit (VRSTK)® [Wolfel et al., 2021] and the Unified Suite for Experiments (USE)® [Watson
et al., 2019], which both provide more integrated sensing capabilities, e.g., for brain activ-
ity. USE does that specifically by introducing a hardware device (USE SyncBoz) to integrate
measurements of electrophysiological recording devices with high-precision timing. VRSTK
offers advanced features enabling experimenters to virtually immerse themselves within the
IVE for enhanced interaction. Furthermore, it facilitates session replay and analysis. A re-
cent framework that enables running distributed experiments with the potential for multiple
remote participants is Ubig-Ezp [Steed et al., 2022]. It also supports conducting experiments
both with and without an experimenter overseeing the process. Finally, EVE" [Griibel et al.,
2017] allows the integration of a commercial plugin (MiddleVR) so that experiments can be
run in CAVE systems, as Unity natively only supports VR using HMD. As this concludes our
discussion on Unity frameworks, interested readers can find a detailed feature comparison of
Unity frameworks for user study design and execution in [Wolfel et al., 2021].

Considering other frameworks besides Unity, vexptoolboz [Schuetz et al., 2023], provides more
experimental control to the commercial VR platform Vizard (World-Viz, Santa Barbara, CA,
USA) or a commercial solution for conducting VR experiments and exposition therapy: Cy-
berSessionS. Lastly, R2VR [Vercelloni et al., 2021] should also be mentioned, which allows to
build simple VR experiments directly in R, a well-known statistical software environment. For
experiments not requiring VR, often python-based frameworks are used, like PyEPL [Geller
et al., 2007] or, even more often, PsychoPy [Peirce et al., 2022], which provides a versatile
graphical user interface and is especially prominent for low-latency stimuli presentation and
measurements. The latter was confirmed by [Bridges et al., 2020], performing a large-scale
study comparing stimuli timing and latency for desktop-based experimental frameworks.

3https://github.com/immersivecognition/unity-experiment-framework
‘https://github.com/BioMotionLab/TUX
Shttps://github.com/ixperience-1lab/VRSTK
Shttps://github.com/att-circ-contrl/use
"https://cog-ethz.github.io/EVE/

8https://www.cybersession.info/

® I~ 25


https://github.com/immersivecognition/unity-experiment-framework
https://github.com/BioMotionLab/TUX
https://github.com/ixperience-lab/VRSTK
https://github.com/att-circ-contrl/use
https://cog-ethz.github.io/EVE/
https://www.cybersession.info/

CHAPTER 3. ESSENTIAL TOOLING: A FACTORIAL-DESIGN STUDY
FRAMEWORK WITH BODY AVATAR INTEGRATION

While the aforementioned frameworks support implementing and conducting an experiment
to various degrees, there are also frameworks tailored to specific research domains, requiring
minimal customization only. For example, VREX? [Vasser et al., 2017] aids in setting up
experiments in the field of experimental psychology and neuroscience in complex virtual indoor
scenes. There are several toolkits to build navigational studies, e.g., PandaEPL [Solway et al.,
2013], Landmarks [Starrett et al., 2021), NavWell [Commins et al., 2020], or DeFINE [Tiwari
et al., 2021], which require little to no coding. VREVAL [Bailey et al., 2022], an Unreal-
Engine-based tool, facilitates the efficient setup and execution of studies aimed at evaluating
architectural models. Another Unreal tool is DomeVR [Shapcott et al., 2022], which was
specifically designed to run experiments with rodents but also humans in a dome-shaped display
device. For acoustical research, Oticon Medical Virtual Reality (OMVR) [Pedersen et al., 2023]
was developed and provides a variety of valuable virtual scenes.

To the best of our knowledge, there existed no general, open-source framework to design
and conduct factorial-design studies using the Unreal Engine, e.g., comparable to BMLtux.
Additionally, many of the mentioned tools, due to their specificity limiting adaptability, lack
the modularity required for an easy and seamless integration into a research prototype for
evaluation. Finally, Aguilar et al. convincingly argue that the auditability and reproducibility
of studies are paramount, emphasizing the current limitation of many tools and frameworks in
effectively addressing these crucial aspects [Aguilar et al., 2024].

As stated by Cunningham and Wallraven [2012], another important aspect when designing
studies in VR is how to present the stimuli that should be evaluated and how participants
are asked to rate those. Here, Robotham et al. [2022] compare different ways, in this case to
rate audio stimuli, either by rating multiple stimuli side-by-side or having pairwise compar-
isons between the individual stimuli. However, in VR studies often questionnaires are used.
Wagener et al. [2020] make a point for posing these questionnaires directly in VR instead of
having participants fill them out afterwards using pen and paper. On the other hand, Graf and
Schwind [2020] found questionnaires being filled out after the VR exposure to better differenti-
ate the experienced VR scenarios. For Unity, Feick et al. [2020] developed a toolkit specifically
designed for embedding questionnaires into VR, for the Unreal Engine we are not aware of an
easily available solution.

3.2. StudyFramework Implementation

Addressing the aforementioned gap, we introduce a new framework, called StudyFramework!®,
based on the Unreal Engine (developed for version 4.26, 4.27, and 5.3). The core idea is to
provide a light-weight solution that supports developing and conducting user studies with the
following main aspects:

Yhttps://vrex.mozello.com
Onttps://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/
unreal-study-framework
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e easy setup of factorial-design studies

 out-of-the-box solutions for randomization/counterbalancing

o thoroughly tested and redundant data logging

e simple graphical interface facilitating monitoring and controlling user studies
e focus on VR but also a possibility for desktop studies

e support for multiple VR platforms, like HMD and CAVE

In academia, a lot of studies are implemented and conducted by students evaluating their
thesis projects, for example, having implemented a new interaction metaphor. Thereby they
often lack both experience in the engine used and ample time to implement and thoroughly
test their user study. Additionally, as mentioned above, researchers from other domains, like
psychology, can benefit greatly from conducting VR user studies using game engines, while they
potentially do not have a software development background. Consequently, one primary goal
is to create a framework that is particularly user-friendly for individuals new to game engines,
specifically within the context of Unreal Engine, as well as study design. While it is comparably
simple to setup small interactive scenes in the Unreal Engine, mastering all intricacies to
reliably conduct experiments (e.g., fading between scenes, having full control especially when
something unexpected happens, reliably logging data, or counterbalancing orders) adds an
extra burden onto novice developers. To this end, we provide the aforementioned functionality
and made it accessible from both code (in this case C++) and also the visual scripting language
provided by Unreal (called blueprints). The framework has been implemented as an Unreal
plugin, ensuring an easy and seamless integration into any Unreal project. Another objective
is to keep the framework lightweight, emphasizing its core purpose of facilitating the creation
and execution of factorial-design studies. As a deliberate choice, we thus did not incorporate
features unrelated to the study design or data management, such as immersive questionnaires.
Users seeking this functionality can seamlessly integrate them through other plugins, like [Feick
et al., 2020], or embed web questionnaires into the IVEs. We also developed a similar Unreal
plugin to easily integrate Likert-scale questionnaires!!, which was however deliberately not
integrated into the StudyFramework plugin directly.

These mentioned aspect separate this approach from most of the existing tools mentioned
above. Griibel [2023] argues in a recent paper that there are already sufficient experimental
frameworks. However, we are convinced that our framework can contribute to a crucial gap.
First, due to its modular design, we avoid the issue of overly specialized and overloaded frame-
works, allowing novice as well as experienced developers to use it. Second, to the best of our
knowledge, it is the first of its kind for the Unreal Engine, setting it apart from the aforemen-
tioned plethora of Unity-based solutions. This is significant, because Unreal, in contrast to
Unity, enables VR application for CAVEs [Cruz-Neira et al., 1992] through its native nDisplay
plugin, thus enabling a larger range of VR display settings for the studies. This is especially
important for us, as we run a CAVE with a 49-node cluster, called AixCAVE [Kuhlen and
Hentschel, 2014]. Third, Unreal is open-source and its user-friendly visual-scripting blueprints
provide an accessible programming interface, particularly suited for novice developers.

Uhttps://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/
likert-scale-plugin
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Figure 3.2.: The Details section of a StudySetupActor. In the third section, multiple
phases are specified. The specifics of one of the phases is expanded on the right, specif-
ically also expanding one of the factors (Color) details, so its levels can be seen.

3.2.1. Components

The core idea of this framework is to develop factorial-design studies (similar to [Bebko
and Troje, 2020]). Factorial design is an experimental setup that consists of two or more
independent variables also known as factors, with each factor having multiple levels. With a
full factorial design, all possible combinations of the levels of a factor can be studied against
all possible levels of other factors (in contrast to fractional factorial designs, systematically
only showing a fraction of these conditions to each participant, but which are not directly
covered here). Per condition (combination of specific levels per factor), data for one or multiple
dependent variables (DVs) is gathered. Similar to blocks in the session-block-trial model (see
[Brookes et al., 2020]), we structure the experiment in different phases for which specific factors
and DVs are defined individually (see Fig. 3.2). Sometimes a task is repeated multiple times
in the same condition, for example, if multiple selection tasks are performed consecutively,
and data beyond a mean performance score should be collected. Therefore, in addition to the
previously specified DVs collecting one value per condition, we introduced special multiple-trial
DVs. While in the original design of the framework only one value per condition was collected
for each DV, we extended this by special DVs, for which multiple trials per condition could
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be collected (called multi-trial-DV). This can be helpful if a task is repeated multiple times in
one condition and data beyond the mean should be collected, like multiple trials of a reaction
task that is performed in parallel to the main task. Lastly, also independent variables (IVs),
going beyond the aforementioned factors, can be specified for which the data is collected at
the very beginning of the experiment by means of input prompts shown on the experimenter
screen (multiple-choice or text, for example, participant-specific data that should be reacted
on). Similarly, participant IDs can be set at the start, but for counterbalancing a sequential
number is also always stored internally.

Since one key idea of the StudyFramework is to require as little programming background as
possible for study developers, we tried to utilize graphical user interface (GUI) elements of the
Unreal Editor. To create a new study, developers first drag-and-drop a StudySetupActor (actor
is the Unreal term for any object within a map) into an empty map. Then the details panel
(see Fig. 3.2) is used to configure all crucial design aspects of the experiment, which will be
described below. Thereby, the configuration is directly stored and updated into a configuration
file in human-readable json format. Developers can switch those files, for example, to assess
different study configurations during development (see the second section in Fig. 3.2). When
starting the study, the setup information is parsed and one singleton object (derived from the
Gamelnstance class of the Unreal architecture) is created which holds all interfaces, e.g., for
logging or controlling the study. A reference to this object is easily accessible both in C++
and blueprints.

However, before a session for a specific participant is started, the order of the individual
conditions has to be randomized and balanced according to the setup. The framework
supports both within- and between-subjects factors (see [Cunningham and Wallraven, 2012]).
When multiple within-subject factors are specified for a phase, the conditions are created by
combining each level of one factor with all the levels of the other factors. This process results
in the Cartesian product of all factors (see Fig. 3.1). The default case would be to balance the
order of these generated conditions using Balanced Latin Squares [Edwards, 1951] so that the
position at which each condition is presented and the condition after which each condition is
presented is counter-balanced over participants to avoid potential position and order effects.
To achieve this, we use the sequential number of the participants to pick an appropriate row
from the Balanced Latin Square. Additionally, we shift the picked row of the Latin Square
by the phase ID to avoid potential identical randomization in two repeated phases with the
same factors. Moreover, our framework allows factors to always be presented in order (i.e.,
first all conditions with the first level and so on) or at least such that the same levels of one
factor are presented en bloc For instance, if the virtual scene is varied, all conditions within
the same scene can be shown back-to-back, to minimize frequent scene transitions. Obviously,
only one factor per phase can be specified as either of the two. This option can also be used
to implement repetitions by defining a repetition factor and setting it to “in order” so that all
first repetitions are finished before the second repetitions start. Furthermore, sometimes there
should be balancing, e.g., of a task, which is not a factor to be examined. This is possible
by defining non-combined factors, which do not contribute to the Cartesian product and are
potentially randomly mapped to the aforementioned conditions. As a last resort, there is also
a specific callback function that can be implemented by developers and gives the possibility to
reorganize or filter generated conditions. Further documentation and examples can be found
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in the project Wiki'2. As a tool for checking the setup balancing for correctness, we added
the possibility to generate the condition lists of an arbitrary number of participants and store
them into a single text file for further inspection (see “Generate Test Study Runs” button
at top of Fig. 3.2). In the shown example, Size and Color are 2-level factors, while Letter
is a non-combined, randomly assigned factor with different levels in the Warm-Up and the
Block1 phase. Additionally, Block! has a third factor Repetition with two levels so that each
combination of the first two factors is presented twice.

The framework also includes logging for positional data, data gathered for DVs, and potential
events, all with timestamps. An event can be, for example, a participant interacting with
a specific object, for which developers can log an arbitrary text, such as “Object A picked
up”, using provided interfaces. Adding new actors of which position and orientation should
be logged at each frame of the application, or less often if specified, is straight-forward by
just adding a special logging component to these actors. Additionally, this component also
allows to log custom data frame-wise, like the status of the actor or whatever is required in
the specific use case. For each study phase a table in csv-format (comma separated values)
is created, holding data collected for the DVs as well as the duration of each condition for
all participants. These tables are created in long format, holding one line per condition and
participant, as opposed to one line per participant, so that they can be easily loaded into
statistics tools like R (see Tab. 3.1). The aforementioned multiple-trial DVs, do not fit into
this format and therefore create one csv-file per variable with a line per recorded data point,
so potentially multiple lines per condition and participant. Furthermore, all data is also logged
redundantly per participant and session into a separate text file. In general special care was
taken that all data is stored safely to avoid potential data losses.

ID Gender Phase Color Size Let. Map Visib. Time
0 male Warm-Up Orange Large y LivingRoom good 4.19
0 male Warm-Up Blue Small x LivingRoom bad 8.84
0 male Warm-Up Orange Small vy LivingRoom good 9.04
0 male Warm-Up Blue Large x LivingRoom good 30.49
1 male Warm-Up Orange Large y LivingRoom bad 10.26
1  male Warm-Up Blue Small x LivingRoom good 7.44

Table 3.1.: Excerpt of an example phase log file, here for the example study setup used
in Fig. 3.2 and Fig. 3.3. The csv file format is split into columns here for visibility. It
contains the participant ID, independent variables (here: Gender), the phase name, fac-
tor levels (here: Color, Size, Letter, Map), dependent variables (here: Visibility)
and the duration of the condition.

For an immersive study, a virtual scene is mandatory and is sometimes also varied as part of
the study. It is therefore also formalized as a factor in our framework. When switching scenes,

12StudyFramework Wiki:
https://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/
unreal-study-framework/-/wikis/Randomization/Examples

30


https://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/unreal-study-framework/-/wikis/Randomization/Examples
https://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/unreal-study-framework/-/wikis/Randomization/Examples

3.2. STUDYFRAMEWORK IMPLEMENTATION

Status: Condition 6/23 Participant: 0 Phase: Block1 Color: Orange Size: Large Letter. ¢ Repetiton: 1 Map: LivingRoom

Hide Conditions Phase Map EyesCalibration Duration
jlext,Condition Goto Calibration Calibration Done 3.36

Phase Color Letter Map Visibility TrialData Duration
Warm-Up Orange y LivingRoom good # Trials: 1 4.19
Warm-Up Blue X LivingRoom bad # Trials: 2 8.84
o to Warm-Up Orange y LivingRoom good # Trials: 3 9.04
PfGoteN Wwarm-Up Blue X LivingRoor. good # Trials: 2 30.49
Phase Color Letter Repetiton Map Visibility TrialData Duration
Block1 Orange arge c 1 LivingRoom 3 # Trials: 1

Block1 Orange a b 2 LivingRoom - # Trials: 0

Blockl . Orange b 2 LivingRoom - # Trials: 0

Logs

Recorded TrialData: {question,answer0}
Recorded Visibility: good

Recorded TrialData: {question,answer2}
Recorded TrialData: {question,answer0}
Recorded Visibility: good

Recorded TrialData: {question,answer4}
Recorded TrialData: {question,answer2}

Figure 3.3.: The experimenter view overlay displayed over a demo study scene. Ad-
ditionally to the status bar (top) and log section (bottom left), the condition list is
currently shown (can be de-/activate by the top button on the left). In the list com-
pleted conditions are marked in green and the current condition is highlighted in blue.
Already gathered data is displayed.

we recommend to use fading, i.e. transitioning to a predefined color and after a while back to
the new scene, to not confuse participants by immediately changing their entire surroundings
and potential lags due to loading. To this end a configurable fading is implemented that works
in VR and desktop mode and also defines callbacks that allow developers to react to a new
level being loaded or having faded in, e.g., by starting a task only once the new scene is faded
in.

To support experimenters, we added an experimenter view. It contains a status bar (see
Fig. 3.3), that always shows what status the application is in and which condition is currently
presented, and a log section showing the latest log messages. Developers can decide for logged
messages specifically whether they should also be shown in the log section, to give the ex-
perimenter all relevant information and simultaneously not overload this log so that relevant
information might be missed. On clicking the “Show Conditions” button in this experimenter
view a scrollable condition list can be displayed (see Fig. 3.3). There, on top of seeing which
condition is currently active and which are already finished, recorded data of DVs is shown.
Furthermore, to simplify experiment development and debugging, specific conditions can di-
rectly be started there without jumping through previous conditions. This functionality can
also be used during study execution to restart a specific condition, e.g., if the participant was
distracted by something else happening and missed the start of a condition or wants to repeat
a familiarization phase. This restarting is obviously also noted in the participant’s log file,
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but should be used very carefully during execution, potentially having confounding effects.
The experimenter view can be shown as an overlay on what the participant sees in the HMD
or in a separate window potentially on a second screen in desktop mode. This study control
functionality is expanded by the possibility of recovering failed study sessions. If on starting
the study an unfinished previous study run is detected, the experimenter can choose whether
to continue the study from the last unfinished condition or start with a new participant from
the beginning. This is helpful for quick and clean recovery if the software crashes unexpectedly
during study execution.

Beyond the scope of [Ehret et al., 2024a] and slightly contradicting our statement mentioned at
the beginning, that the framework should only focus on the very core feature, we deliberately
added functionality for gaze tracking. Since many studies, given an eye tracker is present,
might want to evaluate participants’ gaze behavior, we wanted to make this easily available
for novice users without having to go through all the intricacies of integrating it themselves.
As the gaze tracking does not interfere with any of the other functionality, it can also be easily
ignored if it is not needed. There exist tools for analyzing gaze data, but they often focus on
easier to track 360° videos or images, which are easier to analyze as gaze data and fixation
points can be easily visualized on top of the stimuli themselves (see, e.g., [David et al., 2024]).
In our case, however, gazes to potentially moving 3D objects should be tracked, while the user
is also able to physically and virtually move through the 3D space. Currently, eye tracking is
easily possible using the HT'C Vive Pro Eye (support for other HMD using the eye tracking
extension of OpenXR is planned). When activated the gaze tracker can continuously log the
gaze direction, eye openness, and pupil dilation. Additionally, actors can be flagged as gaze
targets, and by means of line traces it is checked whether one gaze target is currently gazed
at. If no eye-tracking sensor is available, head orientation can also be used as a coarse proxy
for gaze direction. However, this should be used with care since there is evidence that this
approximation is problematic [Sidenmark and Gellersen, 2019].

3.3. Evaluation of the StudyFramework

The StudyFramework was already successfully used in 14 experiments related to human-ECA
interaction (e.g., [Ehret et al., 2023, 2024b; Ermert et al., 2023; Bonsch et al., 2023a,b]) and
successively updated and improved in that process. All developers of these studies (if not the
first author of this paper) were asked to fill out a short subjective evaluation questionnaire
after conducting their respective study. This questionnaire contained general questions with
regard to the experience of the developers (see App. A.3), specific questions for features of the
framework, and the System Usability Scale (SUS) questionnaire [Brooke, 1995].

In total we received filled-out questionnaires from 11 different study developers over the course
of one and a half years of which one had to be excluded due to incompleteness. Of the remain-
ing n = 10 projects, three were bachelor thesis and four master thesis projects. The remaining
three were in the context of different PhD projects in the realm of acoustic, psychology, and VR
research. Answers to the questions regarding prior experience, ease of development, and confi-
dence during study execution, which were rated on a 5-point Likert-scale between 1 (Strongly
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Q1 Experienced in Unreal °

Q2 Experienced in C++ development x|

Q3 Experienced in factorial study design E °
Q4 Easy usage of study setup ° a||

Q5 Randomization options were clear —E— ®
Q6 Wiki was helpful ° 9|| °
Q7 C++/Blueprint interfaces sufficient

Q8 Needed to look in source code freq. —EI

Q9 Needed a lot of help

Q10 The experimenter view helped °
Q11 Felt in control conducting study ° ¥ ]
Q12 Felt confident with recovery options
Q13 Used “Show Conditions” regularly x|

1 2 3 4 5

Figure 3.4.: The answers by n = 10 developers given to the individual statements as
box plots on a scale from 1 (Strongly Disagree) to 5 (Strongly Agree). The stars indicates
the mean while the boxes show the quartiles with whiskers extending to the full range
and outliers being displayed as dots. Statements are given here as shortened versions,
full-length statements can be found in App. A.3

Disagree) and 5 (Strongly Agree), can be found in Fig. 3.4. Additionally, when asked what the
most helpful feature was, five study developers (50%) stated the status bar, three (30%) the
“Next Condition” button, and one each stated the output log (10%) and “all of them” (10%).
When asked for the least helpful feature seven participants (70%) answered “None”, while the
“Next Condition” button, the “Show Conditions” button, and the output log where picked by
one developer (10%) each.

Evaluating the results of the SUS yielded a mean score of 76.5 (SD = 16.6) on a scale of 0
to 100, which is considered a “good” usability score. When looking closer at the individual
scores, in five cases the framework was rated above 80, which constitutes an excellent score,
however, in one case it was even rated as low as 40 (while all other ratings stayed above 65,
which is the average SUS rating). Following up on the free field comments in this particular
case did not yield any insights on a specific shortcoming.

However, when looking at the free comments of all developers regarding implementation ease,
there are a few inconveniences and feature requests mentioned. Some of them (like logging
custom data or debugging functionality requested) were already solved during further devel-
opment of the framework, but two still persist. One study developer stated that “The nested
design of the study setup (phases etc.) was at times hard to digest, partly also because of the
small fonts” (see Fig. 3.2). Another comment hinted at the missing possibility to dynamically
insert, e.g., “a phase only between specific conditions of another phase”, which goes beyond
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standard factorial design and was thus consciously not added. However, also several com-
ments stated, e.g., “the framework makes creating a study very easy, especially if you are new
to Unreal” or that “it was easy to use for a beginner in study design and actually helped to
understand the structure of studies with (in)dependent variables, factors and conditions” and
that the StudyFramework’s “blueprints were really nice and easy to use.” Looking into the
comments regarding conducting the actual study, the only negative comments regarded short-
comings that were already fixed in the meantime or feature requests that would go beyond
the targeted scope of this framework. One developer, for example, requested the possibility
to reset the participant’s position which is very specific and should therefore rather be im-
plemented for a study individually. Apart from that, there were positive comments like “the
possibility to restart the study where the participant left of as well as the good logging came
in very handy” and “during execution of the study, it was pretty good. I could not think of
something to immediately improve.”

3.3.1. Discussion

When looking at the results of questions Q1 - Q3, we can conclude that we had rather novice
users: While some of them were more proficient in C++ development, nearly all of them were
very new to Unreal and study design. Although the framework should also benefit more pro-
ficient developers in not having to write study code from scratch, the plugin was especially
designed with Unreal novice users in mind. Therefore, it is very encouraging that they found
“the usage of the StudySetupActor clear and easy” (Q4, M = 3.9, SD = 0.3). The “differ-
ent randomization and ordering options” in this setup, however, were apparently experienced
as less clear (Q5, M = 3.2, SD = 0.9). This is also illustrated by the comment regarding
the complexity of the nested design, probably referring to the nested setup of phases, factors,
and levels. Partly, this might already have been improved, since we simplified the condition
creation and balancing during further development, e.g., removing dedicated repetition func-
tionality which could just as well be implemented with an additional factor. At the same time
also more documentation and several examples were added to the Wiki of the respective git-
project'?. However, there might also be room for improvement with regard to the clearness of
the randomization and balancing. The Wiki in general and the provided interfaces were rated
well above average (Q6 & Q7). This can also be seen in the low ratings to the statement “I
had to look into the source code frequently to understand what was going on” (Q8, M = 2.2,
SD = 0.8). However, looking at the answers to “I needed a lot of help to develop the study”
(Q9, M = 2.7, SD = 0.7) reveals that still some additional help was required, albeit that
these ratings drop over time (the only “4”-rating was at the beginning of the evaluation, while
the last ratings were “2”). That potentially hints that the quality improved over time, but
could also be caused by other factors. Furthermore, the statement does not clearly differentiate
between needing help to understand the StudyFramework or with study design in general.

These observations together with the relatively high system usability score bring us to the
conclusion that the developed framework is well usable by novices to set up factorial-design
user studies, which was one of our main goals. The pursuit of simplicity inevitably limits the
ability to accommodate more intricate configurations, such as those requested by a developer
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to dynamically adjust conditional orders based on participants’ performance or choices. But
overall the provided functionality seems sufficient and user-friendly.

Another important aspect of the framework is the support for experimenters during the execu-
tion of a study by means of a GUI. Developers were very grateful for the experimenter view and
agreed that it was helpful (Q10, M = 4.5, SD = 1.0) and greatly agreed with the statement
“I felt in full control over the study” (Q11, M = 4.0, SD = 1.2). Only one developer, using
an early version of the framework, rated both with 2. Reported problems were subsequently
fixed. Another participant asked for the possibility to restart an already started condition in
the conditions list (using the “Go to” button, see Fig. 3.3), which was initially deactivated
during study runs but consequently provided to grant experimenters full control. A similarly
enabling functionality is the recovery on crashed study runs (Q12, M = 3.6, SD = 1.1). How-
ever here, experimenters did not feel just as confident. This might have come, because they did
not test it thoroughly before starting the study and did not implement it themselves, so they
were not entirely sure what would happen. We, however, implemented this feature in a way
that no data loss can appear, because potentially removed data from an already started, but
not finished, condition would be backed up before removal. Generally, the features within our
experimenter view often go unimplemented in many studies that are developed from scratch.
Due to time constraints, essential functions are prioritized over convenience features, relegating
these valuable additions to the bottom of the priority list. This is again a strong argument
for using our proposed framework, as feeling in control while conducting a user study is a very
reassuring feeling for the experimenter and potentially also increases the number of valid and
useful data sets gathered. Which particular feature was useful for which study had a larger
spread, this can be seen in the answers to Q13 but also in the answers to the most and least
helpful feature. While the status bar was liked most by a majority of experimenters, there is
no clear preference for a least helpful feature that potentially could be removed, hinting that
all implemented features are well integrated and supportive.

However, the evaluation is based on a limited number of subjective responses (N = 10) and
can therefore only be generalized with caution. Furthermore, as stated, the framework was
developed continuously during data gathering so that some features might have become more
helpful in the process. Nevertheless, we are confident that the presented StudyFramework
provided value to the surveyed developers and facilitated their development as it will for future
study developers.

For future developments of our framework, our focus will be on enhancing user-friendliness,
enabling new as well as experienced developers to quickly and effortlessly set up new studies,
minimizing the likelihood of unforeseen issues arising during or after study execution. Thus,
our strategy revolves around optimizing and streamlining our current functionality based on
incoming developer feedback and future Unreal versions, while we will only incorporate new
features that align with our vision of a light-weight, general framework in response to user
requests. Additionally, we appreciate the initiative of Aguilar et al. [2024] to increase the
reproducibility of experiments. While our StudyFramework already contributes to this goal,
we believe that the use of widely accepted common formal descriptions could further enhance
reproducibility. Consequently, we are open to engaging in discussions to determine the appro-
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priateness of our current json file implementation or explore whether other data formats might
offer superior compatibility and reproducibility benefits.

From the reported studies only approximately half used gaze tracking, and were happy with
the availability, especially since an efficient implementation is not straightforward and should
run asynchronously to the main thread. After the publication of the StudyFramework the
eye tracking was extended beyond the HTC Vive Pro Eye headset to include all eye tracking
capable devices using the eye tracking extension of OpenXR, which was already used in [Ehret
et al., 2025b]. To date, the framework has been utilized for 17 VR-based user studies.

3.4. Avatar Plugin

Due to the broad adaptation of HMDs in recent years, another aspect to consider when con-
ducting human subject studies are body avatars. This need arises, because the view to the
participants’ own body is blocked, in contrasts to projection-based VR as in CAVEs. These
body avatars are supposed to evoke a body ownership illusion, so the feeling of actually ac-
cepting the virtual body as one’s own, and the sense of agency, i.e., feeling in control of the
virtual body [Spanlang et al., 2014]. It was found that avatars with high motion fidelity are
beneficial [Cao et al., 2023], especially when engaging in social scenarios [Smith and Neff, 2018],
which is the main focus in this work.

Virtual representations can vary from representing just the hands, over additionally visualiz-
ing a floating upper body to full-body visualizations [Lugrin et al., 2018]. Thereby the visual
representations can be custom-made to fit the appearance of the user as closely as possible
or rather generic (see, e.g., [Waltemate et al., 2018; Hepperle et al., 2022]). However, when
integrating avatars it should also be carefully considered that those can also influence behavior
of the users. For example, users potentially involuntarily adapt to incongruent avatar move-
ment [Boban et al., 2023] or perceive time differently [Unruh et al., 2023]. Another way in
which avatars can alter user behavior is based on their virtual representation, the so called
Proteus Effect [Yee and Bailenson, 2007]. Yee and Bailenson [2007] found, for example, that
participants acted more confident when being embodied in a taller and more attractive self-
representation, but similar effects were also shown for other avatar qualities. A literature
review for the effects of synchrony, realism and body completeness on self-embodiment can be
found in [Yassien et al., 2020], which states that full-body representations significantly enhance
social presence and are therefore crucial in the scope of this work.

However, the virtual body and the real body are in most cases required to match in size and
proportions, to accurately steer the virtual representation with one’s own movements. The
most straight-forward solution is to measure the height of a user (for example by using the
HMD and an upright-standing calibration pose) and then uniformly scaling the entire model
to this height. However, this does not take into consideration differences in body proportions.
When using an avatar, this becomes, for example, particularly obvious if the physical arms are
fully extended but the virtual arms are still bend. A solution to this is presented by Pujades
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HTC Vive Tracker
Valve Index Controller
M5StickC

Figure 3.5.: Different tracking setups used. 10 IMUs with 2 additional Vive Trackers,
Valve Index Controller and HMD (a); Full tracking setup with 6 Vive Trackers, HMD,
and Valve Index Controllers (b); Reduced setup using only the HMD, foot trackers and
controllers (c¢); Only HMD and controllers (d).

et al. [2019] with their Virtual Caliper system. In this system several predefined poses have
to be made with the controllers to measure respective body proportions (see Fig. 3.7(left)). If
the avatar should also visually resemble the user, it is possible to scan the actual body of the
person (see, e.g., [Waltemate et al., 2018]). This requires, however, a dedicated, potentially
expensive scanning setup and can be very time consuming. The process can be made simpler
with recent scanning applications which only use a smartphone (e.g., [Menzel et al., 2024]).
These are, however, still error-prone and results are often not as good as specifically designed
3D models. However, time-efficiency calibration is in many applications and especially user
studies crucial, so size-only calibrations of existing 3D models are often preferred.

Valvoda et al. [2007] showed that embedded avatars should consistently follow the movements of
the user’s physical body. While they did their study using exocentric avatar, this also transfers
to egocentric avatars as shown They further found that one key feature that users appreciate
most is tracking the feet and applying their motion to the avatar. The highest fidelity can be
achieved with optical tracking using a room-mounted tracking system with multiple camera
and tracking markers attached to the user (see, e.g., [Spanlang et al., 2014; Chan et al., 2011]).
These systems, however, are expensive and require a lot of space and time to set up. The
most common alternative is to utilize the hardware users use anyways for interaction with the
VR application, namely the HMD and tracked controllers. While these can be used to track
head and hands the remainder of the data has to be approximated (see, e.g., [Winkler et al.,
2022; Fletcher et al., 2023]). However, additional connected trackers (using the same tracking
technology as HMD and controllers) can be used to actually measure this data. Another option
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are inertia measurement units (IMUs) which can be used to measure the movement of other
body parts (see, e.g., [Yi et al., 2021; Cha et al., 2021; Roetenberg et al., 2013]). These IMUs,
however, cannot measure their positions directly but can only be used to estimate position
and orientation. More specifically, they measure orientation change and linear acceleration
and by integrating these measurements compute orientation and positional offset. Due to this
integration, however, measurement inaccuracies can lead to drifts in the estimated values over
time. Recently also tracking using a single camera gained attention and produces surprisingly
accurate results (see, e.g, [Giiler et al., 2018; Istvan et al., 2023]). However, these tracking
results often still contain temporal noise and discontinuities, rendering them inferior to the
previously discussed techniques for tracking avatars. Furthermmore, an aspect to consider with
all of these tracking setup is latency, since high latency can have detrimental effects [Waltemate
et al., 2016]. A thorough review of different tracking technologies can be found in [Zhou and
Hu, 2008].

3.4.1. Avatar Animation

For our own implementation we used an HMD that uses Steam VR lighthouses for tracking, for
example the HTC Vive Pro FEye, which additionally provides eye tracking which can be used.
Adkins [2022] found that articulated hands improve user comfort and immersion, therefore
rudimentary finger tracking was implemented using the Valve Index Controllers which can be
secured to users’ hands with straps and can measure the distance for each finger from the
controller. They provide for each finger a scalar value describing the curl and the spread
between each neighbouring pair of fingers. This data can directly be applied to the skeleton
joints in the hands of the avatar model. Additionally to this we used in most setups Vive
Trackers [Borges et al., 2018], to provide tracking anchors for the feet and potentially other
body parts with high fidelity, as the use the same inside-out tracking technology as the HMD.
A base setup with only two trackers attached to the feet can be seen in Fig. 3.5(c).

For high fidelity tracking of body parts in between those anchors, we initially evaluated the
use of IMUs due to their cost-effectiveness and the potential for deploying multiple units to
enhance overall accuracy. We utilized M5StickC' micro controllers, which are comparatively
cheap, can be equipped with an IMU, and provide wireless networking capabilities and a
display and buttons for easy control (see Fig. 3.5(a)). We were, however, not able to mitigate
the aforementioned problem of drifting, also using more advanced data integration, like Mahony
filters [Mahony et al., 2008]. In our implementation the drift was on average 0.75°/s, which
rendered this method not usable for us, since for example the elbow would have rotated by 45°
after one minute for a user standing perfectly still. Consequently, we abandoned the idea of
using IMUs and instead used additional trackers using the lighthouses for tracking. As trade-
off between tracking accuracy and setup time and cost, we opted for four additional trackers.
These trackers were strategically placed to capture common movements that cannot be directly
inferred from head, hand and foot positions. Therefore, pelvis and chest trackers enabled the
capture of more complex torso movements such as twisting and bending, which would otherwise
need to be estimated from other sensors. Thereby movement fidelity is gained, particularly
when distinguishing between back bending and downward pelvic movement or differentiating
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torso rotation from head turns. Additionally, lower arm trackers facilitated the disambiguation
of arm positions when hands remained fixed, allowing for free movement of the elbows with
arms not fully extended. This setup can be seen in Fig. 3.5(b) and is further called 6-tracker
setup, as in total 6 Vive Trackers are used additionally to HMD and controllers.

We use the full-body inverse kinematics (IK) solver integrated into Unreal Engine to apply
the tracked data to the body avatar. Since this solver operates on the virtual skeleton within
the 3D mesh of the avatar model, it is necessary to transform the position of the trackers
attached to the user’s body into the reference frame of the skeleton used for the body avatar.
To this end, users have to take up a reference pose and align their physical limbs as closely
as possible with the virtual body and confirm the alignment by pressing and holding a button
on the controller for one second (to avoid accidentally confirming too early). Initially, we
employed a T-pose as the reference pose, where the user has to extend both arms to the sides.
However, we transitioned to a pose with both arms extended forward (see Fig. 3.6(right))),
allowing users to simultaneously see both virtual representations of the hand/arm tracking
positions and the virtual arms to be matched,. This increased the accuracy of the alignment
procedure, since the feet do naturally not moved once placed at the right virtual positions,
but the arms tend to move, especially when turning the head to look at the other hand.
This alignment procedure relies on the user’s perception only, so it can be repeated if users
afterwards experience their virtual body to not move in sync with their physical one. The
rotational and positional offset of the trackers and their associated positions on the skeleton
during the reference pose are captured and stored in a file to be further used throughout the
same session even when having to restart the Unreal application, for example due to other
technical problems. With these offsets and the current tracker positions and rotations the IK
solver can be used to position the virtual avatar model as closely as possible to the physical
body of the users. To ensure physiological plausibility and enhance the realism of the avatar’s
motion while reducing artifacts that may arise from inaccurate tracking, certain constraints
are applied to condition the IK solver. For example, knee rotation is limited to one axis only.

In practice this 6-tracker setup still required a few minutes when setting up individual partic-
ipants during user studies. Anecdotal observations during study sessions have indicated that
participants move less and avoid movements such as co-verbal gestures, when having all the
trackers attached to their bodies, potentially resulting in less natural behavior. Therefore, we
introduced a reduced set of trackers using only two trackers at the ankles for foot tracking
additionally to the HMD and controllers (see Fig. 3.5(c)). For a faithful tracking, we had to
do some more adaptations before running the IK algorithm. First of all the pelvis has to be
estimated from head and feet positions. Thereby the orientation of the pelvis is always esti-
mated from the feet positions, such that the forward direction of the pelvis is perpendicular
to the connection line between the feet (see Fig. 3.6(left)), while always staying upright. The
position of the pelvis (Ppelvis) is based on that of the feet (Pieft/right) and head (Ppeaa). The
horizontal position is computed based on [Roth et al., 2016] as:

Ppelvis = 04- Pleft + 0.4- Pright +0.2- Phead

® I~ 39



CHAPTER 3. ESSENTIAL TOOLING: A FACTORIAL-DESIGN STUDY
FRAMEWORK WITH BODY AVATAR INTEGRATION

ol
% ¥
%5 S
a8 ER
s%--d g
N T
G .gg
%W

Figure 3.6.: The orientation of the pelvis (red arrow) based on the foot positions (left).
A side view of the crouching movement, especially showing the backward movement of
the pelvis (middle) and the pose used to align the virtual and the physical body (right).

hpelvis,cal
hhead,cal

The height (hy denoting the height of x) of its position is set using the quotient gpervis =
of the used skeleton when standing upright in the calibration pose (cal) to

hpelvis = hlowerFoot + Qpelvis : (hhead - hlovverFoot)

Additionally to the implementation in [Roth et al., 2016], we also moved the pelvis farther
backwards the lower the head goes along the forward (¥Uforward) vector estimated by the foot
positions by

1 S
Appelvis = Z . (hhead - hhead,cal) * Vforward

This factor proved to produce good looking movements during extensive testing. Furthermore,
some constraints are used to condition the IK solver to make the backbone to move strongly
only if the movement cannot be performed by the limbs, and keep the shoulders at reasonable
positions.

As Debarba et al. [2022] stated accurately tracking the feet is important. In our studies we,
however, often dealt with static scenarios which do not justify the effort of attaching foot
trackers. For these scenarios we also implemented the flexibility of omitting foot trackers (see
Fig. 3.5(d)). In this case the animation system always keeps the virtual feet on the floor
below the head moved 15cm to each side and facing in the direction of the head. Since foot
positions should not be corrected on every movement of the head, we added thresholds for
position deviations (Opes =20cm) and the rotation (O, = 45°). If one foot’s divergence
form the optimal placement in either rotation or position is above the respective threshold, the
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foot is re-positioned. For this, the position is linearly interpolated while the foot is smoothly
raised to 6cm height and set down again along this movement. While one foot is moving
the other cannot be moved. Just once the first foot is set down the second can be moved
if it violates one of the thresholds. Otherwise the feet are kept in place again until another
threshold is passed. This procedural animation was particularly easy to implement due to
the employed IK system. An alternative to this procedural approach could be to use motion
matching [Fletcher et al., 2023] or entirely learned models [Winkler et al., 2022] for the lower
body. QuestSim [Winkler et al., 2022], for example, implemented a data-driven model that
is able to produce convincing full-body movement only from head and hand positions, taking
also light body sways into account to synthesize the leg movement, alleviating the burden of
attaching additional tracking hardware. Another alternative to using IK altogether would be
physics-based animations using reinforcement learning (see, e.g., [Llobera and Charbonnier,
2022)).

We used this plugin in several studies, using the 6-tracker, the 2-tracker and the O-tracker
setup (see Fig. 3.5). As stated before, we qualitatively observed during multiple studies that
participants tended to move less articulated wearing the 6-tracker setup, while needing more
time to be equipped with the trackers. When only using the 2-tracker setup in another study
there were no remarks by participants regarding missing fidelity of the tracking. On the con-
trary, participants were still very positive about the avatar moving with their physical body
and did not complain about unexpected movement artifacts. Based on this observation, we
hypothesize that the 2-tracker setup is sufficient for many applications, particularly when in-
corporating interactions that do not require nuanced body language. We even found, that in
scenarios where participants are asked to remain at designated virtual positions (e.g., [Ehret
et al., 2025b], further explained in Sec. 6.1) the O-tracker setup sufficed since participants typi-
cally did not move their feet significantly. However, in use-cases such as collaborative mediated
interactions with other humans or ECAs, where conveying subtle movements such as stance
shifts becomes crucial for effective communication and shared understanding, we recommend
using the 6-tracker configuration as it potentially better conveys this information. Addition-
ally, for situational contexts where participants move we would strongly recommend to use
foot trackers, as internal testing showed that agency is degraded if the feet are algorithmically
moved, since often the wrong foot is taken and the movement in general does not fully resemble
the actual movement. If a study in a non-stationary context without foot trackers should be
performed, we would advice to take a closer look at the solution proposed by Winkler et al.
[2022]. In conclusion, we recommend careful consideration of the tracking configuration based
on the situational context of the interaction. For our upcoming settings, however, the O-tracker
and 2-tracker configurations are sufficient and thus used where applicable.

3.4.2. Avatar Calibration

In the previous section we already introduced the alignment process to attach the virtual to
the physical body. However, as explained before it also important to have the virtual body’s
proportions to map those of the physical body to produce movements with high fidelity. The
most straight-forward approach to this is simply scaling the virtual body to match the height

® I~ A1
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Hold your left input device in fr
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Hold your right input device in front of your right wrist.
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Figure 3.7.: Some body measurements used by [Pujades et al., 2019] exemplary visual-
ized (left). An ECA showing specific calibration poses that have to be reproduced by the
user for calibration during our first avatar calibration study (middle, image from thesis
of Patrick Nossol) and the user at the end of the gamified calibration having attached
boots, belt and should armor to their virtual body (right, image from thesis of Marius
Meier-Kruger).

of the user’s body (measured, for example, using the HMD and telling the participant to stand
up straight). However, in humans also the limbs are differently scaled, therefore taking more
measurements (see Fig. 3.7) can be appropriate, especially in context like virtual cloth try-ons
or ergonomics (see [Pujades et al., 2019]). In the Virtual Caliper approach [Pujades et al.,
2019] users have to take poses with the VR controllers, shown in a non-immersive instructional
video, to take 3D measurements of their body. As reproducing these from 2D pictures/videos
or even textual descriptions can be hard and error-prone, we implemented a similar system but
with an ECA showing these poses directly in VR (see Fig. 3.7(middle)). In a small usability
study (which was conducted with one person only due to Corona regulations at that time), we
found that the animation were preferable over a text-based explanation of these poses only, by
means of usability, using the System Usability Scale [Brooke, 1995].

Going beyond that, we also developed a gamified version of this visual pose-matching calibra-
tion process (see Fig. 3.7(right)). The idea here was that participants have to attach different
accessories to their virtual body, like a belt or shoulder armor, and then have to hit some tar-
gets with a sword or kick them. By this we can measure, for example, shoulder and hip location
and from the legs’ and arms’ swinging movements their length could be approximated. While
many participants (80%) liked this system best it was also by far the most time-consuming
one (M = 152 s, SD = 41), compared to the ECA guide (M = 121 s, SD = 42).

The gamified calibration, however, also introduces a new scenario which might not be aligned
with the study content. In our recent studies, we therefore simply used the height-only calibra-
tion, which can be accomplished in a few seconds and yielded satisfactory results in our obser-
vations. However, here most participants weight-wise matched the available gender-matched
avatar models. For a broader population, this calibration might still yield avatars not matching
their body size, which potentially has unwanted psychological effects (see, e.g., [Mdlbert et al.,
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2018]). This is especially true for context where the virtual body plays an important role (for
examples see [Pujades et al., 2019]), unlike the ECA-human interactions we evaluate in this
work.
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CHAPTER 4

Verbal Behavior

As stated by Gratch et al. [2002], speech is an important aspect to create believable, embodied
conversational agents (ECAs), as it serves not only as a medium for conveying information
but also as a key factor in establishing connections and social presence between users and
these agents. In this chapter, we will investigate various aspects that are crucial for designing
and implementing ECAs, aiming to identify the most effective settings for for a natural verbal
behavior. This chapter will encompass the voice used by ECAs and the prosody of the speech
(Sec. 4.1) and the auralization (Sec. 4.2), with special attention to how speech sound is
radiated. Aspects which are not directly related to the speech itself, like articulation movement
etc. will be discussed in the following chapter concerned with co-verbal behavior.

4.1. Voice and Prosody

The contents of this section are based on and taken in part from work previously published in
[Ehret et al., 2021].

ECAs are designed to exhibit interactive capabilities that enhance user engagement, which
include plausible animations, non-verbal and verbal cues. Among these features, speech stands
out as one of the key modalities, and developers strive to make it as natural and fluid as possible
to further facilitate meaningful interactions with these agents. While the most natural option
for the speech content is to record a voice actor, this is very labor- and cost-intensive [Georgila
et al., 2012]. Therefore, text-to-speech (TTS) synthesis is often used (e.g., [Schroder et al.,
2011; Wang et al., 2017; Shen et al., 2018]), which creates speech audio from text input only
and can also be used in flexible real-time scenarios. While there exist approaches going even
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Figure 4.1.: Side-by-side visualization of two different frames of the used stimuli in
the audio-visual condition Fgca. The agents are animated using face recordings of real
speakers and engage in a four-sentence conversation of about 30s length, in this case
organizing the next football training (S4aining)-

further by, e.g., incorporating more information into the synthesis process, such as concept-to-
speech (CTS) [Hiyakumoto et al., 1997], the present work will focus on the easier-to-use and
more common TTS method.

There exists a large body of research comparing synthetic speech with prerecorded speech by
trained speakers. For example, Chérif and Lemoine [2019] found that anthropomorphic agents
with a human voice elicit stronger social presence than those with a synthetic voice. Chateau
et al. [2005] evaluated the emotional response in participants comparing voice quality levels
and Do et al. [2022] found that higher speech fidelity led to higher persuasiveness. Higgins
et al. [2022] found detrimental effects of synthetic voices used for photo-realistic ECAs, while
Lam et al. [2023] found that participants had a clear idea of which (differently-pitched) voices
matched which visual ECA representation best. Krenn et al. [2017] looked into the social effects
of synthetic voices incorporating dialects. Davis et al. [2019] compared non-native judgements
of prosodically expressive as well as neutral human utterances with TTS. Malisz et al. [2019]
used deep learning techniques to adapt the prominence of individual syllables of synthetic
speech to the prominence in natural speech. By this they tried to improve the naturalness of
the synthetic speech but did not find significant improvements in naturalness ratings. Miniota
et al. [2023] trained a TTS model based on spontaneous speech to generate more natural
synthetic speech and found that their solution was preferred over commercial solutions, albeit
not rated as natural as recorded speech. An in-depth analysis of synthetic voices in human-
agent interaction by Seaborn et al. [2021] provides a summary of many studies evaluating
different dimensions when comparing synthetic and human speech. Other studies investigated
the effect of synthetic speech on either computer-sided (e.g., [Gélvez et al., 2020]) or user-
sided alignment/entrainment (e.g., lexical and syntactic alignment in [von der Piitten et al.,
2016]). Von der Piitten et al. [2016] did not only examine the effect of synthetic as compared
to prerecorded speech, but also how the ECA (in their case as robotic representation) was
embodied, differing between an actual robot, a virtual robot, and no embodiment at all. They
did not find an effect of synthetic speech on human-likeness, which can, however, at least partly
be accounted to the robot-like visual representations used. Similar studies (e.g., [Cohn et al.,
2020]) also enhance this comparison by a more articulated talking head present in the physical
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space of the participants, namely a Furhat [Moubayed et al., 2012]. While there is an open
discussion as to what kind of voice to use for non-human devices like smart speakers [Cambre
and Kulkarni, 2019], the focus on this dissertation lies on anthropomorphic agents.

Despite the rapid improvement of TTS technology in recent years, human listeners tend to rate
synthetic speech as less natural [Kiihne et al., 2020] while modern synthetic voices are reaching
the level of human voices [Seaborn et al., 2021]. The preference of human voices may partly
be attributed to an inadequate prosody of the synthesized speech, surfacing for example as the
wrong placement of lexical stresses, pitch accents, and pauses, sometimes leading to a “bro-
ken” rhythm, or by inappropriate intonation contours (e.g., [Cutler, 1980]). When comparing
synthetic and human voices for ECAs, Cabral et al. [2017] copied the natural human prosody
in their synthesis and Davis et al. [2019] used different levels of expressive human prosody, but
they both did explicitly not evaluate inadequate prosody as commonly present in off-the-shelf
TTS solutions. To close the research gap on the effect of inadequate linguistic prosody for
German native listeners, we investigate how prerecorded human speech featuring the same
inadequate prosody as synthetic speech from off-the-shelf TTS solutions is rated regarding its
perceived naturalness compared to TTS on the one hand and natural speech with “correct” or
adequate prosody on the other. Thereby, we evaluate how strong the influence of such inad-
equate prosody is with the aim to draw attention to the role of (in-)adequate prosody when
using off-the-shelf TTS in ECA research. Our test bed comprises four social contexts repre-
senting everyday situations, e.g., making a doctor’s appointment, in which two ECAs engage
in a four-sentence conversation of about 30s length. Furthermore, we examine whether seeing
virtual representations of the ECAs acting out this speech acts as a moderator and influences
the expectations, and thus the ratings, of naturalness. We expect to find that synthetic speech
will be more readily accepted within a virtual environment, since the combination may be felt
as matching (cf. Gong and Nass [2007], who found synthetic speech to be best presented with
a synthetic face). We call this the masking effect of synthetic speech by speaker embodiment.
Moreover, we anticipate that the use of embodied ECAs also influences how severely inade-
quate prosody is assessed. We call this the masking effect of prosody by speaker embodiment.
Furthermore, we expect the female voice to be judged as more natural in synthetic speech,
since most smart speakers nowadays use female synthetic voices [West et al., 2019] and there-
fore participants are more accustomed to those producing incorrect prosody. To the best of
our knowledge no study has been conducted before evaluating this isolated effect of inadequate
prosody in TTS in combination with speaker embodiment. Although - as stated by Peeters
[2019] - doing such research directly in virtual reality will increase ecological validity, we had
to restrict the presented study to a video-based online survey due to the limitations resulting
from the ongoing Corona pandemic.

We designed a study varying the (S)peech in three levels: synthetic speech as generated by
a TTS system (Strg), speech recorded by a voice actor imitating the less adequate prosody
as present in the synthetic stimuli (SphymantTTs), and human speech with adequate prosody
(Shuman). We also varied the (E)mbodiment of the speakers on two levels between audio-only
(FEaudio) and simultaneously watching ECAs acting out the speech (Fgca) in an audio-visual
condition. For our conversations, we used both female and male virtual interlocutors ((G)ender
with the levels Gtomale and Gale)-
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We test the following hypotheses with respect to perceived naturalness (N):

H1 We expect participants to rate (i) a human voice as more natural than a synthetic voice
(even if the prosody is inadequate) and to rate (ii) adequate prosody as more natural
than inadequate prosody:

N(Shuman) > N(Shuman-‘rTTS) > N(STTS)-

H2 We expect that watching the ECAs speaking will increase the perceived naturalness of
the synthetic speech:
N(Egca) > N(Faudio) for Strs.

H3 We expect participants to perceive the female voice as more natural in synthetic speech:
N(Gfemale) > N(Gmale) for STTS

4.1.1. Evaluation of the Influence of Synthetic Voices and
Embodiment

We designed a 3 x 2 within-subject study, comparing the three different levels of Speech and
the two levels of Embodiment of the speakers.

Materials

We designed four dialogues between a woman and a man consisting of four sentences per dia-
logue portraying a short telephone call in German of about 30s each. This allowed us to place
the participants as passive observers between the interlocutors. The Scenarios were designed
to represent everyday situations like making a doctor’s appointment (S14octor), Organizing a
board game night with friends (S2gaming), booking a flight (S3¢avel), or organizing the next
football training (S4¢raining). The dialogue for scenario Slgoctor is given in Table 4.1, with the
accented syllables in bold face and the nuclear accent in bold capitals (see Table A.2 and Table
A.3 in the Appendix for the other scenarios). A nuclear accent is the final pitch accent in an
utterance which determines the interpretation or pragmatic meaning of the utterance. Table
4.1 shows a distribution of accents representing a possible adequate prosody. The adequacy
of prosody (especially in terms of accent placement, which is of major interest in our study)
was checked in a brief informal survey prior to the experiment. Additionally, the prosody as
produced by the TTS system is given, with inadequate accents in red. Since the experiment
is conducted in German, we also provide an English translation, however, not specifying the
accents since they are language-dependent.

We tested different commercial TTS engines and decided in favour of Google Cloud TTS using
the voices de-DE-Wavenet-F as female and de-DE-Wavenet-B as male voice since they yielded
the audibly most pleasing results while generating on average 2.5 misplaced nuclear accents
per dialogue. In the last sentence of the example in Table 4.1, e.g., the TTS engine placed
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Table 4.1.: Conversation in the first scenario (Slgoctor) given by a male ECA (A) and
a female ECA (B). Accented syllables are written in bold face and the nuclear accent in
bold capitals. The adequate prosody was used for Spuman Whereas T'TS prosody was used
for ShumantTTs as well as Strs. For the latter, inadequate nuclear accents are highlighted
in red. An English translation of the text is given in the right-hand column. The other

scenarios can be found in the Appendix A.2.1.

S1 | German (adequate | German (TTS prosody) English translation
prosody)

A | Guten Tag, ich mochte | Guten Tag, ich moéchte | Good morning, I'd like to
gerne einen Termin fiir eine | gerne einen Termin fiir | make an appointment for a
KonTROLLuntersuchung eine  Kontrolluntersuchung | check-up.
vereinbaren. verEINbaren.

B | Sehr gerne, aber in diesem | Sehr gerne, aber in diesem | Very well, but unfortunately
Monat kann ich Ihnen lei- | Monat kann ich Ihnen leider | I can’t offer you any more ap-
der keinen Termin mehr | keinen TerMIN mehr an- | pointments this month. We
ANbieten. Wir sind bereits | bieten. = Wir sind bereits | are fully booked already.
VOLL. VOLL.

A | Schade. Wie sieht es denn | Schade. Wie sieht es denn | Too bad. What about the
im FEBruar terminlich aus? | im Februar terMINlich aus? | schedule for February?

B | Gut, hier sind noch einige | Gut, hier sind noch einige | It looks good, here we still
Termine FREI. Sie konnten | TerMIne frei. Sie konnten | have some free dates. For ex-
zum Beispiel am neunten | zum Beispiel am neunten | ample, you could come by on
Februar um neun UHR vor- | Februar um neun Uhr | the ninth of February at nine
beikommen. VORbeikommen. o’clock.

the nuclear accent on the first syllable of the final verb (VORbeikommen, ‘come by’), repre-
senting both a wrong position of lexical stress (which should be on the second syllable, i.e.,
vorBEIkommen) as well as an inappropriate position of the nuclear pitch accent (which should
be on the noun Uhr ‘clock’, as in the left-hand column of Table 4.1). These stimuli were used
for the Strg level.

Additionally, we recorded a trained 36-year-old female speaker and a trained 51-year-old male
speaker with an AKG C451F microphone (with CK4 Capsule) at around 50 cm distance to the
speaker (see Fig. 5.3) in an acoustically optimized recording room (reverberation time T3y <
200 ms) reading out the dialogue once with adequate prosody (Shuman) and once imitating the
prosody as produced by the TTS engine (Shumant+TTs). For the imitation, the actors listened
to the sentences produced by the TTS engine a few times and then spoke along with it.

While recording audio, we also captured the facial movements of the speakers to animate the
respective ECAs during rendering. We used an iPhone to record face animations in 100 Hz as
described in Sec. 5.1 (see Fig. 5.3). Since the sentences for Sphyman+TTs Were spoken in sync
with the audio of StTg, we were able to use the face tracking for both conditions. By this
process we minimized any qualitative visual differences between the speech conditions.
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The audio for both Embodiment levels was processed with the Virtual Acoustics' framework,
to generate a binaural signal of the virtual sound source approximately 70 cm away from the
listener. A static artificial reverberation was added approximating the reverberation in a
medium-sized room (V = 56 m?, T3y ~ 430 ms).

For Epca we used two human models generated with Reallusion’s Character Creator 3 (see
Fig. 4.1). The models were rendered in Unreal Engine /.22 in front of a static background
and lit according to lights estimated from the background. For the conversations we tried to
convey the impression of a hands-free phone call, using cuts between the frontal perspectives as
depicted side-by-side in Fig. 4.1 and App. A.2.2. We decided to use this presentation since we
assumed that this kind of cut sequences should be known from movies and allowed participants
to listen to the agents from a frontal direction.

Procedure

The study was conducted as an online ques-
tionnaire realised using the SoSci Survey
platform [Leiner, 2021] and made available
to participants at www.soscisurvey.de. The
study consisted of two parts with two dif-
ferent tasks. In the first part, participants
had to rate the naturalness of 24 stimuli (3
Speech conditions x 2 Embodiment condi-
tions x 4 Scenarios). The evaluation was
carried out for each stimulus on a separate
page. According to the Embodiment condi-
tion, 12 stimuli were presented as audio-only
and 12 stimuli as video. Participants were
able to control when to start a stimulus but

Wie klingt der Dialog fiir Sie?

unnatirlich x natiirlich

Die Individuen wirken auf mich wie fiihlende Wesen (mit Bewusstsein, lebendig).

1rifft nicht zu X trifft zu
it could only be played once. Each stimu- et s it S matrcrers
lus was rated on two visual analogue scales
(VASs) to evaluate two aspects of naturalness beide giich
(see Fig. 4.2(a)). The first scale was used N :
to directly collect (N )aturalness ratings, an-
swering the question “How does the dialogue Figure 4.2.: Screenshots of the study

sound to you?” (German: Wie klingt der
Dialog fiir Sie?). Participants provided the

forms: (a) first part with the video stimulus
currently playing and both visual analogue

judgements by placing a roll bar on the con-
tinuous horizontal scale (VAS) with the left
pole labelled “unnatural” and the right pole
labelled “natural”. The second scale was used
to collect (A)liveness ratings. Participants
had to judge to what extent the statement

http://www.virtualacoustics.org/

20

scales filled in; (b) form of the second part,
with two buttons playing one stimulus each
and radio buttons to select either stimulus
or both equally (German: beide gleich)


https://www.soscisurvey.de/
https://www.soscisurvey.de/
http://www.virtualacoustics.org/
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“The individuals appear to be sentient (conscious and alive) to me” (German: Die Individuen
wirken auf mich wie fihlende Wesen (mit Bewusstsein, lebendig). “does not apply” (left pole)
or “does apply” (right pole) to them. This question is one of five items of the Social Presence
Survey [Bailenson et al., 2001], connecting the naturalness here to this well-established mea-
sure. The responses on both scales were encoded as interval data ranging from 0 (left pole)
to 100 (right pole). Hence, the higher the ratings or values the higher the degree of perceived
naturalness/aliveness. The stimuli were presented in randomized order for each participant.

After finishing this part of the questionnaire, an intermediate questionnaire asked the following
questions in random order:

1) “What aspects did you in particular focus on in the videos?”:
multiple choice for speech, individuals, lipsync, gaze, environment, other

2) “Would you want to interact directly with one or both individuals?”:
VAS from “No, not at all”(0) to “Yes, absolutely”(100)

3) “Which of the two Individuals would you prefer to interact with?”:
single choice for male, female, both equally

4) “Would you prefer to see the individuals talking instead of just hearing them?”:
VAS from “No, not at all”(0) to “Yes, absolutely”(100)

5) “Which version of the dialogue was easier to follow?”:
single choice for video, audio-only, both equally

In the second part of the study, participants had to make forced choices, i.e., they had to choose
which of two audio stimuli sounded more natural to them (German: Welcher Satz klingt fir
Sie natirlicher?). Therefore, participants were able to listen to each stimulus as often as
necessary by clicking on it. After having listened to both stimuli at least once, participants
had to pick either one stimulus or choose “both equally” (see Fig. 4.2(b)). The stimuli used
were individual sentences from the first part of the study. Participants had to rate six pairs, in
which the same sentence was spoken with a different Speech level (i.e., Shuman VS. Shuman+TTS,
Shuman VS. STTS, and Shuman+TTs VS. STTS) by both speakers (or Genders). Additionally, three
pairs with identical Speech level were used to compare the naturalness of the speakers’ Gender
(Gfemale VS. Gmale). Since we had not recorded the same sentence spoken by both voice actors,
we used sentences with similar length. Finally, we added four filler pairs comparing identical
stimuli (two filler stimuli for each speaker), to identify insufficiently attentive participants.
Participants failing to rate fillers more than once with “both equally” were excluded from the
analysis. Hence, in total 13 sentence pairs had to be rated: 6 comparisons with different Speech
level (but same Gender) + 3 comparisons with identical Speech level (but mixed Gender) + 4
filler sentences. Ratings for the 9 (non-filler) sentence pairs were part of the analysis.

The procedure of the study was as follows: After reading a description about the content and
purpose of the study, participants were asked to use regular stereo headphones and conduct an
audio calibration using a sequence of T'TS samples of numbers and letters. In this sequence,
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the participants had to adjust the audio volume so that only the numbers were comprehensible,
without understanding the less loud letters in between. This created comparable hearing con-
ditions for all participants, independent of hardware and potential background noise. In very
quiet environments, the calibration led to a minimum playback volume of around 50 dBA.

Next, example exercises for both parts were shown, so participants were aware of the procedure
before being asked to give informed consent and filling in a demographics questionnaire. The
remainder of the study was split in two parts. Both parts began with three warm-up conditions
(taken from the study conditions), so participants got familiar with the controls of the exercise
and were also introduced to the entire range of the stimuli. The study ended with two free-
answer fields asking for suggestions to improve the naturalness of the dialogues and asking for
general feedback.

4.1.1.1. Results

Fourty native speakers of German took part in the experiment, which were primarily recruited
via university mailing lists. One participant rated more than one of the filler sentences not
with “both equally” and was therefore excluded from the analyses. Eight of the remaining
participants answered one of the fillers incorrectly, however, those participants were kept for
the evaluation. The remaining 39 participants (25 female) had a mean age of 30.3 years
(standard deviation (SD) = 13.4 years), and all of them reported normal hearing and normal
or corrected vision. Twelve of the participants reported to have at least a basic knowledge of
linguistics (one of them reported being advanced). Furthermore, six of the participants grew
up in a bilingual environment. Participants took between 24 to 38 minutes to complete the
entire study.

For the statistical analysis, we performed linear mixed-effects models and generalized linear
mixed-effects models by using the Imer() and glmer() functions from the "lme4” package [Bates
et al., 2015] for R [R-Core-Team, 2015]. Linear mixed-effects models were calculated to test for
statistical significance of the naturalness (IV) and aliveness (A) ratings on the visual analogue
scales in the first part of the experiment. The models included Speech (Shuman, Shuman+TTS,
STTS)> Embodiment (Eaudim EECA)7 and Scenario (Sldoctora S2gaminga S3trave17 S4training) as
fixed factors and assume random intercepts and slopes for Speech by participants. General-
ized linear mixed-effects models were performed for the statistical analysis of the distributions
of naturalness choices between (i) different Speech levels and (ii) different speakers (Gender:
Gfemale, Gmale) in the second part of the experiment. The models included the type of Com-
parison (i.e., either between (i) different or (ii) identical Speech levels) as fixed factor and also
assume random intercepts and slopes for Comparison by participants. We additionally tested
all models against a model with the same random effect structure including Participant Gender
(Premale, Prmale) as another fixed effect. Correlations were computed using Pearson correlation
coefficients.

Overall results of the first part of the experiment are depicted in Fig. 4.3 in terms of boxplots
and individual data points of the naturalness and aliveness ratings split by Speech and Em-
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Figure 4.3.: Boxplots of the ratings of (/V)aturalness (a) and (A)liveness (b) (on a scale
from 0 to 100), split by Speech and Embodiment. Boxes indicate quartiles with whiskers
at full range, excluding outliers. Additionally, all individual data points are shown.
Differences between all Speech levels were significant (p < .001), other significances are
shown, xx*x p < .001, **x p < .01.

bodiment. The figure shows that dialogues with adequate prosody spoken by a human voice
(Shuman) are clearly perceived as natural and alive, while the perceived naturalness and alive-
ness strongly decreases for dialogues with inadequate prosody (Shuman+TTs, STTS). HOowever,
in the latter conditions human voices are still perceived as more natural and alive (medium
scores) than synthetic voices which received the lowest scores.

In the following, we will first report the effects registered by the statistical analyses of the
naturalness (V) and aliveness (A) ratings that are significant by the |¢| > 2 criterion (corre-
sponding to the established significance level of p < .05, cf. [Baayen et al., 2008]). Subsequently,
we will report for both rating scales significant contrasts based on pairwise comparisons that
exhibit a significance level of at least p < .001 unless otherwise specified. Statistical anal-
yses of the naturalness (N) ratings (936 observations) register significant effects of Speech
[x? = 121.15,p < .001] and Scenario [x* = 10.58,p > .001] as well as of the interactions
Speech:Scenario [x*> = 4.47,p < .001] and Speech:Embodiment:Scenario [x* = 2.61,p < .05].
Likewise, statistical analyses of the aliveness (A) ratings (936 observations) register significant
effects of Speech [x? = 169.49,p < .001] and Scenario [x> = 6.85,p < .001] as well as of
the interaction Speech:Scenario [x* = 3.2628,p < .01]. Furthermore, aliveness ratings addi-
tionally reveal significant effects of Embodiment [x?* = 13.30,p < .001] and of the interaction
Speech:Embodiment [x* = 8.54, p < .001]. Likelihood ratio tests comparing the presented mod-
els with a model including Participant Gender as another fixed factor revealed no significant
effects (N: x? = 15.55,p = .9; A: x? = 9.54,p = .99).
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Figure 4.5.: Percentage of audio

Figure 4.4.: Mean and standard deviation of
sample rated as more or equally nat-

the ratings for Naturalness (on a scale from 0 :
to 100) for each Scenario (Slactors S2gaming, ural in the sejcond‘ part of the study
S3travel; Siraining);, SPlit by Embodiment and when comparing different Speech lev-

shown per Speech level. els.

Pairwise comparisons of the effect of the Speech levels confirm a significant decrease in the
perception of naturalness and aliveness from Shyman t0 Shuman+TTS t0 STTS. Accordingly, we
found N and A to be strongly correlated, 7(934) = .85, p < .001. Further pairwise comparisons
reveal that dialogues of scenario S4¢raining are in general rated significantly more natural and
alive than dialogues of scenario Slgoctor and S2gaming (cf. Fig. 4.4). For dialogues with
the Shuman+TTs Speech level the N and A ratings of scenario S3iravel are also significantly
higher than the ratings for scenarios Slgoctor and S2gaming. Moreover, for the naturalness
ratings only, these differences between scenarios N (S1doctor) and N (S2gaming) vS. N (S3travel),
N (S4training) are enhanced in the N(Eaudio) condition. Further effects of Embodiment are
registered for the aliveness ratings: Pairwise comparisons reveal that dialogues presented as
audio-only (A(Faudio)) are in general rated as more alive than dialogues presented as video
(A(Egca)). This effect is enhanced in the conditions with human voices (A(Shuman): p < .001;
A(ShumantTTs), P < .01).

Results of the second part of the experiment are depicted in Figs. 4.5 and 4.6. Fig. 4.5
shows the percentages of audio samples rated as more natural when comparing different Speech
levels with each other. Listeners reliably chose utterances spoken by a human voice (Shyman,
Shuman+TTs) as the more natural variant in all conditions. More precisely, a human utterance
with adequate prosody (Shuman) Was preferentially selected (over 96%) whenever available.
A human utterance with inadequate prosody (Shumant+TTs) Was only rated as more natural
in comparison with a synthetic utterance (Strg). However, in the latter comparisons 17.1%
of the cases were also rated as being equally natural. A likelihood ratio test comparing the
generalized linear mixed-effects model including the type of Comparison (between different
Speech levels: 234 observations) as fixed factor with a null model having the same random
effect structure (see above) revealed that Comparison had a significant effect on whether the
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4.1. VOICE AND PROSODY

more or less natural variant was perceived as more or equally natural (y? = 11.98,p < .01).
A further model comparison including Participant Gender as another fixed factor revealed no
significant effect.

With respect to the comparison of the naturalness of different speakers (Gender: Gremale,
Gale), listeners’ choices were overall less clear and more ambiguous when comparing the iden-
tical Speech levels with each other. In the Spuman and Strs conditions listeners perceived
both voices as equally natural in 59% of the cases. If listeners decided between the female
and male voice, the female voice is more often rated as more natural in the Spyman condition
(Gtemale = 33.3% vs. Gale = 7.7%), while the male voice is more often rated as more natural
in the Sprg condition (Gfemale = 12.8% vs. Gale = 28.2%). In the Shuman+rTs condition, the
ratings are quite balanced, although the male voice is most often rated as more natural (equal =
35.9%, Gtemale = 25,6%, Gmale = 38.5%). A likelihood ratio test comparing the generalized lin-
ear mixed-effects model including the type of Comparison (between the identical Speech levels:
117 observations) as fixed factor with a null model having the same random effect structure (see
above) revealed that Comparison or rather the Speech level had no significant effect on whether
the male or female speaker was perceived as more or equally natural (x? = 5.29,p = .71).
However, a further model comparison in-

cluding Participant Gender as another fixed

factor revealed a significant effect (y? =

5.33,p < .05). Fig. 4.6 shows the percentages

of audio samples (different speakers (Gender: g

Gfemale; Gmale)) rated as more or equally nat- Gender
ural when comparing the same Speech lev- 20 ¥ Gema
els with each other split by the participants’ B eqzm;e
gender (Participant Gender: Premale, Pmale)- B Gree
The graph resembles the overall results for  2°

the different choices by the two participant

groups: Female listeners more often rated 0

both voices as equally natural (Prepale = h“’nan hufnanﬂ.rs hufnan /7“'773/7+7.TS

58.7% vs. Ppale = 38.1%). With respect to

the speakers’ gender, female listeners judge

the male voice more often as more natural Figure 4.6.: Percentage of audio sample
(Gtomale = 16% vs. Guale = 25.3%), while rated as more or equally natural in the sec-
male listeners judge the female voice more ond part of the study. The data is shown per
often as more natural (Gtemale = 38.1% vs. Speech level and split between female and
Gmale = 23.8%). male participants.

The intermediate questions asked after the

first part of the study revealed how many participants paid attention to the following aspects
in the videos: speech (89.7%), lipsync (43.6%), gaze (28.2%), the individuals (25.6%), the
environment (15.4%). 7.7% of the participants specifically mentioned that they focused on
intonation and pronunciation, albeit not given as default answer option. Furthermore, the
data shows interesting differences in attention levels between participant gender for lipsync
(Premale = 56.0%, Ppale = 21.4%) and gaze (Premale = 36.0%, Pmale = 14.3%), while 100% of
the male participants stated that they paid attention to speech. In general, the participants had
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diverse opinions on whether they would want to interact directly with one or both individuals
(VAS mean = 46.9, SD = 28.4) and showed no clear preference for an interaction with one
of the individuals (both equally = 48.8%, Gtemale = 25.6%, Gmale = 25.6%). Furthermore, the
VAS answers correlated with their ratings of naturalness, r(934) = .14, p < .001, and aliveness,
r(934) = .17, p < .001. Similarly, participants did not show a clear tendency on whether they
would prefer to see the individuals talking instead of just hearing them (VAS mean = 45.6, SD
= 32.8). Accordingly, most participants answered that they were able to follow both versions of
a dialogue equally well (71.8%), showing a slight preference for the audio-only (20.5%) version
(vs. 7.7% for video).

4.1.1.2. Discussion

Our first hypothesis H1 can be confirmed: Participants in general rated (i) a human voice as
more natural and alive than a synthetic voice and (ii) adequate prosody as more natural and
alive than inadequate prosody. This also means, that inadequate prosody triggered lower nat-
uralness and aliveness ratings for the human voice: N (Shuman) > N (Shuman+1Ts) > N (STTS).
It is interesting to see that SphumantTTs (average N(ShumantTTs) ~ 39.3) has been judged
to be closer to Strs (average N(Strs) ~ 16.4) than to Shuman (average N(Shuman) =~ 77.2).
While this effect might be considered an artefact of participants not being accustomed to using
ECAs, it is also reflected in the direct comparisons between the Speech levels (cf. Fig. 4.5).
Here, the two levels with inadequate prosody (Shuman+TTs VS. STTs) Were rated significantly
more often as equally natural than in the comparisons with the prosodically adequate condi-
tion (Shuman)- This finding indicates a strong (unfavourable) impact of suboptimal prosody
on perceived naturalness in general.

Our second hypothesis H2 cannot be confirmed since there was no significant difference in
naturalness and aliveness ratings for synthetic speech due to the level of Embodiment. This
means that neither a masking effect for synthetic voice nor for inadequate prosody based on
lowered expectations towards ECAs was found in our study. However, and surprisingly, only
listening to dialogues spoken by human voices (instead of also watching the ECAs speaking)
significantly increased the perceived level of aliveness. This might be due to the fact that the
perception of aliveness of the human voice is potentially masked by seeing an ECA reenacting
this speech. This aspect was also emphasized by a participant’s free comment (“If you see an
avatar you obviously cannot rate it very human-like anymore”). Since the measure of rating the
individuals as more “conscious and alive” was taken from the Social Presence Survey [Bailenson
et al., 2001] this result is somewhat surprising since normally it is expected that social presence
increases with better visualization (i.e., photographic, anthropomorphic and behavioral real-
ism, cf. [Oh et al., 2018]). Additionally, it needs to be conceded that the movements (gesture,
lipsyne, etc.) of the ECAs, although being recorded from real humans, may not be perfectly
convincing. This was also the reason why we decided to not use photo-realistic rendering for
the ECAs to avoid mismatches in rendering and behavioral realism [Kétsyri et al., 2015].

Furthermore, there was a significant difference of the naturalness ratings between S1ggctor and
S52¢aming compared to S3¢ravel and S4iraining, especially due to the clearly diverging judgements
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in the Shuman+TTs condition. In a post hoc analysis we found that those scenarios which
received lower ratings show more severe misplacement of accents: In Slggctor, a8 mentioned
above, the combination of a wrong position of a lexical stress and of the nuclear accent (on
VORbeikommen, ‘come by’) was probably felt as the most serious mistake, closely followed by
the wrong nuclear accent placement on the adverb Slcherheitshalber (‘in order to be on the
safe side’) instead of ERwin in S2gaming (see Table 4.1, and Table A.2 and Table A.3 in the
appendix). A nuclear accent on an adverb is generally rare in German, at least, if it is not
used contrastively. The difference in naturalness ratings between the four scenarios is again
more pronounced in the audio-only condition. This finding is in line with our expectation that
seeing an artificial agent speaking will affect what participants expect from them with regard
to speech quality.

Our third hypothesis H3 cannot be confirmed either: Participants perceived the female voice
as least natural in synthetic speech. This could potentially originate from the same rationale
mentioned earlier, namely that female synthetic voices are more common. One participant
stated that “machine voices that you already know from navigation systems or platform an-
nouncements sound very unnatural due to previous experiences with those.” Two participants
even stated that they already knew this specific synthetic voice from Siri. It is, however,
interesting to note that male participants were in general less inclined to rate both voices as
equally natural, preferring the natural female and the male synthetic voice.

When asked for suggestions for improvement on the presented dialogues, six participants pro-
posed to formulate them in a more natural manner and ten participants noted that they should
be performed with a faster pace and should be pronounced less precisely (five participants).
Still, a quarter of the participants (10) rated the intermediate question whether they “want to
interact with the individuals” with a mark of 66% or higher. While the variance of the answers
to this question was very high (11 participants rated it lower than 33%), it is interesting to
see that the answers to this question correlate with the answers given to the naturalness and
aliveness questions by the same participants. This outcome suggests that a high degree of
naturalness is important to facilitate interactions with conversational agents.

With this study we aim to raise awareness of the negative effect of inadequate prosody when
utilizing synthetic speech for ECA research. Extending the observations by Seaborn et al.
[2021] that synthetic and human voices are not yet on a par, we added one previously ne-
glected, yet important dimension for this discrepancy, namely inadequate prosody which is
quite common in synthesized utterances. While our work did not focus on manually fine-
tuning the off-the-shelf synthesis to produce adequate prosody for the same sentences, the
difference in naturalness ratings of the human speech (Shyman VS. Shuman+TTs) and the dif-
ferences between the scenarios with different severeness of accent misplacement (S1goctor and
S2gaming VS. S3travel and S4training) indicate that naturalness of speech is strongly decreased by
inadequate prosody. To this end, we strongly recommend practitioners to pay close attention
to inadequate prosody when it comes to ECAs’ speech. In case of using natural speech, despite
the labor- and cost-intensity, trained native speakers may produce the best results. In case of
using synthetic speech, practitioners should try to reduced or even omit inadequate prosody
by either reformulating sentences to achieve a more suited prosody or by manually fine-tuning
the synthesis results. This recommendation is especially true since a decrease in naturalness
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due to inadequate prosody potentially decreases the desired effect when embedding ECAs, for
example, in training as mentioned in the introduction. Therefore, we see at the current state
of the art recorded speech as the best option to elicit the highest possible social presence.
With the current advancement in speech synthesis, especially for speech sounding more like
spontaneous speech and less like a radio moderator reading a text, synthetic speech could be-
come a viable option. However, in this case a special focus in pre-testing should be to evaluate
whether the produced prosody sounds natural.

Nevertheless, these findings would need to be reproduced using ECAs interacting with the par-
ticipants in virtual reality since this would also improve the ecological validity of the linguistic
results as stated by Peeters [2019]. A step towards this goal was taken by [Higgins et al.,
2022|, who found a difference of social presence rating only in their video-based experiment
but not in the VR experiment they conducted before. They attributed this to the artificially-
synthesized but equally expressive speech material used in the VR study compared to TTS in
the video-based one. But maybe also prosody was mediating these effects. Furthermore, while
we conducted the study in German due to the higher availability of native speakers, it would
be interesting to reproduce it in English since the German synthetic voices are potentially
inferior to the English ones, the latter being further developed.

4.2. Auralization

While the previous section focuses on the characteristics of the speech signal, particularly on
prosody and the nuances of both synthetic and human voices, it is equally important to con-
sider appropriate auralization techniques [Kleiner et al., 1993] for the voices of ECAs. These
techniques can significantly contribute to creating a more immersive and realistic interaction
experience. Auralization describes how the sound of different virtual sound sources is pre-
sented to a human listener who is immersed into a virtual audio scene, incorporating sound
generation, transport and reception. The human auditory system and the generation of appro-
priate auralizations have been a research subject for decades and are investigated extensively
(e.g., [Blauert, 1997; Pausch et al., 2018]). Research indicates, that presenting speech sound
and potentially other sound sources to users in an IVE increases the presence, i.e., the feel-
ing of being physically present within this IVE [Poeschl et al., 2013; Nordahl and Nilsson,
2014]. However, this sound has to be appropriate for the situation and must be presented
in a plausible way [Dicke et al., 2010]. Therefore, often panning or ambisonics approaches
are implemented [Gerzon, 1985] which, however, lack correct distance perception cues, es-
pecially for close-by sound sources [Pelzer et al., 2011]. To that end, binaural auralization
approaches [Lentz, 2008] can be used that produce individual signals for each ear incorpo-
rating the characteristics of the listener’s head, the so called head-related transfer function
(HRTF)(see [Begault, 2000; Vorldnder, 2008; Steadman et al., 2019; Geronazzo et al., 2018]).
Thereby, the natural hearing experience is simulated and thus humans are able to localize
spatially distributed virtual sound sources. However, Immohr et al. [2024] found binaural
to be preferred in direct comparison but surprisingly did not find significant differences in
perceived social presence or plausibility. Nevertheless, the subjective impression of an acousti-
cally responsive environment is modeled by simulation that applies acoustic phenomena during
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propagation, and integrates reflections at surface boundaries [Lentz et al., 2007]. Especially
in the context of IVEs, these simulation methods are based on Geometrical Acoustics, where
both sound source and receiver are considered infinitesimally small [Vorlander, 2008]. Point
sources radially emit a signal from their location into space and are considered omnidirectional,
since the orientation of the source is not taken into account (cf. [Mehra et al., 2014]). In or-
der to maintain the direction-related spectral attenuation that every real-world sound source
inherits, a directivity filter can be applied [Rindel et al., 2004]. Directivity filtering generates
perceivable differences to the user, for example, a human speaker sounds clearest when talking
directly towards the listener while sounding muffled and less loud when talking away from the
listener. This directivity for a human speaker/singer can be measured as described by [Kob,
2002; Behler et al., 2012] and can then be simulated for virtual sound sources during binaural
auralization.

Recent work, investigating moving sound sources with static directivities, report improvements,
when accounting for the varying orientation (rotational movement) of the source [Vigeant et al.,
2011; Ackermann et al., 2019]. Postma and Katz report significant differences in the room
acoustics clarity and distance perception when presenting auralizations based on recordings
that capture a singer’s voice simultaneously at many locations and thereby naturally include
directivity [Postma and Katz, 2016; Postma et al., 2017]. These findings therefore encourage
the use of directivities in general. In the domain of music, Ackermann et al. [2019] added
directivities to isolated dry recordings of instruments based on the musicians’ motion, and
provide evidence that listeners can reliably distinguish between static and moving auralizations.
However, this directivity is often ignored when auralizing virtual humans. Shin et al. [2019]
found that a more realistic 3D sound has a positive influence on social presence. While they
used recorded 3D sound, which naturally incorporates the sound source directivity of the
recorded sources in the examined static setup, this has to be actively simulated for dynamically
moving ECAs. As Mehra et al. [2014] stated, sound source directivities improve the realism
of the auralization and might thereby, if also applied to ECAs’ speech, improve their acoustic
realism and thus their perceived social presence.

Our research focus lies on the investigation of how changing the directivity of the speech sound
sources affects the social presence and naturalness of ECAs (subconsciously) perceived by an
immersed human user. To this end we conducted three studies. First we evaluate the influence
of adding this measured directivity of a speaker in two studies presented in Sec. 4.2.1 and
Sec. 4.2.2. This is further called static directivity, since the directivity filter is static over time,
while, however, the orientation and position is dynamically adapted to the ECA’s head. In a
second step, we then also adapted the directivity filter based on the currently uttered speech
content, coined dynamic directivity?>. We present a third study in Sec. 4.2.3 evaluating the
effect of this dynamic directivity for ECAs.

2This choice of words stands in contrast to related publications (e.g., [Postma and Katz, 2016; Postma
et al., 2017; Ackermann et al., 2019]), where dynamic directivity is attributed to a dynamic/moving
sound source rotation and not a time-variant dataset. We simulated sound source movement in all
conditions, but wanted to highlight the difference in the directivity filters by usage of these terms.
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4.2.1. Pilot Study on the Influence of Static Speech Directivity

The contents of this section are based on and taken in part from work previously published in
[Wendt et al., 2018].

A within-subject pilot study was conducted in the five-sided AixCAVE (see App. A.5.1). It had
two independent variables: Auralization and Gender. We used two different ECAs (male and
female) that were auralized using either no directivity (omnidirectional) or using the directivity
of a human speaker (static directivity) as provided by [Kob, 2002] (see Fig. 4.9). This led to
four different conditions. The participants were immersed in a virtual stockroom with one
ECA (see Fig. 4.7). Participants had to fulfill a search task. Therefore, the ECA uttered
demands for specific items in various directions facing towards and away from the participant
to exhibit the differences in the auralization techniques. We measured the perceived social
presence of the ECAs using the social presence survey (SPS) [Bailenson et al., 2001] after each
condition which the participants could directly answer virtually within the AixCAVE.

Experimental Design and Task

After reading a brief introduction and an-
swering a demographic questionnaire, partic- | 4|
ipants enter the AixCAVE and have the op-

portunity to familiarize with both ECAs side- -

by-side in an otherwise empty scene. The AR
ECAs say a brief welcoming sentence for ;
the participants to get accustomed to their :
speech. Subsequently, a virtual stockroom is | 1

displayed (see Fig. 4.7), which has exactly

the size of the AixCAVE (see App. A.5.1), -

so the participants can navigate by means ; .
of physical walking. The ECA to be used | ’
in the respective condition is placed close to

the middle of the room, so he/she does not i
stand directly in between two shelves and 2 - S
therefore gives the participant enough space -

to pass, avoiding collisions. The shelves are ©

filled with several boxes and 18 items. This Fi 47 T . f th K
number was chosen so that the algorithm, 1gure 4.7.: Lop view ol the stockroom,

explained below, has a sufficient number of with an ECA in the middle and 18 items
items to pick from. The items are placed at placed on shelves. The items that are not
well reachable places on the shelves, evenly OI the top shelves are not visible.

spread around the ECA. The items are ran-

domly swapped between conditions to avoid

learning effects.

N
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The ECA utters a request for one particular item at a time. Therefore, the ECA first turns and
looks towards the item they will ask for, before speaking a sentence like “Please bring me the
green basket”. These sentences are predefined and differ slightly for each item, as recommended
by Bonsch et al. [2017b]. By turning towards the item, differences in auralization become
noticeable, since the sound does not change if the ECA and thereby the directed sound source
is facing the participant for every utterance. Following this idea, the item that has to be picked
up next is determined based on the angle

9 = 4(pitem - pagenta Puser — pagent)

which is based of the positions of the item (pitem ), the participant (pyser) and the ECA (pagent)
projected onto the floor plane. Participants are asked to find 12 different items, that are chosen
such that we have an equal number of cases with § < 45° (front), 45° < 6 < 135° (side) and
135° < 6 (back), namely four items each. This way facing directions in all four quadrants
around the ECA based on the respective participant position are used. Left and right are
not distinguished, since they do not exhibit different sounds related to directivity, which is
approximately symmetrical. To find the item to ask for next, we first randomly chose a facing
direction and then pick one of the remaining items in that quadrant. In case no more items
were present in this quadrant, a random one is chosen. Therefore, more items need to be
present in the scene than should be picked.

The participants have to pick up the demanded item. Therefore, they have to walk towards it
and use a grabbing metaphor with a pointing device (see App. A.5.1). With the item attached
to the pointing device (see Fig. 4.8), participants have to walk back to the ECA and bring
the item close enough to the ECA. Once the item’s distance to the ECA in the floor plane is
below 40 cm it disappears, the ECA faces the participant and randomly says one of the three
predefined thank-you sentences. If not all 12 items have been picked up yet, the ECA waits
1.5s and then turns towards another item and asks for it. This time is chosen such that the
ECA has enough time to finish the thank-you sentence before they starts turning.

After finishing all 12 pick-ups the scene fades
out and an empty scene (only a blue floor
plane) with a questionnaire is displayed which
the participants are asked to answer using the
same pointing device. After each of the four
conditions, participants are asked to answer
the 5-item SPS questionnaire (see App. B.2).
As soon as the fourth questionnaire is an-
swered, the familiarization scene is displayed
again and the participants are asked to an-
swer a post-study questionnaire outside of the
AixCAVE asking for preferences of specific
conditions.

The participants are equally distributed on Figure 4.8.: A participant returning an
the randomized sequences of conditions, to item, which is attached to the pointing de-
counter any order effects. However, both con- vice, to the virtual agent.
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b

(a) Omnidirectional (b) Human Singer Directivity

Figure 4.9.: The used directivities, shown here at 125 Hz with the yellow arrow pointing
forward and the cyan one upward

ditions of one Gender are always done right after each other. This way, it is potentially easier
for the participants to specify their preference for Auralization in the post-study questionnaire,
as they experience the same voice with and without directivity right after each other. This
leads in total to 8 different possible sequences. Additionally to the SPS questionnaires, the
distance that the participants keep to the ECA is measured and the minimal distance per
condition is stored as an objective measure (see Sec. 2.3). Therefore, the virtual stockroom
is deliberately designed in a way, that the participants, who are asked to avoid collision with
virtual objects, have to pass close by the ECAs (see Fig. 4.7). Thereby we hope to measure a
correlation between the SPS and the minimal distance.

Study Material

The study is conducted in the AixCAVE (see App. A.5.1). To render and animate the ECAs,
SmartBody [Shapiro, 2011] is used, from which the human models Brad and Rachel are utilized.
SmartBody can also perform lip-syncing. Throughout the study the ECAs blinked periodically
and performed an idle motion. The speech audio is produced using the text-to-speech engine
CereVoice3 [Aylett and Pidcock, 2007], which also produces synchronized viseme data (see
Sec. 5.1.1) to animate the face. Although we stated in Sec. 4.1 that this is a potentially
detrimental choice, TTS was used for cost and time efficiency.

Since the ECAs were, by design, often talking towards the wall, we also had to include the
room response to the acoustical speech signals into the auralization. To that end, we created
three image sound sources [Allen and Berkley, 1979] for the closest walls of the room with
respect to the speaker sound source, which had the largest influence on the volume of the

3https://www.cereproc.com/
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reflected speech. Adding also image sources for the floor, ceiling and the farthest wall, led
to performance problems and was therefore omitted, since during listening tests their absence
was not noticeable. The image sound source position pimage and direction d_;mage are computed
by mirroring them at each of these walls at pyan with normal 7., as:

9 (psource - pwall) Tl

Pimage = Psource — = wall
’nwall’
d—' 7 dsource * Mwall
image = Usource — 47 = Nwall
|nwall‘ : |dsource’

where Psource and d;ource are the position and direction of the speech sound source, which is
placed in the ECAs’ mouth and moved with the animation of the head. Furthermore, these im-
age sound sources use the same directivity pattern as the primary source since the patterns are
symmetrical and therefore don’t have to be mirrored. This approximates the early reflections
within the room, the late reverberation does not need to be added since it naturally exists due
to the echoic properties of the AixCAVE and the fact that the virtual stockroom has exactly
the size of the AixCAVE. As directivity filter a measured directivity of a human singer [Lentz,
2008] was used (see Fig. 4.9(b)). Furthermore for the omnidirectional condition, a directivity
was used that is uniform in all directions and frequencies (see Fig. 4.9(a)) and is normalized to
have the same amplitude in the frontal direction as the singer’s directivity. Using directional
filters for both conditions guaranteed that the acoustic signals were processed equally for both
conditions and no difference was introduced by additional filtering. We confirmed with expert
listening tests, that the difference between the auralization conditions was well noticeable.

4.2.1.1. Results and Discussion

To evaluate the study design, we conducted this pilot study with 8 participants. According to
the post-study questionnaire, all but one did not realize which parameter we had manipulated,
when asked afterwards what was changed between the conditions apart from the ECAs’ gender.
However, when asked whether they noticed a difference in the auralization of the speech, five
participants affirmed that they noticed some change. This indicates that in general this setup
could be used to examine subconscious effects of auralization.

Furthermore, we noticed in the data logs, that the prerequisite of equally distributed utterance
directions was violated in 9 of 32 conditions. In these cases, one of the directions was only
used three times and thereby another direction five times. This should be adapted for the
exhaustive study by adding more items and thereby more potential item directions to pick
from. During the pilot study no one had problems finding the requested items. We also
added the possibility to repeat the lastly uttered sentence by a button press, which however
nobody utilized. Additionally, we noticed that many participants moved while the ECAs were
speaking, although asked not to do so in the task description. This might have influenced the
hearing experience and should therefore be further prevented during the full study. However,
having the ECA turn while speaking could enhance the audibility of the directivity. For the
agents’ speech we used a synthetic voice. When asked afterwards about this synthetic voice,
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Figure 4.10.: Social Presence Survey (SPS) scores (left) and minimal distance kept to
the ECA (right) with regard to auralization (omnidirectional vs. with static directivity)
and gender ( VS. ) and with regard to presentation position (so
being presented as 1st, 2nd, 3rd, or 4th condition).

seven of the participants stated, in line with Sec. 4.1, that they would have preferred recorded
speech, since the synthetic voice had both a negative influence on their “feeling of being there”
(presence) and “their feeling of interacting with a real person” (social presence).

In the pilot study we tried to measure improvements of social presence. Additionally to the
SPS questionnaires and minimal distances kept, we asked for the preference of individual con-
ditions evaluated in the post-study questionnaire. However, when being asked for the preferred
condition per gender after the study, only half of the participants had a specific preference,
the others answered with no preference or cannot remember. Therefore, this question should
potentially be embedded in the questionnaire directly after the second condition with the same
gender, so they can potentially better remember any differences.

Looking at the recorded answers of the SPS questionnaires (see Fig. 4.10(left)), no trends for
improvements of social presence between omnidirectional and directivity conditions is notice-
able. A statistical evaluation is omitted due to the small number of participants (n = 8). The
difference in SPS (SPSgi — SPSomni), between all pairs of conditions has a mean of —0.2
(SD: 4.01), while SPS can take on values from -15 to 15. This does not seem very promising
for a large scale study, so better choices for questionnaires or scores should be evaluated to
measure an effect if it exists at all. Furthermore, the considered minimal distances to the
ECAs (see Fig. 4.10(right)) seem to rather exhibit order effects (M: —0.076 SD: 0.069) than
being influenced by the Directivity (M: 0.025 SD: 0.102). So probably an additional training
condition should be added for each Gender before the two conditions varying the Directivity
begin. Then again, this objective distance measure might not prove insightful after all. We
used ECAs with different genders to counter gender effects, which at least for the distance kept
to an ECA cannot be ruled out (cf. [Bonsch et al., 2016]).
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Figure 4.11.: (a) A participant holding a picked up item (within the blue sphere),
which he was asked for by the agent. The directivity of the agent’s speech sound source
is exemplarily visualized, for a more precise visualization of the used directivity see
Fig. 4.9. (b) Top view of the stockroom, with an agent standing next to the scanner
and shelves filled with 237 collectable packages.

4.2.2. Study on the Influence of Static Speech Directivity

The contents of this section are based on and taken in part from work previously published in
[Wendt et al., 2019].

Based on the findings from the pilot study, we conducted a second within-subjects study. The
main improvement was to make the study task more interactive to foster more social interac-
tions and thereby social presence. Participants have to assist the ECA in collecting a number
of packages for an imaginary order. Therefore, the ECA gives the participants incremental
hints for what and where to look and can be asked by the participants for further information
using natural language. This led to more and longer speech acts of the ECA. Furthermore,
we slightly adapted the scene to more realistically fit the scenario and used a better speech
synthesis, while the rest was kept as in the pilot study. Analogously to the pilot study, this
study had one independent variable: Auralization, with the two levels omnidirectional and
static directivity. However, we used a better TTS solution to mitigate the detrimental effect
thereof. Furthermore, we deliberately had the ECA turn while speaking, to make the differ-
ences in auralization more pronounced and only used male ECAs to avoid to also measure
potential gender effects (see [Bonsch et al., 2016]). Lastly, we still measured the perceived
social presence of the ECAs using the social presence survey (SPS) [Bailenson et al., 2001]
(see App. B.2), however, also added questions regarding speech realism for each condition.
SPS was used since it was, to our knowledge, the best available questionnaire measuring the
concept of social presence.
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We specifically designed this study to test the following hypothesis:

H1 The perceived social presence of ECAs auralized using static directivity is higher.
Since this setup is closer to our everyday experiences of the sound of speech, we expect
this to subconsciously improve the participants’ perception of the ECA.

H2 Participants prefer the ECA that is auralized using directivity.
We expect that H1 leads to participants preferring the ECA which is auralized with
directivity, when asked to decide between the two differently auralized conditions in the
end.

H3 Participants rate the FCA that is auralized using static directivity as sounding more
realistic.
When specifically asked for the realism of the ECA’s speech sound, we expect participants
to rate the ECA using the directivity pattern as appearing more realistic.

Study Task

The collection task was again performed within a virtual stockroom exactly matching the
dimensions of the AixCAVE, albeit with a different layout (see Fig. 4.11(b)). The stockroom
was filled with five rows of shelves with in total 237 packages of 16 different types and a
scanner terminal at which the ECA stood during the entire interaction (see Fig. 4.12(a)).
The packages from different categories could be differentiated by distinctly colored labels,
varying package sizes, a picture of the product inside and a distinct text label describing the
content. Participants had to collect all required packages for one of two predefined orders
requiring to collect 17 items in total each. Therefore, the ECA read out what is needed
next while looking at the terminal, e.g., “For this order we also have to find a teddy bear.”,
with a small introduction statement for the first item, e.g., “Please help me collect the items
for order X547.” In total, 10 requests per order were given, where some required multiple
items of the same kind to be collected. In that case all of the packages were in the same
shelf row. The ECA could be asked to give additional information, i.e., the shelf number,
label color or size of the item. Unnoticeable for the participants, they were observed by the
experimenter by means of real-time video and audio streams. This enabled the experimenter to
control the ECA via a Wizard-of-Oz paradigm by triggering reasonable utterances depending
on the participants’ actions or questions using natural language. Thereby the ECA gave the
participants incremental hints for what and where to look.

One of these utterances per request included a turning of the ECA towards the shelf row where
the requested item was placed and thereby highlighted the directivity pattern, if present, since
the direction-dependent changes are most noticeable during turning. If the participant did
not ask for additional information, the experimenter at some point deliberately triggered the
additional information to also present those sentences that involve turning of the ECA. Since
the experimenter did not change between participants, consistency was increased. Addition-
ally to these sentences, which are differently formulated for each request to avoid repetition
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Figure 4.12.: (a) The ECA stands in front of the scanner terminal. Participants scan
the collected packages by holding them close to the scanner mounted on the terminal’s
left side. Then the hatch opens and the packages falls through it. (b) After each
condition a set of questions is presented in the AixCAVE. Participants answer these
questions with a 6DoF input device using a ray-casting-based selection and a button on
the device for the confirmation of their answers.

(cf. [Bonsch et al., 2017b]), the experimenter could also trigger sentences to tell the participant
how many items are left, or confirm or disapprove of a question of the participant. When
triggered by the experimenter, these phrases were randomly chosen from a pool of answers.
For example, for the confirmation case one of the utterances “Yes.”, “Correct.” or “That’s
right.” was used.

Navigation to the requested items was realized by means of natural walking as the dimensions
of the virtual stockroom exactly matched those of the AixCAVE (see App. A.5.1). Participants
had to find one of the required packages and pick it up using the 6DOF input device and carry
it to the side of the scanner terminal (see Fig. 4.12(a)). Unrequested packages could not be
picked up. If the package was close enough, the scanner beeped, the hatch temporarily opened
and the item fell into the shaft. The ECA acknowledged this by uttering one of three thanks
phrases and asked for the next item, unless all 17 items had been collected. When the ECA
had turned to a shelf, it fixated the package once being picked up by the participant, but
turned back to the scanner once the item was closer than 1.5 m. This way participants did not
play with the ECA’s gaze, i.e., wave items in front of its head, and thereby break immersion,
which was experienced in the pilot study.
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Study Procedure

Participants had to first give their informed consent and were then asked to fill out a demo-
graphic questionnaire and read a task description, leaving them naive to the examined effect.
Subsequently, participants entered the AixCAVE and were given some time to get familiar
with the ECA, which said a welcoming sentence and looked at the participants. The scene
was, apart from the ECA and a blue floor with a red circle, empty. Once the participants
felt accustomed, which they indicated by stepping on the red circle, the scene faded out and
the virtual stockroom (see Fig. 4.11(b)) was shown in which the participants had to perform
the collection task described in Sec. 4.2.2. Once all items were collected, the scene faded out
and participants had to answer a questionnaire with subjective measures (see Fig. 4.12(b))
while staying in the AixCAVE. The questionnaire items are displayed individually and the
participant uses a 6DoF input device and ray casting to pick answers on a 7-point Likert Scale
from “Strongly Disagree”(-3) to “Strongly Agree”(3). Additionally to the 5 items of the SPS
questionnaire [Bailenson et al., 2001], we added three items asking for realism:

Reall The motions of my co-worker looked realistic.
Real2 My co-worker sounded realistic.
Real3 The communication with my co-worker felt realistic.

These items were adapted from Poeschl and Doering [2013] and should enable the participants
to subjectively rate the realism, so that potential changes can be detected. Thereby R1 and
R3 were added to not give away the purpose of the study and not prime participants for the
second condition. After answering these questions either the second condition was started or
the participants were asked to leave the AixCAVE, if both conditions were completed. We
counterbalanced the order in which we presented the two levels of Auralization and also the
mapping of the prescripted orders to the levels of Auralization. Additionally to the subjective
measures, we measured the minimal distance participants kept to the ECA, as these proxemics
could potentially also be used to gain objective insights in the perceived social presence (see
Sec. 2). The time needed for each condition was also logged, as task-related measure. After
leaving the AixCAVE, participants were asked to fill out a post-study questionnaire asking
them what they think was investigated and several questions to rate the experience and which
of the two conditions they liked better concerning different aspects of the ECA.

Study Material

The study was conducted analogously to the pilot study, so only differences from the ma-
terial explained in Sec. 4.2.1 are stated here. As ECA this time only the human model
Brad from SmartBody [Shapiro, 2011] was used. The speech audio was generated using
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Figure 4.13.: Comparative results between the two auralizations: (omni)directional
and static (dir)ectivity. The minimal distance kept (a), time needed for task completion
(b), social presence rating (c¢) and answers to the three realism questions (d) are shown
as box plots.

Google Cloud Text-To-Speech* [Shen et al., 2018] and the Sphina-4 library® was used to gener-
ate the matching lip sync data, which was used by SmartBody for the required lip-syncing.

4.2.2.1. Results and Discussion

We conducted the study with 36 participants (9 female and 27 male, mean age = 24.61 years,
SD = 4.18). All of them had normal or corrected to normal vision and except for one, which was
excluded from the analysis. All had normal hearing and at least basic English language skills.
The participants were recruited on the university campus and compensated with free candy
and drinks. Each participant spent approximately 15 minutes immersed in the AixCAVE. The
participants were naive to the subject of the study. Even after completing the immersive part of
the study, only 6 participants (17%) suspected that the study investigated the effect of ECAs’
speech or movement when explicitly asked to speculate on the examined effect at the beginning
of the post-study questionnaire. Most subjects assumed that general human-VA-interaction
(37%) or even Artificial Intelligence (11%) was investigated.

Comparing the objective measures between both conditions with omnidirectional (omni) or
directional (dir) auralization (see Fig. 4.13), the minimal distance d kept from the ECA (dgiy =
0.39m, standard deviation (SD) = 0.11m and domni = 0.39m, SD = 0.12m) and the time ¢
needed for completion (tq;; = 334s, SD = 118s and tomni = 3198, SD = 67s) using a paired-
samples t-test did not yield any significant differences (both p > .51). The same holds for

Shttps://cmusphinx.github.io/
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Q1: Considering the speech sound, which of the collection tasks did you like best?

-Omnidirectional DNO Preference I:ICannot remember -Directivitional

Q2: Which co-woker sounded more realistic?

Q3: In which of the collection tasks was the speech sound more realistic
when your co-worker was turning?

Q4: In which of the collection tasks was the speech sound more realistic
when your co-worker was facing to the wall?

Q5: In which of the collection tasks was it easier to understand the speech?

.Omnidirectional ]:[RatherOmnidir. DSame ]:[RatherDirectional .Directional

Figure 4.14.: Answers to questions @)1 to @5 comparing the two conditions with
regard to the speech sound.

the answers to realism questions reall-real3 (see Fig. 4.13(d)). These questions asked for
motion realism (reall), realistic sound (real2) and a realistic communication (real3) with
the co-worker. Real2 is the most crucial one with regard to our research focus, with means
realZqir = 0.63, SD = 1.70 and realZ,mn; = 0.69, SD = 1.76. However, neither questions showed
significant differences (all p > .71). As second subjective measure, the Social Presence Survey
(SPS) [Bailenson et al., 2001] score for both conditions was observed as SPSomni = 0.7 (SD =
5.6) and SPSg;; = 1.0 (SD = 5.8). The SPS is measured using five questionnaire items on a
7-point Likert Scale (-3: Strongly Disagree, 3: Strongly Agree), which are summed (while the
scores of item 3 and 5 are inverted, cf. [Bonsch et al., 2019]) and thereby yields values from
[—15,15]. However, analyzing these also did not show any significant differences between the
two conditions (#(34) = 0.55,p = .59).

Furthermore, the results to questions Q1 to @12, which were posed in the post-study ques-
tionnaire right after leaving the AixCAVE are represented in Fig. 4.14 and Fig. 4.15. For Q1
to 5, these answers are corrected by the order in which the participants experienced the two
conditions. In the questionnaire the items were labeled with “15¢” and “2°4” instead of “Omni-
directional” or “Directional”. The answers to these five questions show no significant preference
for one of the conditions. We used a one-sample t-test, with Ordinal values “Omnidirectional”(-
2), “Rather Omnidirectional”(-1), “Same”/“No Preference”/“Cannot remember”(0), “Rather
Directional”(1) and “Directional”(2) and tested against the null hypothesis that the mean of
the population is 0, where due to the sample size a test for normality can be omitted. How-
ever, for @1 the discriminating answers (“Omnidirectional”: 31% and “Directional”: 26%)
don’t show large differences. The same holds true if we compare them by the two different
task orders/set of sentences (“order 1”: 29%, “order 2”: 29%). If we compare them by order

of presentation, a slight preference for the condition shown in second place is apparent (“15¢”:

20%, “2"4”: 37%). So neither of those invalidated the null hypothesis.

Using a one-sample t-test on the answers to Q6 to @12, with a null hypothesis test value of
3.0 (the middle of the used 5-point Likert Scale), results in significant divergences from the
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Q6: The sound was convincing / felt realistic.

Q7: Do you think this synthetic voice had an influence on your feeling

of being there, in the virtual place?

Q8: Do you think this synthetic voice had an influence on your
performance of the task at hand?

| *
Q9: Do you think this synthetic voice had an influence on your feeling

of interacting with a real person?
| I -

Q10: Did you experience this synthetic voice to be in general disturbing?

|
*

not at all n II| alot

Q11: Would you have prefered a more natural voice, e.g., recorded speech?

| Ll
prefer this voice II| nprefer recorded voice

Q12: The sound intesity in the room was...

too loud IIl ﬂ too silent

Figure 4.15.: Answers to the post-study questionnaire items Q6 to Q12 concerning
the sound and the voice. They were all answered on a 5-point Likert Scale with different
extremal labels as indicated below each block of questions. Significant divergences from
a mean centered normal distribution are marked with *.

mean for Q8 (t(34) = —4.385, p < .001), Q9 (t(34) = 4.465, p < .001), Q10 (¢(34) = —7.250,
p < .001) and Q11 (¢(34) = 2.692, p = .011). These are marked with * in Fig. 4.15.

When asked in the post-study questionnaire whether participants noticed a change in the
auralization of the voice of the ECA, only 31% stated that they noticed a difference at all.

Although we designed our scenario to foster participant’s engagement into a natural conversa-
tion with the ECA, only 34% engaged in a real conversation. By this, probably fewer subjects
may have noticed the altered auralization. This might be caused due to the fact that partic-
ipants deemed the task too simple and wanted to solve it on their own instead of asking for
help, although they were encouraged to ask in the task description. However, only considering
cooperative participants does not yield any significant observations either.

Discussion

With this study, we intended to show that using directivity to auralize the speech of ECAs has
an influence on the perceived realism of those and thereby on their social presence. However,
the results did not reveal any significant effects. This can be partly accounted to the used
scenario which did not force participants to engage in a natural and bi-directional conversation
with the ECA and thereby had not focus them especially on the speech sound.
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A further challenge we faced is that evaluating the influence of the subtle auralization change
using objective measures is complicated. We did not expect to find an influence on the com-
pletion time, since a higher realism of the voice should not change the difficulty of the task.
However, also the other objective measure, the kept distance to the ECA, did not yield any
insightful information either. This is probably due to the fact that proxemics is a better mea-
sure to differentiate effects of eeriness [Zibrek et al., 2017] than subtle changes of the voice. We
noticed though that all except of two participants kept an “appropriate” (0.25m to 0.50 m)
minimal distance to the ECA (cf. [Bonsch et al., 2018a]), which could be an indication that
they in general accepted the ECA as human-like counterpart.

While some participants stated that they found the ECA too silent and therefore hard to
understand, in general, the participants found the ECA well understandable. However, pick-
ing the right loudness for the omnidirectional condition is hard, since omnidirectional speech
sound sources are an artificial concept. We picked it such that the loudness is equal for both
conditions when the ECA talks directly towards the participant. This, however, means that
the accumulated sound energies the ECA radiates into the scene are different, because the di-
rectional filter damps the radiation in non-frontal directions. If then again these accumulated
energies are matched the ECA using a directional radiation pattern would sound louder when
directly talking towards the participant, which is even more noticeable and might distort the
results since a louder ECA is better understandable.

The participants, who were left naive to the investigated effect, were asked to speculate on
the purpose of the study. Only 6 participants (17%) suspected that the study investigated
the effect of ECAs’ speech or movement. When told afterwards what the investigated effect
was, one participant stated that he noticed the directivity effect during the study when the
ECA was turning at least once. However, he also stated that he did not notice the absence
of it. This potentially means that directivity can slightly increase the realism of speech, but
normally users do not pay attention to it, especially if there are other aspects decreasing the
realism of the virtual environment. This is also in line with the result that only 31% of the
participant reported that they at all noticed a change in auralization and even for those no
significant effects were apparent.

Generally, the studied auralization techniques are advanced with regard to sound realism.
Therefore, some participants remarked that the overall realism of the interaction and the scene
was too low, thus the added realism due to the directivity was unnoticeable with the applied
measures. This becomes also apparent in the answers to the realism questionnaire items and
the free field comments, which span from “The voice of the ECA was also reducing the quality
of the experience, it was very ‘robotic’ sounding.” to “I did not focus on the speech/sound at
all, as the speech/sound itself was the most natural thing in my opinion”. Furthermore, this
also hints to another deficiency, the usage of a synthetic T'TS voice. While we stated already in
Sec. 4.1 that synthetic voices can have detrimental effects, we still used synthetic speech here
for cost-efficiency reasons. We took special care that the best available synthetic voice was
used and that prosody was natural. Additionally the focus in this study was on the naturalness
of the auralization and not on that of the voice, which was kept constant. Nevertheless, we
hypothesize that potentially more significant results could have been gathered if a recorded
voice would have been used. Therefore, we opt for recorded speech in the following study.

72



4.2. AURALIZATION

Another possible explanation for not finding any significant differences between the probed
auralization conditions, is that there is no or only a small effect when adding directivity to the
auralization of an ECA during the task at hand, at least on the perceived social presence and
realism. In the following study, we therefore examine further whether in a direct comparison
between these conditions’ effects on perceived realism can be measured when participants are
primed and know on what to focus. Therefore, we designed a study in which no artificially
social task is involved, but only a monologue of an ECA is experienced, using recorded speech
and motion. Beyond that, we want to examine the effect of dynamic directivities. That means
that the directivity pattern is influenced by the currently uttered phoneme. It remains to
examine whether that is at all distinguishable from the static directivity that was used in this
study.

4.2.3. Evaluation of Dynamic Speech Directivity

The contents of this section are based on and taken in part from work previously published in
[Ehret et al., 2020].

Figure 4.16.: An exemplary speaker directivity for the vowel 'a’ at 1600Hz (modulation
per direction shown as distance and color (from attenuation (green) to amplification
(red)) displayed in front of the used head model including vocal tract within and mouth
opening (blue). In the background the used study outdoor scene can be seen.

Aiming for higher naturalness and going beyond static directivities, where directionality is
added but does not change based on the content of the speech, we simulated dynamic, phoneme-
based directivities. During speech production, the human vocal tract greatly changes. Different
vowels are associated with various mouth openings, which result in variance of the directional
pattern [Katz et al., 2006; Arai, 2001]. As this is one step further to full realism, we wanted to
evaluate whether this additional effort is perceivable and potentially beneficial. To this end, we
conducted a study gathering preference and naturalness ratings of dynamic (D)® auralization,

6 As stated before, this choice of words stands in contrast to related acoustics publications (e.g., [Postma
and Katz, 2016; Postma et al., 2017; Ackermann et al., 2019]), where dynamic directivity is attributed
to a dynamically moving sound source rotation and not a time-variant dataset.
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in contrast to omnidirectional (O) audio, which emits the sound equally in all directions and
the aforementioned static (S) directivity. Additionally, we tested whether the participants were
able to reliably distinguish these auralizations.

4.2.3.1. Acoustics Simulation

Directivity datasets for different vocal tract Directivity statistics over all angles and phonemes

constellations can be either acoustically mea- 10} ,_-,—"1
g

———

sured or simulated with physics-based ap- — bimememem-=-=""7"" e
proaches. The first method is commonly used
for technical devices, like loudspeakers and
musical instruments [Weinzierl et al., 2017],
and employs an array of microphones sur-

. . . 40 F Mean
rounding the sound source recording simul- = Direotivity index (DI)
taneously. A difference analysis reveals the — -50r Vowel SD interval

K i i Direction SD interval
directional pattern for the given tone or fre- 60 Min/max interval
quency, which is usually formulated as a rel- 100 200 400 1k 2k 4 6k 10k
ative change with respect to the frontal di- Frequency in Hz

rection in an anechoic environment [Shabtai Figure 4.17.: Simulated directivity statis-
et al., 2017]. .Tk‘le measurement procedure  ti.s over all angles and phonemes described
suffers from a limited frequency range, where by Arai in [Arai, 2001). SD intervals are
valid data can be acquired. Low frequencies given as mean + /- standard deviation (SD),

. . b
are _hmlted by the measureme.nt chambejr S either between the simulated vowels or be-
ability to mitigate external noise, and high . .

tween all directions.

frequencies are limited by the spatial resolu-

tion of the measurement array. Thereby the

high limit does not usually cover the full audible range. If the sound source can be described
by a 3D model, the acoustic radiation can be determined by simulation, for example, with the
Boundary Element Method (BEM). To simulate a phoneme-dependent directivity, a 3D head
model of a human was selected and combined with different settings of a simplified tube model
representing the vocal tract following Arai [2001], using COMSOL Multiphysics Version 5.4
for the audible frequency range (30Hz to 16kHz in third-octave resolution). A virtual sensor
array arranged in an Euler grid of 1° angular resolution acquired the transfer functions from
the tube’s end where the vocal chords are located. As the model is symmetrical, only one side
of the head and vocal tract model was simulated. The results were post-processed by Matlab
Version 2018b to normalize the filter values to the frontal direction and mirror the half-sided
dataset to cover the full sphere around the sound source. Finally, the data was exported in
the OpenDAFF format”, which provides an interface to access discrete directional data stored
as a lookup table. Similar work was also done in [Johannsen, 2021].

Modulus in dB

In the end, three vowels were selected that cover the mouth opening range on the IPA vowel
chart®. The strong similarity between directivities with the same mouth opening but differ-

"OpenDAFF: www.opendaff.org
8International Phonetic Alphabet (IPA): www.internationalphoneticassociation.org/
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ent tongue position prompted us to neglect this dimension. Therefore, three representative
directivity datasets for open mouth (a), half-open mouth (e) and closed mouth (i) have been
simulated and all other vowels were mapped to these.

Fig. 4.17 shows the statistical evaluation of the simulated phoneme-dependent directivities
with frequency modulations for all directions and phonemes. The curves indicate moderate
damping in the lower frequency range, an articulated region around 1 kHz and slow roll-off
towards higher frequencies. The directivity index (DI) is a measure to reveal frontal focusing,
where levels above 0 dB are stronger towards the front. Hence, both the lower and the higher
frequency range of the DI curve indicate a focusing to the front and attenuation toward other
directions [Blauert, 1997]. Our mean deviations between different directions are well above the
theoretically audible threshold of approximately 1 dB. In contrast, variations between vowels
as indicated by the deep blue interval only show a slightly noticeable difference that exceeds 1
dB just for frequencies above 4 kHz.

Auralization

To render the acoustic virtual environment and to reproduce the binaural signal at the user’s
ears, we again employed the Virtual Acoustics real-time auralization framework®. The agent
represented a dynamic, moving sound source that emitted the recorded speech signal. Directiv-
ity lookup tables were preloaded and could therefore be assigned to the sound source without
delay. This way, switching between directivities had an instantaneously perceivable effect.
The realization of the directivity filter bank used a transform of 256 interpolated frequency
values from the third-octave resolution into the time domain, which provided an impulse re-
sponse with the fingerprint of the directional attenuation. Hence, the directivity was made
audible by convolving the speech signal with dynamic filter coefficients tied to the emission
angle as calculated from the source’s position and orientation, as well as the receiver’s location.
Free-field propagation simulation was applied covering properties like spherical spreading loss
(amplification factor depending on relative distance), Doppler shift (resampling depending on
relative movement) and the binaural filtering of the incident wave front at the receiver’s ears
(depending on listener’s location and orientation). Again cross-talk cancellation [Masiero and
Vorlénder, 2014] using the 12-loudspeaker audio system of the aixCAVE (see Sec. A.5.1) was
used for reproduction.

If the communication between an ECA and a user is primarily face-to-face, the directivity
variation in the direct sound can be expected to have little effect on the signal. Consequently
in our study, different emission angles were enforced by rotation animations of the ECA, and
the subjects were encouraged to move in a defined area (see red circle in Fig. 4.18(b)). In
an indoor environment, reflections off walls need to be taken into account. They can be
determined according to the image source method by Allen and Berkley [1979]. If the ECA,
for example, talks away from the user towards a wall, the damped direct sound is overlaid
with the frontal speech sound reflected off the wall. To that end, we created five image
sound sources for the walls and the floor. The ceiling was considered non-reflecting, due to

9Virtual Acoustics: www.virtualacoustics. org
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Figure 4.18.: The different Settings: (a) The Somerset House courtyard and (b) the
museum room with an ECA, a museum stand and a red area the participants should
move on. (c¢) The actor performing the full-body movements of the speech.

computational limitations and it not being visible in the 5-sided AixCAVE. These image sound
sources used the same directivity pattern as the primary source since the filters are, by design,
symmetrical. This method approximates early reflections within the room, but further aspects
of reverberation were not simulated due to the complexity of providing real-time update rates
during dynamic directivity switching. Furthermore, the experimental environment (AixCAVE)
has a reverberant characteristic that cannot be acoustically treated without interfering with
other components. This reverberant characteristic is, however, comparable to the virtual room
used in the study. Nevertheless, a problem arises if directivity datasets are exchanged in
indoor situations because the overall energy emitted into the room changes in an non-physical
way. This is most apparent when an omnidirectional directivity dataset is replaced with a
human directivity dataset during auralization because the higher frequencies are dampened
drastically to the back of the ECA and result in a harsh drop in that region. This effect is
expected and has been intentionally included in the study to investigate the effect of energy
change on naturalness ratings.

4.2.3.2. Study Design

We conducted a within-subject user study in the aixCAVE (see Sec. A.5.1) to investigate the
influence of the different ECA speech Auralizations, as well as free-field outdoor versus acousti-
cally reflective indoor Setting, on naturalness and detectability. Thereby Auralization is varied
from unrealistic omnidirectional over adding static directivity to realistic phoneme-dependent
dynamic directivity. First, an ECA took the role of a tour guide giving a 90-second speech, while
allowing the participants to move freely and change Auralizations. Participants provided natu-
ralness and preference ratings. Second, we tested whether participants were able to detect dif-
ferences between the Auralizations, by pairwise testing two Auralizations in an A /B/X task.
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Hypotheses

We tested the following hypotheses:

H1 Because static and dynamic auralizations better simulate sound propagation, partici-
pants will rate the naturalness of these conditions higher than that of an omnidirectional
auralization.

H2 Because the impact of dynamic auralization is subtle in face-to-face settings, participants
will rate the naturalness of static and dynamic directivities equally.

H3 Related to H1, participants will prefer auralizations with higher naturalness.

H4 Because reflections may obscure directionality cues, the differences in naturalness ratings
will be stronger in the free-field outdoor condition compared to the indoor case.

H5 In contrast to H2, participants will be able to reliably distinguish static from dynamic
directivity in a direct comparison.

Materials

We situated the study in a virtual version of the Somerset House in London, using a freely
available scanned model from Sketchfab!?. This model was made more lifelike, using booths
and trees shown in Fig. 4.18(a). Additionally, we modeled a virtual museum room with pictures
of the Somerset House as well as the model visible through the windows (Fig. 4.18(b)). This
way the exact same speech could be given by the virtual guide in both settings. The museum
room was modeled with identical dimensions to the aixCAVE to match the local reverberation
environment. For more images of the scene see App. A.4.1. The speech content was a 90
seconds long talk about the history and some architectural highlights of the Somerset House.
An additional 30-second sequence of short words was used to feature English vowels moving
from open to closed®. This sequence in particular required the phonetic intricacies of a real
human speaker rather then synthesized speech, to be able to generate the nuances between the
different vowels. Therefore, the verbal content was recorded by a native English speaker using
a calibrated microphone with no frequency weighting (NTi Audio Norsonic M2230) positioned
at 0.72m in front of the speaker’s mouth under acoustically dry conditions. The speaker’s
face movements were simultaneously recorded using optical markers and a 14-camera Vicon
Tracking system. Due to equipment limitations, the full body movement was recorded in a
second pass wherein the speaker re-enacted the speech with co-speech gestures and head and
body rotations, to showcase all parts of the directivity filters during replay (Fig. 4.18(c)). The
movements were transferred to a virtual human model, created with Reallusion’s Character
Creator 3 (see Fig. 4.18(b)), using Autodesk Motionbuilder. Unfortunately, the recorded face
motion did not fit the 3D model so the lip syncing was manually re-created by an artist using

10Somerset House site survey scan 2019 by Kimchi and Chips art collective: https://skfb.1ly/6svNI
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Reallusion’s iClone 7. Unreal Engine 4.22 was used for presentation. Furthermore, the timings
of the vowels in both speeches were manually annotated and a mapping was created from all
occurring vowels to the three vowels used for directivity simulation, following their position on
the IPA vowel chart®. Consonants in between were auralized using the directivity of the vowel
before and diphthongs were split in the middle.

Tasks

Participants engaged in two tasks: the Comparison and the Detectability task.

In the Comparison task, the ECA gave the above mentioned 90-second speech with asso-
ciated movements in front of the participants. The speech was always identical throughout
the experiment to avoid distractions. During the speech participants had the option to switch
between three levels of Auralization: omnidirectional or featuring static or dynamic directiv-
ity. The switching was done by three dedicated buttons on the interaction device and had no
perceivable delay. A sign next to the ECA displayed a letter (A, B, or C) corresponding to
the auralization (see Fig. 4.18(b)). Auralization-letter mapping was randomized across trials.
Participants were encouraged to switch as often as they liked. Once the speech was over, a 4-
item questionnaire was displayed next to the ECA, asking first “Which variant do you prefer?”
Next, three 7-point Likert scales asked “How natural was Variant A/B/C” on a scale from
“very unnatural”(1) to “very natural”(7). All of these questions had to be answered using of a
virtual pointing ray from the interaction device to continue. Alternatively, participants could
answer a subset of the questions and repeat the 90-second speech. Those who repeated the
trial only did so once, although they had the chance to do so mor often. During the speech,
participants were asked to move on a red ellipse (2.3m x 1.5m) displayed underneath them,
to encourage listening from different directions. The task was repeatedly performed (three
times) in both Settings, outdoor and indoor, counterbalanced for order of presentation across
participants.

During the Detectability task three equidistant ECAs were placed on platforms in front of
the participants, with signs indicating A, X, and B (see Fig. 4.19). If the participant clicked
on a sign using a pointing ray and dedicated button, the respective agent started to speak and
slowly rotate. Any other currently speaking agent was stopped. The speech content used here
was a series of short words with all English vowels. Participants were told that A and B are
always different and that X always matches either A or B. The participants were allowed to
listen to each agent as much as they liked until they felt able to decide whether X sounded the
same as A or as B. This answer was given via button press, only after each model had been
played at least once.

Procedure

Participants first gave informed consent, provided demographic information and read task
descriptions. Next, they entered the AixCAVE and performed a practice trial of the Com-
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Figure 4.19.: The setup of the Detectability task.

parison task, which included virtual interface instructions as well as the standard post-trial
questionnaire. The practice trial compared the omnidirectional auralization to two very arti-
ficial sounding high- and low-pass filtered auralizations, with the expectation that participant
would prefer the omnidirectional one. Participants who preferred the artificial auralizations
were excluded from analyses. Experimental Comparison trials were blocked for outdoor versus
indoor Setting, randomized for order of presentation across participants. For each of the three
experimental trials within each Setting, each Auralization was randomly paired with A, B or
C. After six Comparison trials, participants were asked to answer the 5-item Social Presence
Survey (App. B.2) and leave the AixCAVE for a 5-minute break. Next, participants returned
to the AixCAVE for nine trials of the A/B/X Detectability task, which presented each possible
combination of Auralization pairs three times in randomized order. All participants performed
the Comparison task prior to the Detectability task to avoid direct comparisons influencing
our measures of naturalness and preference. Finally, participants filled out a post-study ques-
tionnaire, addressing the ease of the Detectability task, as well as the intensity and realism of
the audio, on 7-point Likert scales.

Measures

In addition to the in-VR decisions and questionnaire responses, we recorded the position and
orientation of the participant and the currently speaking ECA. From these, we summed up
the distance participants’ heads moved between two frames during the Comparison task, as
well as the change in emission angle. The emission angle is the angle under which the speech
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sound source was heard, relative to the ECA’s head, and can be computed as:

—

Kemission = K( Pparticipant — Pagent dagent )

with the position p and forward direction d of the participant’s and agent’s head. We compute
the maximum emission angle encountered during each of the Auralizations in every trial, as
well as the sum of emission angle changes between all adjacent frames.

4.2.3.3. Results and Discussion

32 participants (9 female) were primarily recruited via university mailing lists. Three par-
ticipants were excluded from all analyses for failure to select the correct response during the
practice trial. Furthermore, answers to three Comparison task trials were removed where the
participant failed to listen to all three auralizations. The remaining 29 participants (8 female)
had a mean age of 28.24 (SD = 9.85), and all reported normal hearing, normal or corrected
vision and some English skills (2 “basic”, 27 “fluent”).

The participants rated the sound’s realism on a 7-point Likert Scale from “not at all”(1) to “a
lot”(7) (M = 5.00, SD = 1.10) and the sound intensity on a scale from “too silent”(1) to “too
loud”(7) (M = 4.07, SD = 0.60) overall appropriate. Furthermore, the ease of the Detectability
phase was rated on a 7-point Likert Scale from “not at all”(1) to “a lot”(7) (M = 3.65, SD =
1.78) as reasonable. Social Presence was rated with a neutral 0.1 (SD = 4.08) of the possible
scale from -15 to 15.

The results of the Detectability task can be seen in Fig. 4.20(a). A planned chi-square test of
independence was performed to examine the relation between the different A /B/X-comparison-
pairs and the ability to detect whether X was using the same Auralization as A or B. There was
a significant difference between response accuracy across comparison pairs, x2(2, N = 261) =
48.97, p < .0001. Furthermore two-sided binomial tests showed that omnidirectional (O) can
be distinguished from both static (S) and dynamic (D) speaker directivity significantly better
than by chance, ps < .0001. The A/B/X decisions between S and D speaker directivity, on
the other hand, were not significantly different from chance (.5), p = .52.

Fig. 4.20(b) highlights the frequency of preference selection in the Comparison task. A
planned chi-square test did not reveal a main effect of the Setting: outdoor vs. indoor,
x2(2, N = 171) = 4.30, p = .116. The relation between preference and naturalness ratings of
the different Auralizations was further analysed using a planned two-way repeated measures
ANOVA. There was a statistically significant interaction between preference and Auralization
on naturalness ratings per trial, F'(4,504) = 39.6, p < .0001. Therefore, the naturalness rat-
ings per Auralizations were analysed for each preference rating. P-values were adjusted using
the Bonferroni multiple testing correction method. The effect of preference was significant for
all three preference outcomes (ps < .0001). Pairwise comparisons, using paired t-test, show
that the naturalness rating of the preferred Auralization is always significantly higher than
the ones of the other two Auralizations (ps < .0001). Furthermore the differences between the
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Figure 4.20.: (a) The percentage of correct answers when trying to differentiate be-
tween the different Auralizations omnidirectional (O), static (S) and dynamic (D) in an
A/B/X comparison. Error bars show the standard deviation. (b) The number of prefer-
ences per Auralization split by the two Settings: the courtyard scene (outdoor) and the
museum scene (indoor). (c¢) Box plot of naturalness ratings per Setting and Auralization
averaged over 3 trials based on a 7-point Likert scale from “very unnatural”(1) to “very
natural”(7). Boxes indicate quartiles, with whiskers at full range.

non-preferred Auralizations were non-significant (S vs. D when choosing O (p = 1.0), O vs.
D when choosing S (p = .13) and O vs. S when choosing D (p = .09)) .

Fig. 4.20(c) shows the mean values of the naturalness ratings, averaged over the 3 trials per
Setting. A planned 2x3 (Settings by Auralizations) repeated measures ANOVA revealed no
significant effects (F's < .932, ps > .40) and only a marginal trend for Setting (F(1,168) =
3.231,p = .074), with slightly higher naturalness ratings for outdoor.

Looking at the preferences of single participants (see Fig. 4.21(a)), we saw that the number of
times single participants preferred either Auralization seems to be bi-modal. We combined S
and D here following the results of the Detectability task. This way we found that there is a
group of participants strongly preferring S + D while some other participants were consistently
in favor for O with a noticeable gap in between. Due to this observation we split the population
into three groups: those preferring O (N=12) or S + D (N=11) more often and individuals
preffering these two auralization (groups) equally often (N=6), labeled as Indiff.

A post-hoc 3x3 repeated measures ANOVA showed a significant interaction between this pref-
erence grouping (further called Preference Type) and Auralization, F'(4,165) = 8.58, p < .0001.
Therefore, the effect of the Auralization was analyzed for each Preference Type. P-values were
adjusted using the Bonferroni multiple testing correction method. The effect of Auralization
was significant for O-preferred (p < .001) and S+D-preferred (p = .009) but not for the in-
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Figure 4.21.: (a) How many participant preferred S+D how often. Following the
results of the Detectability task, S and D are combined. (b) Mean naturalness ratings
per preference type (where O and S+D preferred this Auralization more than 3 times
and Indiff both exactly 3 times) and Auralization averaged over 3 trials based on a
7-point Likert scale from “very unnatural”(1) to “very natural”(7). Significance levels
are displayed as , * p < .05, xx p < .01, *%x p < .001, *xxx p < .0001.

different group (p = 1). Pairwise comparisons, using paired t-test, show that the naturalness
ratings were significantly higher for the preferred Auralization in these two groups (O-preferred:
ps < .001; S+D-preferred: O vs. S p = .02 and O vs. D p = .01), while no other differences
were significant (ps > .39).

In our next post-hoc analysis, we examined participant movement during the Comparison
task while the agent was speaking. Changes in auralization become most noticeable when the
participant experiences a variety of emission angles. Participants moved an average of 123m
(SD = 86m) with an accumulated change of emission angle of 13,814° (SD= 3,657°). The
mean maximum emission angle per Auralization and trial was 104° (SD = 37°). However,
there was no correlation evident in the data between this maximum emission angle and indi-
vidual naturalness ratings per Auralization and trial (p = .13). There was also no significant
correlation between the accumulated movements and naturalness ratings grouped by Aural-
ization (ps > .22), with only a marginal negative correlation between accumulated emission
angle change and the naturalness rating of O, r(56) = —.24,p = .067. Furthermore, there was
also no significant correlation regarding movement and the quantity of preferences for either
Auralization (ps > .19).
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Discussion

The results of the Detectability task show that participants were able to differentiate ECAs
having an omnidirectional auralization from those using a directional one. However, partici-
pants were unable to reliably distinguish between static and dynamic directivity, even when
given control over the rotation of the agents. This pattern contradicts hypothesis H5. How-
ever given the subtle differences in the simulated directivity data of the different vowels (see
Fig. 4.17), participants inability to distinguish both directional auralizations is unsurprising.

In general, we did not observe higher naturalness ratings for the two directional auralization
methods, leading us to reject H1. This can potentially be attributed to the fact that the
low-pass filters applied in the directional auralizations in cases of lateral or even backward
emission angles may detract from their perceived naturalness. While directional auralizations
may be closer to reality, users seem to prefer that speech is unchanged. This finding allows
for speculation about the role of low-pass filtering on speech intelligibility [Jax and Vary,
2006], with participants preferring the condition with higher speech intelligibility over the
more realistic one. We also found, however, that several participants consistently select either
strongly in favor of the directional auralizations or the omnidirectional auralization, while
others remained indifferent (see Fig. 4.21(a)). We therefore performed a post-hoc split based
on this preference, and found significant differences in the naturalness ratings in favor of
participants’ preferred auralization (see Fig. 4.21(b)).

Even under this split, there was no significant difference between static and dynamic auraliza-
tions. One possible explanation is that participants were not listening enough to non-frontal
directions, as the virtual environment implied face-to-face communication. The measured
maximum emission angles, however, exhibit sufficiently large movements as to elicit direc-
tional effects (mean above 90°). Furthermore, a post-hoc analysis did not show any significant
relationship between participant movement and naturalness or preference ratings. A marginal
trend revealed that participants who moved more (i.e., those who had a larger summed emis-
sion angle, indicating effort to detect differences), rated the naturalness of omnidirectional
slightly lower. We take this result to suggest that our study circumvented the possible im-
pact of insufficient movement, which would have otherwise hidden auralization differences at
non-frontal emission angles. Therefore, we cautiously support H2.

Furthermore, we were able to support H3. Participants rated the naturalness of their preferred
auralization significantly higher than that of the other two. This aligns with proposals that
listeners prefer naturally sounding ECAs [Zibrek and McDonnell, 2019], and affirms the need
to optimize for higher naturalness.

Given the results above, however, it may not be necessary for ECAs to implement dynamic,
phoneme-dependent directivity for a comparable face-to-face interaction. In our case, the
added effort over a static directivity seems unrecognized by the listeners. This would make
auralizing ECAs’ voices easier, eliminating the extra link between the animation system and
the acoustical simulation to switch directivity filters based on the currently uttered phoneme.
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We were unable to confirm H4, pertaining to the strength of naturalness differences across free-
field outdoor versus reflective indoor Setting. We expected that the different directivity spectra
per propagation path of the additional indoor reflections would entail perceivable deterioration
of the directional effect. Furthermore, the energy mismatch caused by the missing damping of
an omnidirectional source results in an unnatural room acoustic characteristic. Contrastingly,
participants rated naturalness outdoor slightly higher where these effects did not occur. As
no significant differences were found, however, we cannot make any conclusions about changes
related to indoor reflections. The real reverberation of the inside cavity of the AixCAVE,
where the walls and floor have acoustically problematic properties, may have interfered with
the successful investigation of this effect. Future studies might be able to better control the
experimental environment acoustically.

4.3. General Discussion

In this chapter we presented four experiments concerned with verbal aspects of ECA speech.
These are one key factor to enhancing the naturalness and perceived social presence of ECAs.

The first user study examining synthetic voices and especially faulty prosody generated by
TTS showed that if naturalness is a key requirement, for example, to elicit higher social
presence, then recorded human voice is preferable over synthetic voices. The results of the three
experiments presented after that also yielded results along these lines. These experiments were
conducted prior to the one presented at first, therefore they partly used synthesized speech
material. For the remainder of this thesis and also as general guideline, we propose to use
recorded speech, where possible. However, sometimes the resources will not allow the usage
of recorded speech and also some very dynamic scenarios potentially including large language
models (LLMs) for content creation will have to rely on TTS. Nevertheless, these results are
based on state-of-the-art synthesizers at that time. As technology progresses TTS solutions
have to be reevaluated, however, paying special attention to prosody as identified in this thesis
as one key factor of naturalness degradation.

We also presented three studies concerned with the directional auralization of speech sound
sources. We found hints that the integration of dynamic, phoneme-dependent directivities
was not distinguishable from a static (averaged) speaker directivity. We therefore suggest
that the additional effort to switch directivities during speech is not required, and we expect
this to hold for comparable scenarios. Furthermore, we found no evidence that participants
prefer directional speech sound in general. While nearly half of our participants preferred the
auralization including directivities, there were also many participants with a strong preference
for omnidirectional speech. The fact that those groups consistently reported their respective
preference gives rise to the notion that subjective preference is more related to other factors not
considered here (e.g., speech intelligibility [Sewell et al., 2023]) than the realism of directional
rendering. Nevertheless, we found that participants generally preferred the auralizations they
rated as more natural, which affirms the need for high naturalness in speech auralization.
Another possibility is that some participants simply preferred the increased speech intelligibility
due to missing (potentially muffling) filters when using the omnidirectional auralization. As we

84



4.3. GENERAL DISCUSSION

are ultimately engaged in a virtual interaction, we do not have to adhere to physical laws and
could implement ECAs that can be well understandable even if they are talking away from the
user if that is beneficial for the application purpose at hand. So, “super human” capabilities
should be considered for contexts where speech intelligibility is very important. Nevertheless,
we propose the usage of static directivity filters, as this objectively increases the realism of the
audio simulation and is easily implementable. It is therefore used for the remainder of this
thesis.

Another learning from the lastly presented study is that future studies would be well served
by using a more acoustically controlled environment, with a more robust reproduction (i.e.,
headphones), to better distinguish reflective and free-field settings. Therefore, we opted for
HMD presentations using headphones for the following investigations.

In conclusion, these findings highlight critical aspects of verbal behavior of ECAs to enhance
social presence, paving the way for future improvements in human-ECA interactions across
various domains. By prioritizing user preferences for naturalness and intelligibility in speech
interactions, developers can create ECAs that resonate more deeply with users, ultimately
leading to richer and more meaningful engagements.
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CHAPTER 5

Co-Verbal Behavior

When humans speak, their verbal behavior is nearly always accompanied by co-verbal be-
havior, for example, by gestures but also gazing etc. For embodied conversational agents
(ECAs), this also becomes a necessity since they are virtually embodied and therefore these
embodiments should behave in accordance with the given speech to not appear live-less and
unnatural. Wang and Ruiz [2021] give an overview about non-verbal behavior, comprising,
gestures, gaze, facial expression, proxemics, posture, and mimicry. We will further call these
co-verbal to stress the co-occurrence with speech, but will focus on the same behaviors as
Wang and Ruiz [2021] in this chapter. We will first discuss related work and our implemen-
tation of facial animations, both to convey emotions and articulation movements (Sec. 5.1),
which is then followed by an explanation how to realize appropriate gazing behavior in Sec. 5.2.
Subsequently, we will delve into co-verbal gestures and the different ways to produce those in
Sec. 5.3, including the presentation of a user study we conducted to evaluate the performance
of different manipulations to improve recorded gestures. Next, we will focus on two important
communicative functions of co-verbal behavior essential for effective face-to-face communica-
tion which go beyond the uni-modal behavior in the previous sections: In Sec. 5.4, we will
cover related work on back-channeling, where ECAs provide feedback, such as nods or vocal-
izations, to indicate understanding and engagement, which signals active listening and fosters
a supportive communication environment. In Sec. 5.5, we will examine turn-taking cues in
ECAs, referring to how speakers and listeners continuously manage who speaks next to ensure
a smooth conversation and prevent unwanted interruptions. In this section we also present a
user study we conducted, to examine the influence and interdependence of different non-verbal
modalities involved in communicating turn-taking. While back-channeling also includes the
aforementioned use of mimicry and posture, we do not include an explicit section about prox-
emics [Bonsch et al., 2018a] here, since the main focus of this work is on verbal interactions
with the interlocutors staying at given positions throughout the interaction.
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Figure 5.1.: A list of upper and lower face action units (AUs) as defined by the Facial
Action Coding System (FACS) and their interpretation. Image taken from [Martinez
et al., 2019]

5.1. Facial Animation

Human faces naturally move a lot during interactions. So special care has to be taken to
adequately reproduce these movements in ECAs for them to not appear life- and emotion-less.
Thereby these facial animations can constitute articulation movement (Sec. 5.1.1), potentially
subtly, convey emotions (Sec. 5.1.2), or stem from other behavior of the ECA, like gazing (Sec.
5.2), which also requires the eye region to move according to the gazing.

For realizing these facial animations on ECAs, two main approaches exist. The first involves
virtual bones in the face (see, e.g., [Aneja et al., 2019]), similar to those used for the remaining
skeleton, that can be used to move small part of the face, like raising the eyebrow or opening the
mouth. While this bone-based approach is often still used for the eye ball, since they are often
required to be rotated to specific angles, for facial animations blend shapes® are more commonly
used. These are a collection of different manipulations of the face vertices. For example, a
“puff” blend shape can hold 3D displacements for the vertices of the cheeks to move them
outwards to make a puffing face. This transformation of the face would be particularly hard
to achieve using only bone-based transformation. To produce a facial animation multiple of
these blend shapes can be blended together simultaneously, by giving each an activation value
# 0 and then adding up the individual vertex displacements scaled by these activation values
(see [Lewis et al., 2014]). One commonly used system for defining the different blend shapes is
the Facial Activation Coding System (FACS) [Ekman and Friesen, 1978] (see Fig. 5.1), which
was originally designed to analyse facial expressions in humans (see, e.g, [Hamm et al., 2011;
Martinez et al., 2019]) but can also be used to drive facial animations of ECAs [Zhou et al.,
2018]. Here the individual blend shapes, which are considered the most distinct individual
movements a human face can perform, are called action units (AU).

!Blend shapes are also often called morph targets.
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5.1.1. Articulation Movements

One crucial facial animation for ECAs is adequate articulation movement, i.e., an accurate lip
synchronization [Bear and Harvey, 2017]. First of all, talking embodied agents that do not move
their mouth are at least intuitively confusing and potentially detrimental to perceived realism
(see, e.g., [Bonsch et al., 2017b]). Further Thézé et al. [2020] showed that the McGurk effect, i.e.
incongruent visual speech overwriting what is heard, e.g., from “vase” to "base” with another
visual animation, also persists with virtual humans and artificial voices. Additionally, research
indicates that viewing an articulated face while listening to speech enhances intelligibility (see
[Gonzalez-Franco et al., 2017; Sewell et al., 2023]), which is crucial for effective communication
and engagement in VR-based interactions with ECAs. Therefore, special care has to be taken
to animate the lips appropriately.

Creating lip sync for ECAs involves various approaches, with phoneme mapping being one of
the most straightforward methods. This technique dissects the speech signal into its smallest
units, known as phonemes, and maps each to corresponding facial expressions of the mouth
region called visemes. Implementations can vary significantly, with some using as few as three
visemes [Llorach et al., 2016] while others employ up to 20 [Zhou et al., 2018]. Here more
visemes clearly perform better (cf. [Bear and Harvey, 2017]). These mappings can be based on
hand-crafted rules (e.g., [Llorach et al., 2016]) or data-driven methods using machine learning
as, for example, in [Taylor et al., 2017] or [Zhou et al., 2018]. A review on used phoneme-
viseme mappings can be found in [Bear and Harvey, 2017], also showing that for speaker
identification more than one viseme should be mapped to the same phoneme. However, simply
blending between visemes does not yield natural animations due to the need to consider co-
articulation of phonemes. To address this, Xu et al. [2013] proposed hand-crafted animations
for all pairwise combinations (bigrams) of visemes to improve realism. Additionally, alternative
data-driven models have emerged that generate lip movements directly from raw audio input
and potentially transcripts (e.g., [Karras et al., 2017; Taylor et al., 2017; Song et al., 2019]),
allowing for the capture of more nuanced lip movements by inherently considering neighboring
sounds rather than relying on a fixed set of visemes. There further exists a large body of
related research just concerned with generating correct lip sync in videos (e.g., [Kumar et al.,
2017; Suwajanakorn et al., 2017]).

While accurate lip movement is essential for effective communication, it is equally important to
incorporate additional elements that contribute to realistic speech production. In particular,
incorporating tongue animation is crucial for accurate articulation since it plays a significant
role in human speech production [King and Parent, 2005]. Beyond that, research by Chen
et al. [2019] highlights that head movement enhances the perceived naturalness of speech
performance if it is in accordance with the speech [Hadar et al., 1983]. Fares et al. [2022]
trained a data-driven model to generate continuous eye brow and head movements semantically
fitting the speech. Moubayed et al. [2009] stated that adding natural head nods and eyebrow
movement to the presentation of speech can significantly enhance speech intelligibility, even
when prosodic cues were deliberately removed from the speech. Liu and Ostermann [2011]
supported this notion by demonstrating how head movements and mouth shapes sampled from
a database of recorded speech improved naturalness in their studies involving video rather than
3D embodiments.
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Figure 5.2.: Facial emotions realized via blend shapes in our system exemplarily shown
on a MetaHuman. From left to right: neutral, slightly smiling, disgusted, happy, sur-
prised.

In addition to these individual features, holistic communication dynamics encompass broader
non-verbal elements that enhance animation realism. Breathing-related movements of the head
and chest are also important aspects often overlooked in animated performances, as identified
by Bernardet et al. [2019]. Lastly, visual speech should adapt based on speaking styles and
volumes. For example, an agent’s facial movements should differ when whispering compared
to shouting (see [Miyawaki et al., 2022]). The JaLi framework proposed by Edwards et al.
[2016] articulates this concept by stating that speech can be conveyed through either jaw or
lips movements—or a combination thereof—depending on intensity and style.

5.1.2. Conveying Emotions

One important aspect of facial expressions and animation is the transport of emotions (see
[Pelachaud, 2009]). Ito et al. [2024] found that emotional expressions were well able to shape
the interaction of a human user with an ECA. This was in their study specifically helpful, when
the ECA displayed emotions that discouraged cooperative attitudes, whereby participants
tended to exhibit more selfish behavior, which was desirable when the ECA was intended
to provide assistance. However, negative emotions presented as facial expressions, can also
significantly reduce trust into the ECA [Luo et al., 2023]. Sato et al. [2024] furthermore found
that emotions expressed by ECAs are beneficial in negotiation training. Additionally, the
dynamics of emotional expression should be considered [Pelachaud, 2009], so that not only
static expressions are held. One example of these dynamic emotional expressions for the upper
face was developed by Liu et al. [2024a], where a data-driven model is trained to generate
continuous emotional expressions fitting the speech that can be rendered on top of the lip
sync. A database for different realizations of emotions can be found in [Pan et al., 2024].
Beyond facial animation also other aspects like texture can be used to convey emotions, for
example, [Jung et al., 2011] used blushing as additional cue. Nevertheless, Lang et al. [2012] also
found that using facial expressions has to be carefully considered, as they can be very context-
and also culture-dependent. Furthermore, some emotional expressions like smiling can also
be audible in the voice, we should be considered when designing emotional expressions [Torre
et al., 2019, 2021].
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In the Character Plugin (see App. C.3) already introduced in the previous chapter, we provide
the possibility to dynamically add emotional expressions to ECA performances, based on FACS.
Additionally to individually triggering these AUs, we provide ready-to-use expressions for basal
emotions: happiness, sadness, surprise, fear, anger, disgust (see examples in Fig. 5.2). These
expressions were based on the involved AUs provided in [Martinez et al., 2019], however, we
adapted them to fit our needs. Additionally we also provide a slight smile to apply by default
to the ECAs, since the neutral facial expression often looks too stern for social applications
(see two left-most emotions in Fig. 5.2). During application development, developers will,
however, need to carefully check and evaluate these expressions on the virtual human models
used, to verify that the emotional expression matches what is needed. If this needs to be
formally evaluated tools like the Geneva Emotion Wheel? can be used, as we did—however,
for a predecessor implementation—in [Bonsch et al., 2020c].

5.1.3. Recording Facial Movement Along With Speech

Due to these intricacies of articulation movement above and since we used prerecorded speech
in several studies, we opted for recording face movement along with the speech audio. In a
first attempt (see [Ehret et al., 2020]) we tried to use an optical tracking system and markers
in the speaker’s face. Due to a lack of motion capture post-processing expertise and the
recorded data not fitting the virtual model of the face, we in the end manually recreated the
face movement using Autodesk Motionbuilder, which was very time-consuming. An alternative
semi-automatic approach can be found in [Deng et al., 2006].

In a pursue for more automatic methods, we evaluated two video-based solutions, when being
challenged again to record facial animations along with speech for [Ehret et al., 2021]. In
our tests, using a recording based on Apple’s TrueDepth Sensor [Esselink et al., 2023] and
the ARKit turned out to work better than capturing the face using purely RGB-video based
solutions like OpenFace 2.0 [Baltrusaitis et al., 2018] as proposed in [Struijk et al., 2018].
Furthermore, we evaluated a data-driven approach based on speech only using Oculus Lipsync?.
The approach using the ARKit, however, performed superior in our pre-tests and required only
little post-processing. Therefore, we used it for most studies, employing Epic’s Live Link Face
app * for recording (see Fig. 5.3). This iPhone app records face animations in 100 Hz and
writes it into a file, so the activation of the different facial blend shapes can be used later on
for rendering. We implemented functionality in our Character Plugin (see App. C.3) to easily
load and replay these files onto ECAs. Additionally, we added the possibility to select a specific
tracking frame as reference pose (neutral) so only the differences to this frame were used as
activation values for the blend shapes. This functionality was later on also natively added to
the Live Link Face app.

’https://www.unige.ch/cisa/gew/
3https://developer.oculus.com/downloads/package/oculus-1ipsync-unreal/
‘https://apps.apple.com/us/app/live-1link-face/id1495370836
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Figure 5.3.: A voice actor speaking his part in the dialogue for the voice and prosody
study shown in Sec. 4.1 being recorded with an AKG C451F microphone with pop filter
and an iPhone SE for facial tracking in an acoustically dry environment.

5.2. Gazing

For ECAs gazing is a particularly important behavior. In contrast to 2D representations, e.g.,
on a computer screen, where the Mona Lisa Effect (see, e.g., [Horstmann and Loth, 2019; Kum
et al., 2024]) can elicit the feeling in multiple observers to be directly looked at, we have to
carefully steer where ECAs are looking in VR since rendering is adapted if the user moves their
head. Previous research has shown that human observers are well capable of quickly estimating
where in the IVE an ECA is looking (see, e.g., [Loth et al., 2018; Langton et al., 2000]) and
extensive research has been conducted on implementing natural gazing for ECAs [Ruhland
et al., 2015]. Following Heylen [2006], gaze thereby serves two functions at the same time:
observing the world and constituting a behavior that is observed. This is especially evident in
mediated communication, where two humans communicate in VR being embodied in avatars.
Here it was found that reproducing the actual gaze patterns of the users significantly improved
realism [Andrei et al., 2023] and also the fluency of the conversation [Garau et al., 2003]. For
ECAs, Heylen et al. [2005] found that natural gaze behaviors (looking at the interactant and
away periodically) is preferred over starring agents and Wang and Gratch [2010] found that
just staring at the user is not a feasible strategy to establish mutual attention and was rated
as bad as an ECA constantly ignoring the user. Analogously, Andrist et al. [2013] found that
gaze aversions can signal intimacy, thinking, or manage turn-taking [Jokinen et al., 2013].
Furthermore in scenarios with moving ECAs, gaze pattern have to be adapted, for example,
alternating between the walking direction and the interaction partner [Bonsch et al., 2024].

Beyond that, gaze can be an important cue to infer and direct attention. Kompatsiari et al.
[2022] showed that ECAs are capable of guiding the attention of human interactants using only
gaze with similar results being presented by, e.g., [Bailly et al., 2010] and [Hartz et al., 2021].
Considering human gaze patterns, Huang et al. [2015] showed that it is possible to predict the
desire for specific items from gaze even before a speech request for a specific item is uttered.
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Furthermore, Koleva et al. [2015] showed that gazing at objects while listening is an important
listener feedback mechanism, so that a human user feels understood. Narang et al. [2019] used
gazing adaptations with moving ECAs to communicated the willingness to interact derived
from the gazeing behavior of the user. In particular, carefully designed gaze patterns can be
used to implement ECAs, that elicit the feeling of attentive listening (see, e.g., [Heylen, 2008;
Lala et al., 2017; Oertel et al., 2021]) or ECAs can use gaze cues of the human interactant to
adapt their behavior accordingly (see, e.g., [Grillon and Thalmann, 2008]). Along these lines
Mejia et al. [2023] developed rules for ECA gazing when the user approaches to touch the
ECA, finding that first looking at the approaching hand and then into the user’s eyes is the
best strategy.

However, as stated before gaze can also be influenced by far more factors, for example, humans
tend to avert their gaze on high cognitive load [Doherty-Sneddon and Phelps, 2005] and coor-
dinate their gaze behavior with laughter [Maraev et al., 2023]. Additionally, gaze behavior can
also express emotions, like fear or anger [Sander et al., 2007]. When observing an ECA, human
gaze behavior was further found to changed based on the ECA’s ethnicity and gender [Huang
et al., 2024]. When implementing ECA gaze behavior, research by Roth et al. [2018a] shows
that gaze patterns that are based on a social model are preferred over random behavior and
Kiyrlitsias et al. [2020] found it to have a significant effect on social presence.

The main part of gaze behavior is the execution of gaze shifts, i.e., saccades, (e.g., [Lee et al.,
2002; Andrist et al., 2013]) and the coordination of eyes, head, and torso movements (e.g.,
[Heylen, 2008; Pejsa et al., 2015; Hendrikse et al., 2018; Sidenmark and Gellersen, 2019]).
These can be produced using statistical models (see [Ruhland et al., 2015]) or using data-driven
approaches. For the latter, a recent approach by Goude et al. [2023] uses the saliency of the
virtual scene rendered from the perspective of the ECA to automatically generate plausible
gaze patterns. A similar approach was already proposed by Itti et al. [2006], where they
recreated gaze behavior of a human watching a 2D video and Deng et al. [2005], who used
texture synthesis to generate gaze paths. But sometimes gaze patterns are also not directly
linked to focusing on specific things in the environment, but rather based on other behavior,
for example, when gazing around the room while telling something. For example, Le et al.
[2012] generated head, eye and eye lid movement based on a speech signal using a data-driven
approach and Ferstl [2023] trained a neural network to generate head animations to look at
something based on the current emotional state that should be conveyed. Additionally to these
saccades, believable eye blinks should be produced so that the gazing looks plausible [Trutoiu
et al., 2011].

To allow the ECAs developed for the study presented in [Ehret et al., 2023] (see Sec. 5.5.2) to
show appropriate gazing behavior, first we implemented a general rule-based gaze controller
that allows the ECAs (in our case visualized by MetaHumans or Character Creator 3 models)
to fixate any point in 3D. Therefore, we rotate the eyes, head, and upper body towards the
gaze target following the movement dynamics described in the work by Pejsa et al. [2015].
The eyes and head start to move first and the eyes always move all the way to the target The
torso starts to move delayed, with a delay time that is linearly dependent on the angle of the
movement (see [Pejsa et al., 2015]). We also allow for alignment factors to be defined, so that
the head can be fully rotated to face the gaze target or be rotated, for example, only 50%
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Figure 5.4.: Angular velocity profiles of different body parts involved in gazing, as
shown in [Pejsa et al., 2015].

from its forward direction towards the gaze target, so that the eyes will still have a rotation
relative to the head. During extensive testing 90% proved to be a reasonable default value for
the head alignment and 10% for the torso (see Fig. 5.5) for the stationary scenario we used
this (see Sec. 5.5.2). Note that these numbers are not added but are always relative to the
default forward direction, so the head has to move less relative to the torso, if the torso has
a higher alignment factor. Although [Sidenmark and Gellersen, 2019] report that gaze shifts
with angles below 25° tend to be performed by eye movement only, this model looked plausible
in our scenarios. We based the movement velocities on those described in [Pejsa et al., 2015],
however, increased them partially as the produced movement otherwise looked too slow and
thereby unnatural. In their model (see Fig. 5.4) the angular velocity is linearly increased
from a start velocity of fstart - Vimax to @ maximum velocity (Viax) during the first half of the
movement. And then decreased back to the start velocity using a polynomial function. Since
the polynomials in the second half resemble quadratic easing in and out as implemented in
Unreal by FMath: : InterpEaseInOut (), we used this instead for simplicity. The values used

are:
BOdy Part fstart Vmax
Eyes 0.5 |300°/s
Head 0.25 | 150°/s
Torso 0.25 | 60°/s

Table 5.1.: Parameters used to compute the angular velocity profile, see Fig. 5.4.

To produce physiologically plausible movements we restricted the movement to the physiolog-
ical motor ranges, so for example the eye can only move up to 35° horizontally and up to 10°,
while the head can be rotated up to 50° horizontally and 30° vertically. These values were
estimated from the movements the used Character Creator 3 models could perform, while still
looking natural. Given these constraints not all gaze targets are possible to fixate, especially in
the back if the torso only rotates up to 10% towards the target. Therefore, we compute in each
step how far the eyes are aligned with gaze target once they finished their movement. In case
that they cannot reach the target due to rotational constraints, we alleviated the alignment
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Figure 5.5.: Gazing Alignment: Gazing with eyes only (a); additionally aligning the
head 90% with the gaze target (b); also aligning the torso 10% with the gaze target
(¢); top-down view of (¢) with the forward direction in blue (4 blue silhouette shown
behind with no alignment applied), the torso orientation in green, the head orientation
in orange and the eye orientation in red.

factors of head and torso. First trying whether with a further rotation of the head (within its
motor range) the target can be reached and after that whether the torso should be rotated
further as well if the added head rotation did not suffice. Furthermore, the ECAs are nor-
mally not perfectly still but use idle movement so there is a continuous sway that has to be
counteracted. Additionally, we wanted to support moving targets, like the users themselves.
This proved difficult during the implementation, since the skeletal animation is not updated
in the main thread of the Unreal Engine, but runs in a separate thread. To avoid oscillation
due to using outdated data in the computations, we had to move this computation into the
animation system by implementing custom “animation nodes”®. But this also results in un-
known durations for single saccades. Therefore, we updated the current angular velocity (see
Fig. 5.4) not by the gaze shift progression time but by the amount of angular distance covered
compared from the original angular distance towards a new gaze target. Convergence of both
eyes towards a gaze target as described in [Pejsa et al., 2015] is automatically achieved in this
system, as the eyes are individually rotated towards the gaze target. For MetaHumans, which
use blend shapes for animation of the eyes, the eye ball rotations have to be converted into
activation values, using linear interpolation®. These blend shapes then also move the eye lids
accordingly. For facial setups where eye balls are controlled via bones (e.g., Character Creator
3 models), this has to be done manually, so especially closing the eye lid according to downward
gazing (see Fig. 5.6).

To also allow natural gaze patterns when the ECAs do not have specific locations in the scene
to fixate, we implemented the saccade patterns described by Lee et al. [2002]. This means that
the the ECA looks forward (or potentially at someone or something) and periodically averts

5The actual skeletal animation in Unreal is entirely done using animation Blueprints. They use the
visual programming paradigm of the Unreal Engine, which uses nodes representing computations
with data connections in between.

6For MetaHumans a blend shape activation of 1.0 corresponds with 25° rotation in either direction,
so up/right /down/left

® I~ 95



CHAPTER 5. CO-VERBAL BEHAVIOR

Figure 5.6.: Gazing down by the same angle without adapting the upper eye lid (left)
and with appropriate adaptation (right).

the gaze by means of eye rotations only. Lee et al. [2002] provide statistics of saccades during
two different settings: speaking, listening. These provide the mean and standard deviation for
the length of direct/forward gazing and for gaze aversions and additionally statistics about the
distribution of aversion directions. We added a third saccade mode for thinking inspired by
the implementation and parameters used in smartbody [Thiebaux et al., 2008]. Furthermore,
human eyes are never completely still but perform so-called microsaccades, small saccades of
~0.4° at ~1.4Hz, which are barely noticeable (see, e.g., [Martinez-Conde et al., 2004; Troncoso
et al., 2008]. These are also performed while fixating and therefore we use the statistical
distributions of those described [Troncoso et al., 2008] by default to add this liveliness. As
the ECAs are supposed to sometimes look directly at the user, we furthermore implemented
periodic switching of which user eye the agents look into as is natural when humans look each
other in the eyes. To this end we do not use the HMD position as gaze target when the ECAs
look at the user, but estimate the positions of the eyes, left and right of the HMD position,
and randomly switch every few seconds (M = 2.0s, SD = 1.0) between those.

As last eye behavior also natural blinking has to be implemented for the ECA to not seem
off. We added blinking following the statistics described by Bentivoglio et al. [1997] (20 +
9 blinks/min, blink duration: 250 - 350 ms) using cubic ease-in/out, where the opening takes
twice as long as the closing of the eyes. Trutoiu et al. [2011] describe that blinks also naturally
occur when performing larger saccades. Therefore, we evoke a blink (resetting the timer for
a next blink) every time a new gaze target is specified that causes a gaze shift of more than
10°.

We tested this rule-based gaze controller in several applications and used it during several
studies with good results. We did not evaluate gaze behavior directly, but there were no
concerns uttered regarding the naturalness of the performed gaze movement during post-study
free-field comments. However, as shown by Ferstl [2023], who found different head animations
to be depending on the emotion to be conveyed by the ECA, the exists no one-fits-all solution
to gaze animations. Therefore, these parameters have to be changed according to the specific
context so that the movement (speed) looks appropriate, which is easily possible within our
presented plugin. We also found the alignment parameters to not be capable of generating
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all wanted behavior. For example in conversation, we often face our conversation partner by
means of head rotation and then do gaze aversions only using the eyes while keeping the head
fixed (potentially in a non-frontal direction). For this case we added the functionality to define
separate gaze targets for the head and the eyes, to give maximum flexibility during application
development. Furthermore, there is a large inter-personal difference in gazing behavior, as
different people tend to use very different gaze patterns, for example, during conversation.
So the presented parameters can only be understood as a reasonable starting point, which
potentially requires adaptation as needed. But during the implementation we put special
focus that these parameters can be easily adapted per ECA instantiated in an IVE.

We further direct the interested reader to [Ruhland et al., 2015] and [Admoni and Scassellati,
2017] for additional reading about implementing gaze behavior.

5.3. Gestures

The most obvious aspect of ECAs’ co-verbal behavior is the use of co-verbal gestures (see [Wag-
ner et al., 2014]). Following McNeill [1992], these can be grouped in four different categories:

 deictic gestures pointing towards references in the (virtual) world
e iconic gestures representing objects or concepts like forming a ball with one’s hands
o metaphoric gestures visualizing a concept like “large” by moving the hands apart

e beat gestures following the rhythm of the speech while not transporting semantic
meaning

However as stated by Neff [2016], producing fitting co-verbal gestures for a given speech act
to be applied an ECA is non-trivial. Not only do they have to be contextually and temporally
aligned with the speech, but they potentially convey information not present in the speech or
even alter the meaning of the speech act. Furthermore, human observers are very trained at
deciphering co-verbal gestures, and are sometimes already unsatisfied with a human actor
not acting out a role perfectly, so producing convincing gestures with an ECA is a hard
problem [Neff, 2016]. For example Ferstl et al. [2021] found that degraded/robotic gestures
can potentially have detrimental effects on the perception of ECAs’ human-likeness. However,
properly evaluating co-verbal gestures is, in and of itself, a fundamentally complex task. Here,
Debarba et al. [2022] used the configuration transition method proposed by Slater et al. [2010]
and found that for many participants already a non-perfect simple tracking system was deemed
good enough when used to record co-verbal gestures for ECAs. Similarly, Wolfert et al. [2024]
found that direct comparison is superior to rating the gestures afterwards using a questionnaire
to rate appropriateness and human-likeness. For example, He et al. [2022] compared generated
co-verbal gestures with simple idle movements during ECA speech and found a difference
on participants’ gaze behavior but not on the subjectively-rated perceived human-likeness.
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Nevertheless, it was found that having virtual teachers gesture improves learning performance
in vocabulary training (when iconic gestures were used) [Bergmann and Macedonia, 2013] and
math [Cook et al., 2017]. While in an obvious application deictic gestures can be used to give
better directions [Cassell et al., 2007], they can also be used to elicit higher emotional responses
in human observers [Wu et al., 2014]. Additionally, Neff et al. [2010] demonstrated that
gesture rate and amplitude can influence perceptions of extraversion of ECAs, while Thomas
et al. [2022] explored how robotic movements further affect a broad range of personality traits.
Ravenet et al. [2013] showed that various nonverbal behaviors, including gesture properties, can
be used to express different interpersonal attitudes in ECAs, such as dominance or friendliness.
Another important aspect is synchronicity of speech and gesture [Chu and Hagoort, 2014].
Leonard and Cummins [2011] conducted a study on perceiving the temporal shift of beat
gestures. It turned out that a temporal backwards shift of the gesture was already negatively
recognized at 200 ms. In the case of a shift to the front, however, it was only recognized
when exceeding 600 ms. Interestingly, a slight forward shift of 200 ms was even described as
more natural than the original by some participants. A comprehensive overview over co-verbal
gestures can be found in [Wagner et al., 2014].

As shown above, adding co-verbal gesture to an ECA’s speech performance is important and
can fulfil very different functions. In general, co-verbal gestures can either be recorded or
generated, for instance, through machine learning techniques [Wolfert et al., 2022]. While gen-
erated gestures may suffer from repetitiveness and potentially lack semantic depth, recorded
gestures require extensive manual labor, for example, to set up and to remove unwanted arti-
facts. In the remainder of this chapter we will first detail different approaches for generating
co-verbal gestures, which was not the preferred technique for this thesis as we opted for the
higher control of using recorded gestures. After that we will briefly describe our method to
record co-verbal gestures and present a study evaluating different gesture modifications of these
recorded gestures and the influence on perceived naturalness.

5.3.1. Automatic Gesture Generation

One way of generating co-verbal behavior is to blend together predefined gestures using a rule-
based system (e.g., BEAT [Cassell et al., 2001b]). This was further developed in the SAIBA
framework [Kopp et al., 2006], which allowed to specify situations and derive intentions for
specific ECAs which communicated these by means of realizing predefined behavior. This was
further refined in [Marsella et al., 2013] and [Lhommet and Marsella, 2013], who added, for
example, more in-depth prosodic and rhetorical analysis to trigger appropriate behavior. It
was further extended in [Ravenet et al., 2018] by adding more communicative and metaphorical
gestures into the execution. All of the aforementioned utilize the behavior markup language
(BML) to decouple behavior planning and behavior realization. By this, they rely on existing
gestures that are combined to create a speech performance. Similar approach also use existing
gestures but instead of using rule-based decisions on which gestures to use, they utilized predic-
tion models, to see which class of gestures would be most appropriate for the current utterance
(e.g., [Chiu et al., 2015; de Coninck et al., 2019]). Although predefined gestures are used, these
can be slightly adjusted to, for example, move the hands to specific positions or within given
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physical constraints (see, e.g., [Xu et al., 2014]). Another approach was taken by Neff [2022],
who manipulated existing gestures based on perceived muscle tension, to generate different
expressive outcomes. A review of realising speech performances using existing gestures can be
found in [Jung et al., 2011].

Another possibility to generate co-verbal gestures dynamically is to use mimicry or the so-
called “chameleon effect” where the ECA copies the movements of a human user with a given
time delay (see, e.g., [Roth et al., 2018b]). This will, however, be addressed again in Sec. 5.4,
which is concerned with the production of back-channels.

More recently these systems using existing gestures, were substituted by data-driven ap-
proaches, where the movement is generated for each utterance individually. These systems
firstly relied on the speech prosody to mainly produce fitting beat gestures (see, e.g., [Chiu
and Marsella, 2011, 2014; Bozkurt et al., 2016]) They already performed significantly better
than just performing random beat gestures [Bozkurt et al., 2016]. However, they were not
capable to generate gestures for the other aforementioned gesture categories since the needed
context information is simply not present in the pure prosody. Therefore, the inputs were
extended by giving a text transcript (e.g., [Ishi et al., 2018; Kucherenko et al., 2020]) to create
co-verbal gestures better fitting the content of the speech. Thereby different neural network
architectures are used, like auto encoders (e.g., [Kucherenko et al., 2019]), auto-regressive mod-
els (e.g., [Alexanderson et al., 2020]) or more recently generative adversarial networks (GANS,
e.g., [Habibie et al., 2021; Bhattacharya et al., 2021]). Also the inputs used for these models
and thereby the focus of the produced gestures vary between the approaches. For example,
Alexanderson et al. [2020] added style input like the handedness or radius of the gestures to
be produced as additional input, while Yoon et al. [2020] focused on being able to specify dif-
ferent speaker ids and generating gestures with distinctive styles based on these. Furthermore,
Bhattacharya et al. [2021] focused on reproducing different affective states of the speaker and
Vofi and Kopp [2023] designed a system which is particularly trained to generate appropriate
metaphoric and deictic gestures. For the latter, the system, for example, needs to know refer-
ence positions in the space around the ECA to be able to correctly point to those. Another
direction is evaluated by Krome and Kopp [2023], evaluating trade-offs between latency and
quality to produce gestures in real-time, for example, if the speech content cannot be specified
beforehand and is generated on-the-fly. A recent approach by Liu et al. [2024b] generates
facial and full-body animation simultaneously and especially allows to generate fluent and ap-
propriate motion in between specified passages or poses, yielding flexibility for the developers.
However, there also exist solutions tackling very specific motions, like synthesizing head motion
that fits the emotional state of a speech act [Sadoughi et al., 2017], or movements matching a
musical presentation on the piano or a violin [Shlizerman et al., 2018]. For a further overview
of gesture generation we refer the interested reader to [Wolfert et al., 2022].

5.3.2. Gesture Recording

However, to this date the best performances can still be generated by capturing the motion of a
real human (see [Li et al., 2019b]), including potential manual post-processing. Thereby room-
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scale opto-electronic tracking systems are used most commonly, but also small systems relying
only on tracking technology worn by the actor are possible (see [Zhou and Hu, 2008)), albeit
with potentially not as good results. We already discussed the different tracking possibilities
in Sec. 3.4. For this work, when gestures had to be recorded, we utilized the 6-tracker setup
explained there, using the HMD, Valve Index Controllers (capable of rudimentary finger track-
ing) and 6 additional Vive Trackers being worn at the ankles, arms, pelvis, and chest. However,
obtained results contained some artifacts originating from the low cost tracking technology.
Those were small jumps and glitches due to tracking inaccuracies, which were still visible after
generating full-body animations from the raw tracking data using inverse kinematics. There-
fore, we developed some techniques to improve recorded gestures by meaningfully manipulating
the collected tracking data which will be presented in the following section (Sec. 5.3.3) alongside
with an evaluation conducting a user study in Sec.5.3.4.

5.3.3. Gesture Manipulations

The contents of this section are based on and taken in part from work previously published in

[Ehret et al., 2025b].

During the gesture manipulation process, we modify recorded gestures to enhance their quality
and eliminate issues such as jumps and glitches. To this end, the manipulation process works
on the raw tacking data of the used nine tracked entities and inverse kinematics only applied
afterwards. When manipulating gestures to improve their naturalness and thereby the social
presence of ECAs expressing those gestures, one should be aware that these manipulations
can also change other dimensions. One key concept here is perceived personality. Smith and
Neff [2017] showed the influence of different motion adjustments of the perceived personality,
more specifically on the Big Five personality traits, which are: extraversion, conscientious-
ness, agreeableness, emotional stability, and culture. So improving the gestures to not show
unwanted artifacts is also important for the cause of not portraying an unwanted personal-
ity, which potentially influences the responsive behaviors of users in VR [Patotskaya et al.,
2023]. While we tested multiple approaches on improving the recorded data, we settled on
two straight-forward main methods: peak removal and smoothing, which are presented in the
following.

The idea of peak removal is to remove erroneous data (position or orientation) resulting
from temporal inaccuracies during tracking. Therefore, outliers (see [Wang et al., 2019a]) are
identified among nearly constant data points by calculating the (Euclidean or angular) dis-
tances between consecutive tracking points, termed steps. A candidate is flagged as an outlier
if its distance exceeds 4.4 times the median distance [Wang et al., 2019a], which effectively
identifies strong movements as proven through extensive testing. If the median distance is zero
for calm gestures, the first non-zero value is used instead. For all of the identified candidates
we have to decide whether they are indeed an unwanted peak or simply a large change dur-
ing the tracked movement. Therefore at first, consecutive candidates are grouped, potentially
describing a larger peak. Then the (angular) distance from the start to the end point of this
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Figure 5.7.: Peak Removal Review: Recorded motion of a tracker with five individual
tracking points. Two steps, defined as the positional change between two consecutive
tracking points, above a distance threshold are identified as potential outliers and high-
lighted in red. No peak removal in (a), as the potential peak is recognized as fast but
meaningful motion. Peak removal with linear interpolation in (b), as the potential peak
is identified as measurement noise, and in (¢) due to identifying an outlier plateau, which
indicates an elongated deviation from the regular recorded tracker motion.

entire potential peak is considered. If this distance divided by the number of steps falls below
the threshold defined above, this peak is considered an outlier and the values for all data points
in between are discarded and recomputed by linear interpolation (see Fig. 5.7(b)). Otherwise,
the data is kept (see Fig. 5.7(a)).

Since sometimes unwanted peaks can also form a plateau (see Fig. 5.7(c)), we enhanced this
approach by adding the possibility to increase these potential peak region by one or more steps
that were not classified as outlier candidates. For this, we introduced a parameter fextension,
which describes the time (and thereby number of steps) which can be added on each side of
such a potential peak to possibly connect it to another potential peak. This, however, leads
to multiple potential peak candidates adding different amounts of non-outlier steps to the
region. In case multiple of these sets around the same data points detect a peak, we use a
cost function to determine which set to use for peak removal. This cost function prioritizes
sets with the least number of steps and, if multiple with the same number exist, with the
smallest distance between start and end points. For peak removal a value of textension = 0.001 s
proved beneficial during testing and was applied. Since the algorithm always rounds up, this
means that only one additional step was considered to only remove severe glitches and not lose
deliberate movement (given the used tracking rate of 30 Hz). While this parameter worked
well for pronounced peaks (see Fig. 5.8), most recordings remained unchanged.

Therefore, temporal smoothing by means of averaging rotational and positional data with a
sliding window was used. For this a window size tyindow = 0.3 s proved beneficial, as proposed
in [Motionbuilder, 2024].

While this temporal smoothing worked well for most body parts, the rudimentary finger
tracking of the Valve Index Controllers occasionally resulted in unnatural hand postures (see
Fig. 5.9). In these cases, only single fingers were curled or fully extended over a longer pe-
riod, so that the above-mentioned methods did not improve it. Therefore, we complemented it
with spatial smoothing, particularly for the fingers.. To this end, we computed the smoothed
extension of individual fingers (excluding the thumb) as the means of their tracked extension
and that of the neighboring fingers (see Fig. 5.9).
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Figure 5.8.: Yaw rotation of the chest during one sentence of the HTR texts. The
different manipulations can be seen in different colors. The manipulations shown are
those used for the gesture manipulation study in Sec. 5.3.4. However, the originally
recorded data is nearly entirely overlaid by the peak-removal data and the same is true
for Improve and smooth.

To improve the recorded full-body gestures, we optimized the raw tracking data by first ap-
plying the peak removal with consecutive temporal and afterwards finger smoothing before
feeding this data into an inverse kinematics solver.

In addition, we also wanted to degrade the gestures to emphasize effects in the gesture manip-
ulation study (Sec. 5.3.4). Furthermore, these degraded co-verbal gestures will be relevant in
a further study evaluating different degraders for ECA performances (Sec. 6.1). During pilot
testing, we found that the above described methods could also be used for that purpose if
parameters were exaggerated. We achieved an over-smoothing when setting tyindow = 2.0s.
This led to very slow and unnatural movement.

Furthermore an over-peak-removal could be realized by setting textension = 0.1s. Thereby,
many short expressive movements can be misclassified as erroneous peaks that should be re-
moved, and therefore the movement—that potentially is an important feature to characterize
a specific gestures—is replaced by a short period with next to no movement, since the algo-
rithm interpolates between start and end posture. This leads to a resulting movement that
looks disjoint and “robotic”, partially lacking fluidity and continuity. As this is crucial for
accurately representing natural movement, this results in severely degraded movement data.
One examples of these manipulations can be seen in Fig. 5.8.
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Figure 5.9.: Finger Smoothing: In the left image the raw finger tracking data is shown
(with the pinkie unnaturally extended) and in the right image the smoothing result can
be seen.

5.3.4. Gesture Manipulation Study

The contents of this section are based on and taken in part from work previously published in
[Ehret et al., 2025b].

After introducing the different gesture manipulation/improvement techniques in the previous
section, we present a user study with the research objective of evaluating whether the afore-
mentioned improvements help in making the recorded co-verbal gestures more authentic and
natural and whether they are preferred over the originally recorded data. Furthermore as
a second objective, we also evaluate whether the degraded gestures are indeed perceived as
worse. To put this into context with previous research, we also added time shifts as additional
modifiers. Leonard and Cummins [2011], e.g., found a detrimental effect of gestures starting
too late (further called positive time shift) while a shift of the gesture starting before the
speech (further called negative time shift) in some cases even had a positive effect with regard
to perceived naturalness. Following the results of Leonard and Cummins [2011] we used time
shift by +500 ms of the otherwise improved gestures. This duration was selected to provide
a sufficient shift so that it is noticeable in the positive direction while being potentially even
beneficial in the negative case. This resulted in seven different modifiers:

e Mgmooth and MpeakRemove: the individual modifiers
e Mimprove: combining the two above
o MoverSmooth and MoyerPeakRemove: OvVer-exaggerating Msmooth and MpeakRemove

* MTimeshiftPositive and MTimeshiftNegative
These are complemented by Moriginal using the raw tracking data for animation. Since all of

the methods only clean up (or degrade) the 6DoF data of the seven tracking points, all of the
modifiers use identical Inverse Kinematics to map the data onto the skeleton of the ECA.
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Figure 5.10.: Room setup used during the Gesture Manipulation Study. During the
Listen Phase only one ECA was present on either of the blue positions, while during
Comparison Phase the ECA was placed on both blue footmarks. Participants were asked
to stand on the red footmarks, approximately 1.5 m away from the ECAs. Footmarks
were not displayed during the studies.

Study Material

As speech material, we used the 34 family stories of the HTR paradigm [Schlittmeier et al.,
2023, lasting approximately one minute per text (see App. A.1). While face tracking data was
available and could directly be used to animate the ECA, full-body movements were missing.
Thus, we recorded co-verbal movements for each sentence, using consumer components only
as described in Sec. 3.4, namely a Vive Pro 2 HMD, two Valve Index Controllers, that support
rudimentary finger tracking, and six Vive Trackers, which were attached to the feet, elbows,
pelvis, and chest.

These recorded gestures were manipulated with the methods described in Sec. 5.3.3 before
using inverse kinematics to apply them to the ECAs. The study was set within a virtual
living room (see App. A.4.3) and as ECA models we used MetaHumans’. The study was
conducted with an HTC Vive Pro Eye. Since the HMD obstructed the view of their own body,
we embodied participants in the scene using a gender-matched avatar model from Character
Creator 3. For this we used the avatar implementation described in Sec. 3.4 with controllers
only (O-tracker setup), so without additional trackers. We utilized Unreal Engine 4.27 for
rendering and the StudyFramework plugin (see Sec. 3.2) to facilitate the study procedure.
Spatial audio rendering was done with Virtual Acoustics [Schéfer et al., 2023| (version 2022.a)

"https://www.unrealengine.com/metahuman
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using the generic head-related transfer function (HRTF) of the IHTA artificial head [Schmitz,
1995] and a static directivity (see Sec. 4.2) for the virtual speakers.

Study Design

The study evaluated the influence of the different gesture manipulations on perceived natural-
ness, a prerequisite for social presence, and preference. It consisted of two phases: a Listen
Phase and a Comparison Phase. The study was conducted in accordance with the Declaration
of Helsinki and participants gave their informed consent and demographic information before
putting on the HMD and calibrating their avatar.

During the Listen Phase participants had to listen to family stories being told by one ECA
standing in front of them (see Fig. 5.10). Although the texts of the AuViST dataset can be
presented by two speakers, we opted for just one speaker presenting the whole story to avoid
idle and turn-taking movements to superimpose the effects of gesture manipulation. To that
end, only one ECA (either female or male) was visible during each presentation. To cover up the
main focus of this study and make participants carefully listen to the ECA, participants verbally
answered the nine questions per text, which were displayed on the virtual television screen in
the scene. Afterwards, they completed two questionnaires, which served as the measures for this
phase, using Likert scales presented within the virtual scene Those were the Anthropomorphism
dimension of the German version of Godspeed Questionnaire [Bartneck et al., 2009] (5 items,
see App. B.7) and the Coherence construct from the ASA questionnaire [Fitrianie et al., 2022]
(4 items, see App. B.11) in its German translation [Albers et al., 2024]. We conducted this
phase in a 2 x 5 within-participant design. The first factor was ECA Gender, with the two levels
Gmale and Gfemale- The second factor was a subset of five Modifiers, namely Moyiginal, Mimproves
M imeshiftPositives MOverSmooth, and MoverPeakRemove- WWe chose this subset of modifiers to reduce
the number of conditions, expecting these to have the strongest influence. Conditions were
counterbalanced in order between participants and each participant did two familiarization runs
with the setup up-front, seeing both ECAs in the Moriginal condition. Texts were randomly
assigned to these conditions.

During the Comparison Phase two identical ECAs were placed in front of participants (see
Fig. 5.11). Both ECAs spoke the same random sentence from an HTR text, while using one
of the full set of eight modifier levels for the displayed co-verbal gestures. Participant could
start either ECA by touching the corresponding button with the controller. This caused any
other playing sentence to be stopped. Sentences could be played as often as desired until
participants felt confident to answer the question “Which of the two virtual persons is more
authentic/natural?” as only measurement in this phase. We varied the adjective (authentic or
natural) as a between-participant factor to explore whether it made a difference. To answer
this question participants had to pull the lever (see Fig. 5.11) to either side or keep it in
the middle, if they evaluated them as equally authentic/natural. The lever always snapped
to either of the three positions, closest to where it was released. This selection had to be
confirmed with a dedicated button on the controller, in which case the data was logged, the
scene faded out, and the next comparison was started. In total, each participant evaluated 36
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Figure 5.11.: Participants’ view in the Comparison Phase, asking “Which of the two
virtual persons seems more natural?”. By pressing the respective button, the left or right
ECA spoke one sentence, including gesturing. Once decided for either ECA, the lever
in the middle had to be pulled to the left or right, or kept in the middle if undecided.
The decision was then confirmed by a controller button press.

comparisons, since each of the eight modifiers was paired with all other modifiers and itself
exactly once. The order of these pairs was counterbalanced and whether female or male ECAs
presented the sentence per modifier pair was randomized. After finishing all 36 comparisons,
participants were debriefed and the study was over.

Results

In the study, n = 33 participants (22 male, 11 female) took part, who had a mean age of 31.5
years (SD = 14.4, 17-65 years). The one 17-year-old participant provided written parental
consent. All participants self-reported (corrected-to) normal vision. One person participated
in the study with hearing aids and all others reported normal hearing or at least no experienced
limitations in everyday life hearing. Two participants (6.1%) were only fluent in German, while
the others had German as their mother tongue (the whole study was conducted in German). All
participants received an expense allowance of 15€ for approximately 90 minutes of participation
in the study. All of the participants were able to complete the study without any significant
problems (e.g., technical or cybersickness). A simulation-based a priori power analysis (using
simr) [Green and Macleod, 2016] predicted a power of 82.50% (95% CI [80.00%, 84.81%)]) for
the questionnaire results assuming a medium effect (Cohen’s f = 0.25) and a sample size of
n1 = 33. This suggests that the sample size of n; was adequate for the planned analysis.
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Figure 5.12.: Subjective ratings during the Listen Phase shown as boxplots, displaying
median, interquartile range, and potential outliers, divided by speaker gender and mod-
ifier, with individual ratings shown as dots. Significant pairwise differences are shown
as sk for p < .001, *x for p < .01, and * for p < .05.

We evaluated the effect of the different modifiers using Linear Mixed-Effect Models (LMMs),
implemented in R (version 4.4.1) [R-Core-Team, 2015] with the Ime4 package [Bates et al.,
2015]. We chose LMMs over traditional ANOVAs because they offer greater statistical power
and more accurately model individual-level variability [Mohanathasan et al., 2024]. To decide
which factors to include, we performed backward model selection. During model selection,
we used Likelihood Ratio tests to compare models by removing individual factors. Factors
that did not significantly improve model fit, as determined by the Akaike Information Crite-
rion (AIC) or did reduce it considerably (Aa;c < 2) [Burnham and Anderson, 2004], were
excluded (see supplemental material for details). Where applicable, we conducted post-hoc
pairwise Bonferroni-corrected comparisons based on estimated marginal means using the em-
means package [Lenth, 2024].

For the results of the Listen Phase, we considered the two-way interaction of Speaker Gen-
der (Gmale Vs. Gfemale) and Modifier (MOriginah MImprovea MTimeshiftPositive> MOverSmooth>
MoverPeakRemove) as fixed factor and participant-ID and text-ID as random (intercept) fac-
tors.

For the ASA-Coherence ratings, which were rated on a scale from very low (-3) to very high
(3), the factor text-ID was eliminated, and all others were kept. Results showed a significant
interaction effect (x?(4) = 17.67,p = .001) and significant main effects for both Speaker Gender
(x%(1) = 9.62,p = .002) and Modifier (x%(4) = 25.15,p < .001). As we were not interested
in comparisons between the two speakers, we conducted Bonferroni-corrected pairwise tests
per speaker, yielding significant differences only for the female ECA from MoyerPeakRemove tO
Moriginal (t-ratio = —4.80,p < .001), MrimeshiftPositive (t-ratio = —5.31,p < .001), and to
Mimprove (t-ratio = —4.73,p < .001) (see Fig. 5.12, left).
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Figure 5.13.: Elo-Ratings of the different gesture manipulation methods one-to-one
compared either asking for the most authentic or the most natural gesture. The resulting
ratings from 100 randomly ordered runs each are shown as box plots, displaying median,
interquartile range, and whiskers for the full range.

Analogously, the Godspeed-Anthropomorphism ratings, which were rated on a scale from
very low (1) to very high (5), were analyzed. However, here text-ID proved beneficial for the
model, so it was kept. Again a significant interaction effect (y%(4) = 14.51,p = .006) and main
effects for both Speaker Gender (x?(1) = 7.06,p = .007) and Modifier (x?(4) = 40.25,p < .001)
were found. And again, only for the female speaker significant differences were found (see
Fig. 5.12, right).

During the Comparison Phase, we gathered 36 ratings per participant comparing two (po-
tentially identical) modifiers with regard to which is more natural/authentic. In total, these
were 1188 comparisons. They were not forced-choice, allowing also indifferent responses. So
we could specifically use the self-comparison pairs (i.e., where the same modifier was pre-
sented twice) as attention checks, expecting indifferent responses for those. Results, however,
showed that of these eight checks, participants rated on average 3.24 (SD = 2.36) as non-equal.
Therefore, we included an additional random intercept factor for attention in our model.

For evaluation, we used the EloChoice package as proposed by Clark et al. [2018]. This eval-
uation is based on the rating of chess players, which assigns each player a rating from which
the probability of winning or losing against any other player, given their rating, can be de-
rived. The ratings are then updated such that a player winning against a player with a higher
rating gains more additional rating than winning against a lower-ranked player. However,
these chess ratings are dependent on the order of the matches played. Therefore, EloChoice
simulates multiple randomized orders of these comparisons, in our case 100. We ran these Elo-
Choice simulations individually for both questions (authentic vs. natural) and test-wise also
only for participants successfully identifying at least minagtention € [0, 8] of the self-comparison
correctly. Hereby, draws had to be excluded as the EloChoice package cannot handle those.
However, when computing an LMM with a fixed two-way interaction of the Modifier (all eight
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levels) and Question (natural vs. authentic) and a random factor for minattention, we did not
find a significant effect of including minattention, S0 We removed it again. When we compared
this model with one not including Question, we found a significant difference, and kept the
two-way interaction in the evaluation (see Fig. 5.13). With this model we found a significant
interaction effect (x?(7) = 1418, p < .001) and a main effect of the Modifier (x?(7) = 55881,p <
.001). Pairwise comparisons for the authentic attribute showed non-significant differences only
when Comparing MTimeshiftNegative to Mlmprove (t‘ratio = *1~777p = 10) and to MPeakRemove
(t-ratio = —1.03,p = 1.0), between MpeakRemove aNd Mimprove (t-ratio = —2.81,p = .61),
and between MmimeshiftPositive @0d MOverSmooth (t-ratio = —1.54,p = 1.0). Furthermore, for
the natural attribute non-significant differences only showed when comparing MimeshifiNegative
to Moriginal (t-ratio = 2.70,p = .85) and to MpeakRemove (t-ratio = —0.34,p = 1.0), be-
tween MpeakRemove ald Moriginal (t-ratio = 3.04,p = .29), and between MrimeshiftPositive and
MoverSmooth (t-ratio = —0.04,p = 1.0). All other pair-wise tests turned out significant (all
p < .001) and ratings between different attributes were discarded since the absolute EloChoice
values are arbitrary and the comparison therefore did not appear to be appropriate.

Discussion

When analyzing the results it is evident that over-smoothing and over-peak-removal performed
worst, as expected, both in terms of rated coherence and preference with regard to natural-
ness/authenticity. MoyerPeakRemove Was also rated significantly worse with regard to anthro-
pomorphism. Interestingly, this was only evident for the female ECA. This gender difference
may be explained by participant feedback, which indicated that certain movements in the male
ECA were perceived as particularly unnatural. Gestures for each ECA were recorded with a
gender-matched performer. However, these unexpected movements could have altered ratings
and were not altered by our manipulations. More research evaluating different genders but also
personality traits [Smith and Neff, 2017] of performed gestures would be required to shed light
on this observation. Nevertheless, we will use MoverPeakRemove S a deliberate social presence
degrader when actively trying to reduce the quality of co-verbal gestures in Sec. 6.1.

As to the most promising gesture improvements, the questionnaires did not reveal any sig-
nificant benefits of the used modifiers. The Elo ratings (see Fig. 5.13) however, show most
significant gains by Mgmeoth and Mimprove. Contrary to our expectation, smoothing the ges-
tures was partly even preferred over additionally also removing peaks (here called Improve).
This could be due to the limited effectiveness of our peak removal method, which only tar-
geted single-sample peaks and often did not alter the movement at all (see Fig. 5.8). The
parameters for this were chosen during development, testing them on individual, exemplary
gestures. However, a repeated, more careful evaluation of parameter options could potentially
yield superior results. Despite Mgmootn sometimes ranking slightly higher, Miyprove also re-
moves potential peaks across the broader animation set, which potentially were not part of
the evaluation set used in the Comparison Phase. Therefore, we chose to use fully improved
gestures for all non-degraded gestures during the study in Sec. 6.1,

® I~ 109



CHAPTER 5. CO-VERBAL BEHAVIOR

During the Comparison Phase we used the attributes “authentic” and “natural” to see if they
differ in outcome. While the Elo scores differ significantly between those, the general rankings
remained similar. We argue that assessing naturalness alone might have been sufficient, given
the similarity in outcomes across the two attributes. However, in light of the research by
Roth et al. [2019b], perceived authenticity of such virtual entities is a needed prerequisite
for pro-social behavior, so for natural interaction with them, as we would expect them from
interactions with real humans. Also, it is important to notice that with both attributes the
previous results of gesture time shifts [Leonard and Cummins, 2011] could be reproduced.
This leads us to believe that manipulation techniques we chose for improving and degrading
the recorded gestures can well be used in subsequent studies.

5.4. Back-Channel Generation

A more complex conversational behavior compared to aforementioned uni-modal ones is the
production of back-channels. These are signals listeners generate while someone else is speaking
to provide information about communicative functions, for example, whether they understand
the speaker, potentially disagree with what is being said, need clarification, or simply encourage
to go on talking [Bevacqua et al., 2008].

Back-channels can be conveyed by various cues. The most common ones are head nods and
head shakes [Kendon, 2002; Bevacqua et al., 2007], where nodding can signal understanding
and head shakes potentially the opposite. While this is the most likely interpretation, Leone
[2012] also found in student-teacher interactions that nodding during listening sometimes does
not represent true understanding but more a quasi-automatic behavior functional towards the
fluency of the discourse. Another common back-channel cue are vocalizations, like “m-mh”,
short words like “yeah”, or even repetitions of words or phrases just heard [Bevacqua et al.,
2010]. Furthermore, also facial expressions like smiling, frowning or raising the eyebrows are
important cues [Bevacqua et al., 2007].

However, especially for the above mentioned cues their co-generation, i.e., using signals from
different modalities at the same time, can alter the meaning. Heylen et al. [2007], for example,
states that a nod alone signals agreeing, while combined with raised eyebrows it is rather
perceived as interest. And as observed by Bevacqua et al. [2010], meaning can even be inverted.
They found combining the vocalization “really” with a nod signals agreement, while the same
vocalization combined with raised eyebrows is perceived as disbelief. Similarly, Etienne et al.
[2023] found that smiles were not always rated as positive, especially when being generated in
sequence with other potentially negative back-channels. In their study participants, observing
an audience generating back-channels, stated that they were not sure that the smiles were
genuine and rather classified them as fake smiles. Another important back-channel cue utilized
in this study was posture and especially posture changes, likes leaning in etc. (see also [Cassell
et al., 2001a]). Further back-channel cues are given by gaze (as already discussed in Sec. 5.2).
And also mimicry is often described as back-channeling that happens frequently in human-
human conversations and has the potential to positively affect the social interaction and should
therefore be implemented in listening ECAs [Roth et al., 2018b]. Mimicry, also described as
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the “chameleon effect” constitutes a behavior of mimicking the interlocutor’s behavior, delayed
by some time. Most often gaze, head gestures, and facial expressions are mimicked [Maatman
et al., 2005], for example, with a 4 s delay as in [Bailenson and Yee, 2005]. However, mimicry
constitutes a more complex behavior than simply replaying user behavior, for example, Hasler
et al. [2017] found that the amount of mimicry in avatar-mediated communication also depends
on the visual representation of oneself and the other, in their case whether those avatars
belonged to the same racial group.

While for mimicry the timing of the individual signals is given, for other cues this has to be
carefully considered. Poppe et al. [2011] found that humans watching an ECA giving back-
channel signals are more forgiving to nods being randomly placed than for vocalizations not
being performed in accordance with the speaker’s speech act. Similar results were obtained by
Inden et al. [2013], who observed that back-channel entrained with prominent vowels produced
better results than random signals, albeit still not on par with recorded human behavior.
Maatman et al. [2005] developed a set of rules when to produce what kind of cues, for example,
performing a nod after a lowered pitch in the speech signal or after a speech disfluency or
mimicking gaze behavior when the speaker gazes away for a longer period. This rule-based
system was further developed in [Gratch et al., 2006], implementing the rapport agent, whose
primary goal was to elicit the feeling of rapport between a human speaker and a listening ECA.
Rapport describes the feeling of being “in sync” with the conversational partner. In a study
they showed that, although the ECA was oblivious to the content of the speech, it was able
to positively influence the overall impression of the communication. This system was further
improved with regard to perceived naturalness by Huang et al. [2011], for example adding more
facial expressions and using a data-driven approach. In general, there exists a large body of
work trying to predict the generation of back-channels in human-human conversation. These
predictors can then potentially be used to generate back-channels in listening ECAs. Here,
Morency et al. [2010] and Huang et al. [2010] found their predictors to outperform rule-based
systems. A shortcoming is that, for example, the predictor described by Gurion et al. [2020] is
only capable of correctly predicting about a third of the back-channels correctly. However, this
can also be attributed to the fact that back-channels are not deterministic and happen rather
spontaneously. The prediction accuracy was nevertheless improved in recent years by Ekstedt
and Skantze [2022b] using more intricate audio features or by Qian and Skantze [2024] using
self-supervised learning.

Back-channels can, however, also be produced in response to speaker behavior beyond the
speech itself, so sometimes it is necessary to react to certain back-channel-inviting cues, for
example when the speaker is looking for evidence of understanding [Hjalmarsson and Oertel,
2012]. In general it was found that users interacting with a back-channel producing ECA
themselves also produced more back-channels when they had the impression that the ECA un-
derstood and responded to their back-channels [Buschmeier and Kopp, 2018]. Back-channels
can also be used to portray different personalities for the acting ECAs [Sevin et al., 2010]. Fur-
thermore, back-channels can lead to a higher trust and liking towards the ECA [Aburumman
et al., 2022] and also improve perceive life-likeness and comprehension [Stevens et al., 2016]
and the judged empathy [Lala et al., 2022].

® I~ 111



CHAPTER 5. CO-VERBAL BEHAVIOR

This can be important for cases where attentive listeners should be simulated, for example
in therapeutic applications for elderly [Lala et al., 2017]. These models can further help to
even out speaking times in conversation, where otherwise single speakers would have taken
up an inappropriate amount of the overall time [Cumbal et al., 2022]. A further overview of
back-channels with a special focus on head gestures can be found in [Heylen, 2008].

For our studies we implemented rudimentary back-channel capabilities, as the main focus of
this work lies on designing speaking ECAs and back-channeling is not a particular focus of this
thesis. This implementation comprised the usage of vocal fillers (“m-hm” and “aha”), which
we specifically recorded and the capability to dynamically generate head nods. For this we
used a simple cosine formula to compute the pitch of the head (®Ppeaq) as:

Phead = —A - cos (2m - t/d) + A

where the amplitude (A) is in our case a random number between 1.5° and 4.5° and the
duration (d) of a single nod a value between 0.25 s and 0.75 s. Additionally, we chose to have
an arbitrary number (n) of nods between 1.5 to 3.0. So t goes from 0 to n - d and additionally
the pitch is adapted to linearly fade out the movement as:

(I)ilead = Phead (n d— t)/(n ’ d)

This produces one or multiple smooth downward nods and the provided parameters proofed
to produce natural-looking nods during internal testing. We also conducted a user study with
18 participants (mean age: 26.6 year, SD = 3.4, 13 male, 4 female, 1 diverse) evaluating these
nods, vocalizations and gaze mimicry with regard to naturalness as part of the master thesis
of Klara Tyroller, hypothesizing that listening ECAs’ are perceived as more natural when they
exhibit such behavior. Participants, situated in a virtual seminar room together with one ECA,
had to answer some open questions (e.g., “What is Aachen known for?”) to an ECA who’s
back-channels were controlled by the experimenter. Adding nods and vocalizations significantly
increased the perceived naturalness (¢(17) = 6.1,p < .001), asked for by the questions “How
realistic did you find the behavior of your counterpart?”. The mimicry, however, could not be
reasonable evaluated since there was an implementation bug leading to indifferent behavior.

While in this user study, back-channels were triggered by an human-in-the-loop, we also used
this nod generator in automatic contexts, for example in the study described in Sec. 6.1,
to randomly generate nods at the end of sentences, combined with brief smiles as shwon in
Sec. 5.1.2. Further back-channel signal were not implemented for this work. Additionally, the
presented system could benefit from integrated automatic back-channel triggering, for example,
base on the results of Qian and Skantze [2024].

As first observed and classifies by Duncan Jr. [1974] a special form of back-channels can be
those signaling the willingness to speak up next. The following section will look deeper into
this topic, namely turn-taking cues albeit in the following section focusing on the production
of turn-taking signals by the speaker. However, Ishii et al. [2021] already stated that those are
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related and especially that incorporating turn-taking concepts in predictors for back-channel
signals can significantly improve those.
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5.5. Turn-Taking

The contents of this section are based on and taken in part from work previously published in

[Ehret et al., 2023].

After examining speaker and listener behavior individually in the previous, we will now take a
closer look at the communicational flow and the social cues involved. The ability to take turns
in conversations is a fundamental aspect of human communication. However, it remains often
unaddressed in exchanges with virtual interlocutors while leveraging different modalities of
turn-taking cues can significantly improve the effectiveness and naturalness of such interactions.
This becomes especially important if the natural language processing system generating the
speech for the ECA produces longer delays, beyond natural gaps in conversations, to reduce
ambiguities in turn-taking. While the use of VR also makes the use of artificial cues like virtual
spot lights possible (see [Lee et al., 2024]) these do not leverage the learned social norms used
in human-human conversation and potentially reduced the perceived social presence during
interaction. Levinson [2016], who analyzed turn-taking from a cognitive science perspective,
describes that the average gap between two turns (of around 200 ms) is much smaller than the
time to plan the production of just a single word. This means that turn ends are subconsciously
predicted, potentially involving more modalities than just speech. Skantze [2021] describes
different modalities used in natural conversations to communicate turn-taking. Those are
verbal cues (i.e., syntax, semantics, and pragmatics), prosody, breathing, gaze, and gestures.
The goal in this section, however, is to derive a system producing co-verbal turn-taking cues,
so only using the latter three of the aforementioned modalities. The rationale behind that is,
that while the speech signal is often predefined (either scripted or for better naturalness even
prerecorded, see Sec. 4.1), the co-verbal behavior of the conversing ECA is frequently generated.
Furthermore, according to Skantze [2021], using gestures and breathing has attracted less
attention when designing systems to regulate turn-taking. Since human turn-taking signals are
ambiguous and sometimes lack clarity, we decided to use a rule-based system, not a data-driven
approach. This system should produce clear and intelligible signals, while still leveraging the
subconscious processing skills of humans in conversations. We produce co-verbal turn-taking
cues specifically for ECAs in VR since the co-presence of the sender and recipient of such
signals appears to play a crucial role in their effectiveness (cf. [Skantze, 2021]).

In this section, we will first provide an overview of related work, followed by a description
of our derived implementation. Subsequently, we will present a VR study we conducted to
evaluate the performance of our system and discuss the insights gained.

Related Work

One modality for giving cues about whether an interactant wants to continue speaking (turn-
hold) or is willing to pass the turn on to someone else (turn-yield) is gazing behavior, first
described by Duncan Jr. [1974]. There is a multitude of observation studies on how gaze is
altered by humans during conversations to signal turn-taking (e.g., [Kendon and Cook, 1969;
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Oertel et al., 2012; Dobre et al., 2021]). These observations are then used to predict who is
going to speak up next in a conversation, for example using head orientation only [Rienks
et al., 2010] or combining it with eye tracking to enhance accuracy [Ding et al., 2017]. Jokinen
et al. [2013] found that eye gaze is especially useful to distinguish whether a speaker is taking
a pause to think (turn-hold) or wants to yield the turn. Furthermore, this data is also used to
derive gaze models which can then be applied to ECAs or socially-aware robots (e.g., [Bohus
and Horvitz, 2010; Mutlu et al., 2012; Gillet et al., 2021]) which, for example, leads to fewer
interruptions and thereby to a better conversational flow [Heylen et al., 2005].

Beyond that, Wagner et al. [2014] describe gestures as also playing a key role in signaling
turn-taking. One important aspect here is that during spontaneous conversations, gestures
often terminate before the end of speech when yielding the turn while they extend well beyond
the end of the speech when holding the turn [Zellers et al., 2016]. Furthermore, posture shifts
occur more frequently at discourse segment boundaries [Cassell et al., 2001a].

Several studies compare how combining different modalities improves the clarity of turn-taking.
For example, prosody alone is not sufficient to predict turn-taking [Ruiter et al., 2006; Riest
et al., 2015], and combining respiration and gaze yields superior predictions to using gaze
alone [Ishii et al., 2015]. These result reproduced also the findings of Chen and Harper [2009]
who found multimodal approaches to be superior for prediction. Recent approaches using
artificial networks combine even more modalities, e.g., acoustic and linguistic [Roddy et al.,
2018] combined with visual features automatically extracted from videos [Ishii et al., 2021].
De Coninck et al. [2019] chose the opposite way, predicting gesture classes and gaze targets
from annotated conversational states. More recently Ekstedt and Skantze [2022a] proposed
machine learning model named Voice Activity Projection (VAP), which focuses mainly on
prosodic features of the speech to predict turn-taking and back-channels. Edlund and Beskow
[2009] developed the MushyPeek framework, which deliberately manipulated avatar behavior
in avatar-mediated communication. Due to these manipulations (e.g., changing gaze behavior
or adding raised eyebrows), participants unconsciously changed their communication behav-
ior. On the other end, Mills and Boschker [2022] even removed the speech altogether from a
mediated communication and found that participants were able to establish turn-taking just
based on observation of gaze behavior.

Furthermore, ECAs can communicate attitude [Ravenet et al., 2015] and personality [Maat
et al., 2010] through their behavior when interrupting, which can also be used to shape turn-
taking [Cafaro et al., 2016]. Similarly, Cumbal et al. [2024] evaluated different strategies of
ECAs to recover from being interrupted by a user. However, turn-taking behavior can also
be manually added to communication with an ECA in a Wizard-of-Oz paradigm to effectively
influence the turn-taking during the interaction and create more natural intercourse (e.g., [Cas-
sell, 2000; Devault et al., 2015]). Here, for example, Jégou et al. [2015] looked into how to do
this by means of manipulating prosody alone. We refer the interested reader to [Ishii et al.,
2016] and [Skantze, 2021] for further insights into the intricacies of turn-taking.
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Figure 5.14.: On the left a non-held transition is shown, where we fade to the idle
animation during the Gap. On the right side both animations are prolonged to perform
a gesture holding when fading from one to the other. All poses are 300 ms apart.

5.5.1. Implementation of Non-Verbal Turn-Taking Cues

Following the findings of Skantze [2021], we based our implementation on three non-verbal
modalities: gaze, gestures, and breathing. Due to the additive nature of turn-taking cues
(cf. [Skantze, 2021]) we combined all three to give cues that are as clear as possible. We delib-
erately excluded syntactic, semantic, or prosodic turn-taking cues since we strove to implement
a system that works with any speech material without a need for adaptation.

We structured each conversational act (i.e., a sentence being uttered by one speaker which
might be followed by another sentence by the same speaker or a speaker-switch) in three
phases, which will be treated differently when generating non-verbal behavior.

o DuringUtterance: From the start of the sentence up to 1s before the end.

e CloseToEnd: The 1 second time frame at the end of the utterance before finishing the

sentence. This time frame is chosen in accordance with the evaluation by [Ishii et al.,
2015].

o Gap between two utterances, which can be uttered by the same speaker (turn-hold) or
by different speakers (turn-yield). The Gap between two sentences of the same speaker
or by different speakers is chosen to last by default 300 ms, which is approximately the
median in real-life conversations (c.f. [Skantze, 2021]).

For each of the three used modalities, we generated behavior according to these phases.
Thereby, we aimed for generating behavior patterns that resemble those observed in real con-
versations. However, since there are large interpersonal differences in these behaviors we tried
to derive simple rules to implement a system that is easy to understand, leveraging our trained
skills from human-human interactions. At the same time, we deliberately excluded all nuances
and possible ambiguities observed in real conversations reducing some of the complexity.
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Gazing

To dynamically adapt the ECAs’ gaze, we first implemented a general gaze controller as de-
scribed in Sec. 5.2. The gaze behavior is implemented for the use case of two talkers taking
turns telling a story to one Addressee. Thereby the talkers always switch roles between
Speaker and, while the other one is speaking, Listener. During the phases of the conversa-
tional act, we use different gazing patterns for the phases DuringUtterance and CloseToEnd.
For the latter, we differentiate between holding the turn and yielding the turn to the next
talker During the Gap the behavior of either CloseToEnd realizations is prolonged.
DuringUtterance: Following the observations by [Rienks et al., 2010] the Speaker divides
his/her gazes equally between Listener (33%), Addressee(33%), and random gaze targets
in the environment (33%, see Fig. 5.15). Also following [Rienks et al., 2010], the Listener
gazes twice as much at the Speaker (67%) than at the Addressee (33%). Gaze durations
are chosen from a normal distribution (M = 2.27 s, SD = 2.4), following [Ding et al., 2017],
with a minimal gaze duration clamped at 1.0 s since smaller gaze lengths tended to look very
unnatural.

CloseToEnd(holding): Following the results of [Ishii et al., 2016], the Speaker looks at the
Listener in 25.1% of the cases and breaks the gaze immediately in case the gaze becomes mu-
tual. In our implementation, each mutual gaze is accordingly broken immediately during this
phase by averting the gaze towards a gaze target in the environment. In case the previous gaze
ends within this phase (it potentially extends further, see gaze duration distribution above),
the Speaker looks at the Listener in 25.1% of the cases and otherwise averts gaze towards
an environment gaze target. Heeding to the observations of [Ishii et al., 2016], the Listener
looks towards the Speaker in 62.5% of the cases (if a new gaze target needs to be chosen) and
otherwise simply extends the previous gaze during this phase.

CloseToEnd(yielding): To show clear yielding behavior, the Speaker always looks at the
Listener, who in this case is the next speaker. In Ishii et al’s observation, the Speaker looks
away in 25% of the cases if the gaze is not mutual [Ishii et al., 2016]. We, however, always
keep the gaze at the Listener during this phase for clarity (again only changing the gaze once
the previous gaze exceeded the minimal gaze duration of 1 s). Also for clarity, the Listener
always looks at the Speaker in this phase (in [Ishii et al., 2016] this was only true in 62.5% of
the cases) and averts the gaze immediately into the environment once the gaze is mutual (in
[Ishii et al., 2016] this was only observed in 71% of the cases). This is in line with the findings
by Oertel et al. [Oertel et al., 2012] in which incoming speakers tended to look away while the
previous speaker tried to maintain a mutual gaze. Since the Addressee is never expected to
take the turn, he/she is never looked at in CloseToEnd.

In most cases the Addressee is the user him-/herself, so we don’t need to generate gazing
behavior. However, to also cover cases in which one ECA takes over the role of the Addressee,
we added a simplified model of always looking at the current Speaker, either virtual or human.
Following [Wagner et al., 2014] listeners predominately engage using head nods when listening.
Therefore, we designed the Addressee to produce nods at the end of each sentence of the other
ECA, respectively end of turn of the participant, with a chance of 50% to seem more natural
and involved.
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Gesturing

Following the observations by Zellers et al. [2016], gestures should not terminate in the time
frame of 500 ms prior to the speech end if the turn should be held beyond the following gap.
Therefore, we manipulated the co-verbal gestures such that in the case of held turns the hands
are fixed on the last accent/stroke of the animation before the Gap and prolonged by 300 ms
into the gap. This way the hands hold the accent while the rest of the body still performs
slight movements in a natural way. This animation is then blended together with the animation
played after the Gap. Accordingly, the first accent /stroke is prolonged 300 ms forward, so that
the animation does not blend back to an idle pose during the Gap — all co-verbal animations
are by default played with 300 ms blend in and out from and to the looped idle animation —
and the gesture is held during the Gap (see Fig. 5.14).

Breathing

As described in [Ishii et al., 2015] and [Skantze, 2021], respiration can be a helpful cue for
initializing a turn but also for holding a turn. To this end, we extracted inhale audio sequences
from the used audio material and replay a randomly selected one during the Gap for the ECA
who is going to speak afterward. This is independent of the fact whether this is a turn-hold
or whether the turn is passed on in the break, since — as common in natural conversation —
the person speaking after the Gap needs to take a breath to have enough air for the following
utterance.

5.5.2. Evaluation of Turn-Taking Modalities

To test whether the added non-verbal turn-taking cues are (subconsciously) perceived as in-
tended, we conducted a within-subject VR user study (which constitutes a more realistic
setting than the one of de Coninck et al. [2019]). We expected the following hypotheses to be
confirmed:

H1 ECAs are rated as more socially present and natural when more modalities of turn-taking
cues are shown.

H2 When participants take over an active role in turn-taking, gaps between turns decrease
with more modalities of turn-taking cues being shown.

H3 When participants take over an active role in turn-taking, ECAs’ behavior is rated less
confusing when turn-taking cues are embedded.
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Figure 5.15.: Top view of the study scene. The participant stood on the red footmarks
(which were not shown during the study). Environment gaze targets are marked for the
female ECA (blue) standing on the right and the male ECA (white) standing on the left
of the participant.

Material

The study took place in a virtual living room (see App. A.4.3) which is populated by two
MetaHumans®. The study was rendered using Unreal Engine 4.27. The ECAs are positioned
in front of the participant on both sides of a virtual TV screen, both at 30° and 1.5m of the
participant, facing him/her (see Fig. 5.15). For the gazing implementation, we defined addi-
tional environment gazing targets which were placed on sensible objects/locations in the scene
(see Fig. 5.15). As speech content, we utilized family stories from the HTR task [Schlittmeier
et al., 2023], which can be found in App. A.1. In the database [Ermert et al., 2022], sugges-
tions for turn passes between two speakers are given, yielding 4-5 turn changes per text. The
number of sentences spoken by one talker in a row is arbitrary while the sum of sentences
spoken by each speaker is balanced. These texts were chosen as they originate from a verified
paradigm, featuring compatible content complexity throughout the texts, and provide all the
necessary information for this evaluation. Additionally, we posed the questions during the first
study part, concealing the true purpose of the study, using attentive listening to the stories
and recalling their contents as a plausible cover story. Furthermore, this had participants focus
carefully on the conversation and thereby also on the non-verbal behavior. Accompanying the
spoken texts, we we utilized the same recorded gestures as for the Gesture Manipulation Study
(see Sec. 5.3.4), in this case in their original, non-manipulated version.

8https://www.unrealengine.com/metahuman
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Apparatus

The study was executed on a desktop PC (Intel Core i9-10900X, 32GB RAM, GeForce RTX
3080 Ti). For the presentation a Vive Pro Eye HMD was used, which allowed for eye tracking
during the study. Eye tracking was used to identify mutual gaze between the ECAs and
the participant and also logged for further analysis. During the study, participants wore the
6-tracker setup described in Sec. 3.4, so that their movement could be transferred onto a
gender-matching full-body avatar and additionally be saved for further analysis. The audio
was replayed over Sennheiser HD650 headphones using a Focusrite Scarlett 2i2 3rd Gen audio
interface. The scene was auralized with Virtual Acoustics® using generic binaural rendering. A
static directional filter of human speech was assigned dynamically to the speech sound sources
(cf. [Ehret et al., 2020]). For simple study control StudyFramework (see Sec. 3) for Unreal
Engine was utilized.

Study Design

The study was split into two parts: Listen and Act. In the first part (Listen), participants
listened to 10 family stories from the HTR being told by the two ECAs. In the second part
(Act), participants took over a part in telling the stories while one of the ECAs represented
the addressee. Thereby participants had to directly react to the turn-taking cues given by the
ECA.

In both parts, five levels of the Turn-Taking Cues factor (T') are presented:
e TNone: N0 turn-taking cues are given
e TBreath: only the breath cues are audible
o TGesture: Only the gesture cues are shown
e TGaze: only the gazing cues are shown
e Tru: all of the above are combined

When gazing turn-taking cues are not given we tried to generate similar gaze patterns, which,
however, do not carry any turn-taking information. To that end we let the ECAs gaze at
the other ECA, the participant, and gaze targets in the environment with equal frequencies,
using the same gaze length normal distribution we used in the DuringUtterance phase (cf.
Sec. 5.5.1). When gestures are not used as turn-taking cues, we still used gesture holding but
at random gaps. So, if the ECA did not continue after the Gap with a randomly held gesture,
that held gesture was interpolated into the idle gesture. The number of held gestures was kept

Yhttps://www.virtualacoustics.org/
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Justus

Familie und hat

Sie ist Phy:
arbeitet aktuell von zu Hause
aus.

Figure 5.16.: a) The two ECAs telling a family story as in the Listen Phase of the
turn-taking study. The TV screen behind them is used to display the questions and
further instructions. b) The female ECA taking a turn during the Act Phase, the flip
chart shows the text the participant has to read out loud once being passed the turn.

approximately the same as in the conditions using them as turn-taking cues. Inhale sounds
were omitted entirely when not used as cues.

Study Procedure

After reading a study description for the Listen part and giving their informed consent,
participants filled out a demographics questionnaire and were equipped with the tracking
hardware (HMD, Valve Index Controllers, six Vive Trackers), used for applying their motions
onto their gender-matched avatar, and headphones. Once immersed, first a calibration of the
avatar (see Sec. 3.4) and the eye tracking was performed. After that, the experimenter adjusted
the voice detection threshold such that the HMD’s microphone could be used to automatically
detect participants starting to speak. Following that, participants undertook one training trial
of the Listen part (always using Tpgy). During the Listen part, a male and a female ECA
(see Fig. 5.16 a)) told a family story (see App. A.1) while using different turn-taking cues to
signal turn-taking. Participants were instructed to listen carefully to the stories. Once finished
nine questions regarding the stories heard (e.g., “How old is Vincent?”) were shown on the
virtual TV screen, which participants had to answer orally. The correct answer was presented
to the experimenter, who had to log whether the right answer was given by the participants by
means of button presses. When all nine questions were answered, a Likert-scale questionnaire
assessing Social Presence was presented within the virtual environment. The participants had
to point and click on the corresponding answer with the controller. The questionnaire included
sub-scales from different questionnaires which we expected, if anything, to change due to the
used manipulation. The underlying hypothesis is based on the observations in [Piitten et al.,
2010] that higher social presence was found for ECAs exhibiting richer non-verbal behavior For
Anthropomorphism the first construct of the Godspeed questionnaire [Bartneck et al., 2009]
was presented where participants have to pick values on 5-point bipolar scales (e.g., between
Fake and Natural) (see App. B.7). After that the constructs Human-Like Behavior (HLB) and
Agent’s Coherence (COH) from the ASA questionnaire [Fitrianie et al., 2022] were utilized,
which had to be answered on a 7-point Likert scale (see App. B.11). Once answering those,
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the actual Listen phase started, repeating the same task as in the training trial 10 times.
During these 10 trials, each of the five levels of T" was presented twice. The presentation order
of the turn-taking levels and the presented texts is counterbalanced using the Balanced Latin
Square method. Participants were asked after each trial whether they wanted to have a break
(as an additional field in the last questionnaire) and had to take a break of at least 5 min after
completing all 10 trials. At the beginning of the break, a short questionnaire had to be filled
out (at a desktop computer) asking for their general experience during the Listen part.

When feeling ready for the next part, participants had to read the study description for the
Act part and conduct 10 trials of the Act part which were again foregone by a training trial.
During the Act part, the spatial layout remained the same apart from a flip chart being placed
between both ECAs. This virtual flip chart was used to present the text that had to be spoken
by the participant, since in this study part the participants took over one part in telling the
stories (see Fig. 5.16 b)). In this part 10 different stories were used than in the Listen part.
While participants told the story with the ECA of opposite gender to their own, the ECA with
the same gender took over the role of the Addressee. Participants were shown whether they
take the first turn at telling the story and the sentences they have to speak next. However,
when the ECA speaks they have no information on when to start and are therefore told to
carefully look at the ECA to find out when to speak and then start speaking as quickly as
possible. Using the HMD’s microphone and a calibrated speech detection threshold, the start
of a participant’s utterance is recognized and the gap length since the end of the ECA’s speech
is logged. Once participants are done with their turn (i.e., they read the entire text currently
displayed on the flip chart), the experimenter triggers the ECA to continue by means of pressing
a button. Additionally, the experimenter logs any attempts to speak during the ECA’s turn.
If the participant does not start speaking for 3s after the ECA is done, the ECA performs
a dedicated turn-yielding gesture towards the participant. Once the full story was told we
did not ask the related HTR questions but showed a virtual Likert scale questionnaire asking
whether it was easy to understand when to speak up, whether the behavior of the partner
was confusing or ambivalent, and whether the task was frustrating. All of the above were
answered on 7-point Likert scales from —3 (Disagree) to 3 (Agree). Again, the 10 trials were
counterbalanced. After finishing this part, participants had to answer a final desktop-based
questionnaire and were compensated 15 € for their time. On average the study took 75 min,
of which the immersed time for the Listen part was 31.9 min and 11.6 min for the Act part.

Participants

32 persons (21 male, 11 female) took part in our study. One female participant felt unwell
during the execution and had to cancel the study. The remaining participants had a mean
age of 25.9 years (SD = 5.0) and all self-reported normal hearing and normal or corrected to
normal vision. Four participants (12.5%) were fluent in German while the others had German
as their mother tongue (the whole study was conducted in German). Three of the participants
(12.5%) never used VR before, seven (21.9%) only once before, 14 (43.7%) less than 10 times,
and the rest (21.9%) more frequently.
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5.5.3. Results

Data that is recorded per trial is analyzed using one-way repeated-measure ANOVAs with the
single factor T' (levels: TNone, TBreaths L Gestures L Gaze, LFuil)- Data is checked before on normal-
ity using Shapiro- Wilk tests. Where the assumption of sphericity (evaluated with Mauchly’s
test) is violated Greenhouse-Geisser Correction is used when interpreting the ANOVA. When
applicable paired-sample t-tests with Bonferroni correction are used as post-hoc tests.

Analyzing the questionnaires posed after each trial in the Listen part, we first confirmed
the internal validity of the questionnaires by computing their Cronbach’s Alpha, which were
a = .95 (Godspeed), a = .93 (HLB) and a = .77 (COH). Averaging the scores per turn-
taking level for each participant and computing ANOVAs did not reveal any significant effects
(all F < 1.12 and p > .33). On average the ratings for anthropomorphism (Godspeed) were
M =27 (SD = 1.1; from scale [1,5]), for human-like behavior (HLB) M = 0.6 (SD = 1.5;
from scale [—3, 3]), and for coherence (COH) M = 2.3 (SD = 0.9; from scale [—3, 3]).

Due to the fact that the number of texts used is a multiple of the numbers of levels of T', the
balanced Latin Square counterbalancing always matched the same text to the same level of T'.
Although the HTR questions were primarily used as a disguise, we still planned to evaluate
the performance in the HTR task. However, due to the above-mentioned shortcoming, it
is not feasible to evaluate the answers given, since the texts and their questions might vary
in difficulty, which might be confounded with experimental variation. In the questionnaire
following the Listen part participants rated on a scale from -3 (’Strongly Disagree’) to 3
(’Strongly Agree’) that the ECAs sounded like humans in the real world (M = 1.6, SD = 1.7)
but did not look as alike to humans in the real world (M = 0.3, SD = 1.7). Participants on
average also stated that they noticed the ECAs signaling to yield or keep the turn (M = 0.6,
SD = 1.8). However, also 19.4% rated this below or equal to —2.

A repeated-measures ANOVA (with Greenhouse-Geisser correction) revealed a significant effect
of T on the gap participants left before starting to speak once the ECA finished speaking during
the Act part, F(3.04,91.4) = 4.93,p = .003. Post-hoc tests revealed a significant difference
between Tgreath and Tgesture (P = .03) and between Tgreath and Tryn (p = .002). There were
also two non-significant trends between TNone and Tgesture (P = -10) and between TNone and
Tran (p = .10), all other p > .44 (see Fig. 5.17).

We analyzed the four questions asked after each Act trial for internal consistency. We concluded
to analyze the questions for easiness and the inverted answers to the questions whether the
ECA’s behavior was ambivalent or confusing together (Cronbach’s o = .81). This is called
Clarity from here on and is the mean of the three aforementioned scales (ambivalent and
confusing inverted). The question regarding frustration is evaluated separately since it would
have reduced the Cronbach’s Alpha score to o = .79 and is differently framed. A repeated-
measures ANOVA revealed a significant effect of T' on Clarity (F'(4,120) = 5.42,p < .001).
Post-hoc tests showed significant difference between Txone and TGesture (p = -04) and between
TNone and Tpqn (p = .01), all other p > .18 (see Fig. 5.17). For the frustrating questions,
no significant effect was found (F' < 1.92,p = .14), with the means per turn-taking level all
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Figure 5.17.: Gap length (left) in ms and Clarity ratings (right) from a scale [—3, 3]
during the Act part. Error bars indicate standard error. Significant pairwise differences
are shown as *x for p < .01 and * for p < .05, all other differences are non-significant.

between —2.66 and —2.36. We also tracked whether participants tried to speak in a Gap when
they should not. In sum this happened 21 times during Tione, eight times during Tgreath,
13 times while in Tgesture, two times in Tgaze and six times when all cues are shown in Tgu
(of 651 gaps in total). However, a Friedman test (which is the non-parametric equivalent
to a repeated-measures ANOVA and had to be used since the assumption of normality was
violated), did not show a significant effect of T' (p = .20). Explicit yield gestures (played after
3s of silence) were in sum only triggered five times for different participants, so we did not
analyze them further.

In the questionnaire following the Act part participants rated on a scale from -3 (’Strongly
Disagree’) to 3 (’Strongly Agree’) that reading the texts was easy (M = 2.4, SD = 0.7) but, as
expected, understanding when to speak was not as clear (M = 0.7, SD = 1.3). Furthermore,
participants felt that the ECA in general reacted on them (M = 1.3, SD = 1.86), however, with
a large inter-personal variability. Additionally, we gave a list of potential turn-taking cues from
which participants had to select those they noticed. 80.6% noticed changes in gaze behavior,
51.6% in gesticulation and only one participant (3.2%) noticed audible inhalation. 25.8%
noticed special gestures used by the ECAs. However, also 61.3% reported that they noticed
changes in prosody, in speech speed (35.5%), or text content (41.9%), which we explicitly did
not alter. Additionally to the options we provided, two participants (6.5%) reported focusing
on the behavior of the Addressee and three participants (9.7%) that they looked out for long
pauses. When asked which additional cues would have helped, the most prominent were mimics
(19.4%), like raising the eyebrows, and special turn-yielding gestures (25.8%).
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5.5.4. Discussion

When participants were only listening to the ECAs taking turns, we were not able to measure
any differences between the different turn-taking cues given. While participants gave in general
positive feedback, they also complained about the hardness of listening to and remembering the
family stories which had a very high information density. This difficulty potentially reduced
their attention to the turn-taking cues given. Especially Coherence (invertedly evaluated with
questions like “The persons’ behavior does not make sense”) was rated very high, however,
similarly in all conditions (means per turn-taking cue level ranging between 2.16 and 2.32).
Therefore, we have to discard hypothesis H1 as no differences in the evaluated sub-dimensions
of social presence were found.

During the Act part participants had to specifically focus on the turn-taking cues to decide
when to start speaking. When evaluating the gap length, we found evidence that adapting the
gestures is the most effective cue in our system. We were not able to show that adding more
modalities is beneficial for gap lengths, although there might be a tendency (cf. Fig. 5.17). We
nevertheless partly accept hypothesis H2. Furthermore, Clarity seems to improve with added
cues, albeit only significantly again for manipulating gestures. This again leads us to partly
accept hypothesis H3. What is interesting to notice is that while gesture manipulation had
the only significant effect, it was only noticed by half of the participants when having to state
what they focused on for turn-taking. Gaze manipulations on the other hand were noticed by
more than 80%. Interestingly the majority of participants also reported focusing on modalities
we explicitly did not change, like prosody. Breathing, however, went fairly unnoticed and also
did not show any effects.

Limitations

While the inhalation sound was played at the identical volume as the speech, this modality
could still be improved especially for showing the willingness to take over the turn, for example,
by a sharp inhalation during another speaker’s turn (we only played inhalation sounds during
the gaps) and was therefore slightly increased for all following studies. Furthermore, the
gaps during the Listen part were static and rather short (all lasting 300 ms) which might
have had a negative influence, since the additional modalities might especially play a role in
prolonged gaps, e.g., due to thinking. A further aspect we noticed is that the environment
gaze targets were not optimally placed often leading to “averted” gazes which are only slightly
off from looking at the participant, which some commented on negatively. This was adapted
for following studies moving the gaze targets farther away from direct line of sight to the
user. Furthermore, since most of our participants came from the same cultural background
(German), the presented results might only be applicable to this cultural group. Another
observed behavior we did not consider is that of posture shifts, which, following [Cassell et al.,
2001a], appear more frequent at turn shifts.
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Figure 5.18.: Listening Agents Study: The study scene was enhanced by three ad-
ditional ECAs functioning as listening agents. During the listening phase of the study
these listening agents followed the conversation between the two ECAs telling the HTR
stories (left) and also between the participant and one ECA in case the participant took
over in telling the story in the second part of the study (right).

5.5.5. Preliminary Investigations: Integration of Listening Agents

The contents of this section are based on and taken in part from work previously published in
[Ehret et al., 2025a).

While the direct cues given by the ECAs were further improved, e.g., repositioning gaze tar-
gets and increasing the loudness of breathing, we also looked into another possible direction to
increase the clearness of turn-taking cues. To this end, we implemented and evaluated the use
of additional listening agents, as listeners in real life conversations are able to anticipate turn
changes and indicate this by gaze shifts [Holler and Kendrick, 2015]. They only engage in lis-
tening to the conversation and potentially enhance the turn-taking cues by following with their
attention those given by the speaking ECAs. The listening agents’ main interaction is thereby
the gazing behavior [Oertel et al., 2021] and they also occasionally give back-channel signals
like nodding, small vocalizations, and smiling on mutual gaze with the speaking ECA [Skantze,
2021] for an enhanced rapport and understanding. The presented listening agents were imple-
mented and evaluated during the master thesis of Valentin Dasbach and therefore only briefly
discussed here for the sake of completeness. The evaluation was done using a very similar
study design as used in Sec. 5.5.2. The distribution of gazes for the speaking ECAs, the other
listeners and the environment were designed following the descriptions in [Vertegaal et al.,
2001], [Rienks et al., 2010], and [Oertel et al., 2021]. Thereby at turn changes, listening agents
gazed with a 60% chance 100 ms prior to the change already to the next speaker, to show the
anticipation of them speaking next as additional turn-taking cue [Holler and Kendrick, 2015].
We chose minimal variances in this timing to enhance the believability of the interaction and
ensure a more natural conversational flow, specifically M = 0.1 s and SD = 0.03, following a
normal distribution.

The study was conducted with n = 25 participants (mean age: 26.2 years, SD: 3.5; 13 male,
12 female). To this end the within-subject study from Sec. 5.5.2 was enhanced by three
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Figure 5.19.: Besides the user visualized as male avatar, the social group includes (left)
two speakers (green, red) and three bystanders during the Listen Phase, and (right) one
speaker (green) and four bystanders in Act Phase. Agents are consistently colored across
scenarios, with environment-based gaze aversion targets per agent marked accordingly.

listening agents (see Fig. 5.18), keeping the overall study procedure. See Fig. 5.19 for the
circular formation of the involved interactants, a common setup for stationary groups during
conversations [Bonsch et al., 2020b; Ennis and O’Sullivan, 2012], which not only facilitates
engagement but also provides participants equal visual access to all group members. This
figure also shows their respective environment gaze targets when averting gaze. As in the
turn-taking study explained in Sec. 5.5.2 participants again had to listen in the first phase
(Listen Phase) to a story been told by two ECAs and took over the part of one ECA in telling
the story in the second phase (Act Phase) while having to react to all available cues to estimate
when it was their time to speak. The study had one main factor Bystanders (B), which had
three levels: In Bnope no additional listening agents were added, while the three added listening
agents in Brandom showed random behavior and acted according to the social model explained
above in Bggcial.- In each phase each level was repeated four times per participant. As originally
also another factor was assessed, namely whether participants are treated in the gaze model as
addressees or only as bystanders overhearing the conversation. Analysis, however, showed that
there were no differences and this factor is therefore ignored here. However, this led to two
blocks for each condition with two repetitions each, of which the order was counter-balanced
between participants using Balanced Latin Squares (see Sec. 3.2.1).

Results

In the Listen Phase, we evaluated whether bystanders had an influence on social presence
(by means of the human-like behavior and the social presence construct from the ASA ques-
tionnaire, see App. B.11). We were not able to show a difference in social presence between
the three levels of Bystanders. Additionally, we looked at the gaze behavior of participants.
More specifically, we firstly evaluated at which gaze targets (the speaking agents, the other
bystanders, and the environment) participants looked and further examined the gaze switching
behavior between sentences of the ECAs towards the next speaker. Fig. 5.20 (left) shows the
gaze proportions and Fig. 5.20 (middle) shows the mean time it took participants to focus on
the next speaker when the turn was yielded, so the speaker changed. Therefore we evaluated
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Figure 5.20.: Results of the Listening Agents Study: The gaze target distribution
during the story presentation (left). The time in seconds it takes participants to look at
the next speaking agent in case of a turn yield (middle) and the mean answers to the
questionnaire asked after each block in the Act Phase. Significant pairwise differences
are shown as *x for p < .01 and * for p < .05, all other differences are non-significant.

the time it took to look at the next speaker after the last speaker ended its turn in a time
frame of 0.5 s before the sentence ended and up to 3 s after the turn change. If during this time
frame the next speaker was never looked at, this turn change was ignored for the evaluation.
Three participants were excluded from the gaze analysis since there were technical problems
with the gaze tracker.

Due to violations of normality in the gaze target distribution data, we employed the Aligned
Rank Transform (ART) [Elkin et al., 2021] method for non-parametric factorial analysis which
allows analysis analogous to a two-way repeated-measures ANOVA while respecting the non-
parametric nature of the data. We assessed the effects of the three listening bystander condi-
tions on the participants’ gaze allocation among the three gaze target categories. The analysis
indicated significant main effects for targets (F'(2,168) = 253.46,p < .001), as well as inter-
action effects between bystanders and targets (F'(4,168) = 5.66,p < .001), showing that the
presence of bystanders significantly influences where participants direct their attention during
conversations (Fig. 5.20 (left)). Tukey-corrected paired ART-C tests revealed several signifi-
cant differences in the participants’ gaze allocation when comparing the bystander conditions
among the gaze targets (Fig. 5.20 (left)): Unsurprisingly, gaze allocation towards the Listen-
ing Bystanders was significantly higher when bystanders were present (Brandom and Bgocial)
compared to Byone (both p's < .021). However, there was no significant difference in gaze
allocation between Bprandom and Bgociar (p > .99). No significant differences were observed
in gaze allocation towards the Environment across the bystander conditions (all p's > .99) as
well as towards the Speakers (all p’s > .60).
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A repeated-measures ANOVA was performed for the gaze switch times, as normality was con-
firmed for the data by means of a Shapiro-Wilk test. It revealed a statistically significant
difference in gaze switch times in the Listen Phase across the three different bystander con-
ditions (F(2,44) = 7.95,p < .001). Pairwise t-tests indicated that this effect was due to a
significant difference in switch times between Byone (M = 0.29 s, SD = 0.28) and Bgocial
(M = 0.51s, SD = 0.26) (p = .003), while no significant difference (p's > .08) was found in
the other two pairs with Brandom (M = 0.44 s, SD = 0.27). (Fig. 5.20 (middle))

During the Act Phase, we again evaluated gap times before participants started speaking,
which did not show significant differences. We further posed a custom questionnaire after two
repetitions of the same condition evaluated how well participants assess the flow of the coopera-
tive story telling. This questionnaire contained 4 questions, namely “It was easy to comprehend
when I should speak.”, “ The behavior of the other persons was ambiguous.”, “The behavior of
the other persons confused me.”, and “The other persons followed the conversation.”, which
were rated on a 7-point Likert scale between -3 (“Do not agree”) and 3 (“Agree”). Answers to
the second and third question were reversed, so that positive values represent a good compre-
hension. Cronbach’s a was acceptable with a value of .68 so we evaluated the mean of those
questions. A repeated-measures ART ANOVA showed a significant difference between the by-
stander conditions (F'(2,48) = 5.47,p = .007). Tukey-corrected paired ART-C tests revealed
significant differences in mean ratings between Bprundom and Byone (£(48) = 2.86),p = .017)
as well as between Brandom and Bseciqr (£(48) = —2.87),p = .016), with Bgrandom receiving the
lowest scores, as shown in Fig. 5.20 (right).

Furthermore, participants provided qualitative insights through written feedback at the end of
the study. Verbal comments throughout the study were noted by the experimenter together
with the related condition. All qualitative feedback was grouped manually, and key insights
are reported anecdotally. Feedback indicated that while many found it generally easy to follow
conversations and anticipate who would speak next, some expressed difficulty when listening
bystanders were present. Three participants, for example, explicitly stated they recognized
the next speaker based on listening agents’ behavior, while six participants reported that they
identified turn changes primarily through cues from the current speakers. Overall responses
suggested that while engagement levels varied based on agent configurations (particularly with
random gazing), many participants felt more comfortable following conversations without by-
standers as potential visual distractors.

Discussion

The findings of this study provide valuable insight into how virtual listening bystanders in-
fluence participants’ gaze behavior and perception of turn-taking during interactions with
ECAs.

The analysis revealed that the presence of social bystanders negatively impacted participants’
ability to quickly switch their gaze to new speakers during conversations. Participants exhibited
longer gaze switch times in conditions with social bystanders compared to no bystanders, sug-
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gesting that additional visual stimuli may have distracted users from identifying turn changes
effectively. This aligns with previous research indicating that clarity in visual cues is essential
for recognizing conversational dynamics ([Wang et al., 2013; Mutlu et al., 2009; Oertel et al.,
2021]). These results challenge our hypothesis that social bystanders would enhance partici-
pants’ detection of turn changes compared to only speaking ECAs. However, they show that
unsocial behavior will worsen the conversation flow assessment. So, while social bystanders
may improve the naturalness of interactions, they may also be distractors.

The results also indicated a shift in attention away from speakers when bystanders were present,
highlighting how additional agents can dilute the focus on primary conversational partners.
Interestingly, while random bystanders tended to look more frequently at the environment,
this behavior did not effectively redirect users’ focus toward those areas. Instead, both random
gazing and social bystanders primarily changed gaze distribution within the social group. While
it is not surprising that the presence of other agents can draw attention—especially when
they look at the user—this finding remains relevant as it underscores potential challenges in
maintaining engagement within multi-agent interactions. The decreased gaze toward speakers
in both random and social bystander conditions points to potential challenges in maintaining
engagement within multi-agent interactions.

These findings suggest that while incorporating listening agents may aim to enhance social
presence, it can inadvertently lead to confusion regarding or ignorance of turn-taking cues,
even in such a simple setting with a limited amount of speaking agents. It is crucial to
critically consider that if no listeners are present, users cannot engage visually with them,
thus, their absence does not detract from interaction quality. However, when listeners are
included, their behaviors must be meaningful. Otherwise, it may be better to exclude them
entirely. As such, careful consideration must be given to agent behaviors and their implications
for user experience. Furthermore, feedback indicated that the unsocial bystanders particularly
obscured the conversation flow due to their random gazing behavior, which may have detracted
from the overall interaction quality.

There are a few shortcomings in our study. First, the sample size is relatively small, which
may affect the generalizability of our findings. Second, we employed a challenging standardized
psychology task designed specifically to focus participants on the ongoing conversation rather
than the ECAs’ behavior. While this approach aimed to elucidate subconscious social dy-
namics, it might limit broader applicability. Finally, exploring alternative social models could
provide further insights into optimizing ECA configurations for enhancing communication.
Still, this study highlights an important area for future research: understanding how vari-
ous configurations of ECAs can be optimized to support clearer communication and enhance
user interaction without overwhelming them with extraneous visual information or introducing
distracting behaviors.
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5.6. General Discussion

In this chapter we discussed the different co-verbal modalities that need to be implemented to
generate believable ECAs. These comprise facial animations, including gazing, and gestures.
We also looked into communicative functions potentially conveyed by these behaviors, for ex-
ample, back-channels and turn-taking signals. We deliberately excluded the topic of proxemics
[Bonsch et al., 2016], so the distance ECAs keep from each other and human interlocutors.
While this is a very relevant topic for ECAs that move through a virtual environment together
with a user, it is not as relevant for the main topics discussed here, where the ECAs stayed
in one place and only the user moves around. We refer the interested reader to our other
publications regarding this topic, for example, [Bénsch et al., 2018a).

One key observation during the creation of this work was, that ECAs always have to be
regarded holistically. If one of these modalities is falsely or not implemented at all, this can
have a significant negative effect that has the potential to mask improvements that should be
evaluated for other modalities. One example of this will be shown in the following chapter
— were we omitted facial animations altogether and evaluated the effect on social presence.
Therefore, it is important to cater for all of these modalities at least to some degree. With
the presented implementation, which are all part of the CharacterLib plugin (see App. C.3)
for Unreal Engine, we tried to address this challenge by giving a toolbox which can be used to
easily generate all of the aforementioned behavior. However, providing out-of-the-box solutions
for all co-verbal behaviors is a complex endeavor since, as discussed before, context matters a
lot for the actual behavior to be produced. While it seems easy to implement a natural blinking
pattern that could be applied to ECAs in all contexts, it becomes already far more complex
when turn-taking signals should be produced. And even for the simple case of blinking, in
reality it is very dependent on the activity and the emotional state of the speaker [Willett et al.,
2023]. This can be explained by the fact that the co-verbal behavior is a result of a plethora of
cognitive processes happening within a human performing this behavior, which are obviously
not reproduced entirely in an ECA. Therefore, there will always be a necessity to carefully
tune and evaluated co-verbal behavior generated by ECAs based on the actual context they
are used in as, for example, Han et al. [2024] found people to change their co-verbal behavior
strongly between different spaces, e.g., being in public spaces or rather alone.

Another challenge along these lines is that the same behavior can be judged differently based on
its co-occurrence with other behavior. For example, in the observations of Etienne et al. [2023],
smiles of audience members were perceived as non-genuine “fake smiles”, because the same
virtual audience member performed a dismissive gesture some times before. The same visual
representation of a smile, would, however, be rated more positively in another context or if the
behavior of the ECA would have been more consistently positive. One possible explanation
for this is that humans form a theory of mind about others, including anthropomorphic ECAs.
This leads us to imply intents for the sum of co-verbal behavior perceived and ascribe feelings
or motives to ECAs which were potentially not intended during their design and just happened
due to an unfortunate combination of produced signals.
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One tendency that could be seen for all described modalities is the trend towards using more
data-driven generative approaches relying on machine-learning. These could be found for all
presented behaviors and have the possibility to produce more natural behavior, especially
avoiding repetitions of the same gestures or sequences over and over again. This comes, how-
ever, at the cost of lower predictability and reproducibility. Another potential shortcoming is
that these models (if not explicitly incorporating different speaker ids [Yoon et al., 2020]) try to
recreate the mean behavior of the exemplary human data they were trained on. However, for
co-verbal behavior their is a large inter-personal difference of the way gestures etc. are used.
So these models potentially produce something less expressive than the performances of the
individuals they were learning from. This, however, also poses a major challenge for rule-based
approaches, which require someone to judge how natural/realistic an implemented behavior
is, which can be extremely demanding due to inter-personal and potentially also inter-cultural
[Wagner et al., 2014] differences which lead to the non-existence of a single correct /realistic real-
ization. In general, the results that are created by those data-driven approaches have massively
improved over the recent years, so their usage becomes even more attractive. Furthermore,
these approach provide the capability to produce behavior for all modalities together, reducing
the aforementioned risks of detrimental co-occurrence. In this work merely rule-based /recorded
behavior was used, due to its reproducibility and the lack of available easy-to-use models at
the time of implementing. However, we recommend to re-evaluate the usage at a given time.
Especially the generation of co-verbal gestures can be a very interesting venue, since actors
being asked to reenact a speech also tend to use repetitive gestures, and the use of recorded
gestures strongly limits flexibility both in adapting the scenario and also during implement-
ing the actual animation, which requires blending between different gestures and potentially
adapting gestures to other idle poses etc.

In summary, we presented related work to the most important co-verbal cues throughout this
chapter and introduced our Character Plugin, which provides the basics needed to implement
convincing co-verbal behavior for ECAs. While basal behavior can be used as is, we also
developed the plugin with the need of developers in mind to extend it, based on the specific
needs of their research objectives, and therefore aimed for easy extendability during software
design.
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CHAPTER 6

Evaluating Embodied Conversational
Agents

In the beginning of this thesis (Sec. 2) we discussed the concept of social presence and existing
metrics to measure it, both subjectively with questionnaires as well as objectively using other
measures like proximity or gaze behavior. Throughout the course of this thesis, we, however,
discovered that measuring social presence through questionnaires is particularly challenging,
as participants often struggle to rate interactions retrospectively, which can lead to indifferent
results (see, e.g., Sec. 4.2.1). In this chapter we aim to elaborate further on the approach of
objectively measuring social presence by means of using other metrics as proxy and comparing
those to questionnaire-based measures. Although the insights from questionnaires are limited
themselves (see, e.g., [Slater, 2004]), this comparison can still provide valuable information
about the proxies’ relative effectiveness and help identify strengths and weaknesses in measuring
social presence overall. To address this question, we will, among others, use the deliberately
degraded gestures from Sec. 5.3.4. Improving gesture quality is essential, as the realism of
human motion significantly influences user experience in VR, demonstrated, e.g., by Patotskaya
et al. [2023]. The presence of degraded co-verbal motions therefore offers an opportunity to
deliberately alter the fidelity of ECA performance, impacting the perceived social presence (see
[Xenakis et al., 2023]). Other possibilities, looked at in this chapter, are alteration of the verbal
content using synthetic voices (see Sec. 4.1) and further degraders of the co-verbal behavior,
like omitting lip sync or co-verbal gestures altogether.

This approach goes beyond the contributions of the previous chapters, where we evaluated
isolated aspects of ECA behavior, like the voice or the auralization. Here, we will look at ECA
performances in their entirety and will therefore use the results and behaviors described in
the previous chapters, like believable gazing (Sec. 5.2), recorded speech (Sec. 4.1), auralization
using static directivity filters (Sec. 4.2), turn-taking (Sec. 5.5), and minimal back-channeling
(Sec. 5.4) signals.
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In the first section (Sec. 6.1) we will evaluate cognitive spare capacity as measured by the HTR
paradigm [Schlittmeier et al., 2023] as a potential proxy for perceived social presence. After
primarily looking at the ECA’s performance in the first study, we will consecutively present a
study, where we evaluated the influence of audio-visual coherence of the surroundings in Sec. 6.2
on (social) presence and also again on cognitive performance. Finally, we will conclude this
chapter with a brief discussion in Sec. 6.3.

6.1. Objective Social Presence Evaluation for
Deliberately Degraded ECA Performance

The primary objective of this section is to evaluate whether the HTR paradigm can serve as
an objective proxy for perceived social presence. The HTR task primarily measures memory
performance, but when combined with a secondary task in a dual-task paradigm (see [Mo-
hanathasan et al., 2022, 2024]), it can also assess cognitive spare capacity. This dual focus
allows us to gain deeper insights into how various ECAs influence users’ cognitive load and
overall engagement during interactions, which are critical factors in determining perceived
social presence.

To effectively observe changes in the HTR paradigm, it is essential to use degraders that
are likely to produce significant effects. To this end, we deliberately degraded the speech
performance of ECAs presenting the HTR family stories (see App. A.1) using various behavioral
degraders, classified into gesture-related and speech-related degraders:

One critical area we identified is the degradation of co-verbal gestures, as our research in
Sec. 5.3.4 demonstrated their strong influence on perceived naturalness, a key contributor
to social presence. Consequently, we selected the worst performing condition of that study,
namely the MoverPeakRemove Mmodifier, referred to here as condition Dpaqgest, which makes co-
verbal gestures while speaking look more robotic, resulting in discontinuous movement patters.
To complement these bad gestures, we added a condition termed Dyogest, Only playing idle
animations during speech, so omitting co-verbal gestures entirely, as we expect missing co-
verbal gestures to have a detrimental effect on naturalness as well. In addition, since we have
two conversing ECAs that require effective turn-taking cues for a smooth conversational flow,
we utilize our turn-taking model described in Sec. 5.5. This model incorporates gaze behavior,
breathing patterns, and holding gestures to facilitate turn-taking. As part of our degradation
strategy, we intentionally introduce incorrect turn-taking signals, referred to as DwrongTT-
These signals provide random indications of whether the turn is being held or yielded after
each sentence, regardless of the actual narrative progression. Importantly however, these
signals remain consistent across all three modalities.

To validate the general approach, we also added two more speech-related degraders potentially
showing even stronger effects: As a more realistic presentation of ECAs is associated with
higher social presence (e.g., [Zibrek and McDonnell, 2019; Kimmel et al., 2023; Xenakis et al.,
2023]), we omitted lip sync animation as one additional condition in DnoLipSync. Following
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the experiments of Kimmel et al. [2023], we expect this to decrease perceived social presence.
Furthermore, we found that synthetic voices, generated by Text-to-Speech (TTS) engines, can
have a detrimental effect (see Sec. 4.1). Therefore, we added as last degrader also synthetic
voices instead of the recorded ones used otherwise (Drrg).

Finally, as baseline, we have a condition where no degrader is applied (Dnone). All in all, this
results in six levels for the factor Degrader: Dpadgests DNoGests DWrongTT, DNoLipSyncs DTTS,
and Dyone-

Hypotheses

We conducted a within-subject study with the degrader as the only factor addressing the
following hypotheses:

H1 Social presence will be lower for degraders than Dyone, especially DnoLipsyne and Drrs.

H2 Cognitive spare capacity, measured through the HTR paradigm combined with a sec-
ondary task, correlates with perceived social presence.

H1 is motivated by the results from our pre-study (Sec. 5.3.4) as well as the results by Kimmel
et al. [2023] and Zibrek and McDonnell [2019] hinting at higher social presence for more natural
presentation. The idea for H2 is that unexpected ECA behavior binds cognitive resources,
which are then no longer available for performance in the dual-task and therefore its measured
cognitive spare capacity decreases. Additionally, we exploratively evaluate how HTR dual-task
performance as an objective proxy potentially correlates with other potential indicators like
gaze behavior [Canigueral et al., 2021] and the physiological cognitive load indicator measured
by the HP Reverb G2 Omnicept [Siegel et al., 2021] based on heart rate, pupilometry, and gaze
tracking.

Study Material

We again used the same stories from the HTR paradigm, including content questions being
verbally answered (see App. A.1). The stories are again presented by two ECAs to incorporate
turn-taking, for which the same full implementation as in Sec. 5.5 is used. In all conditions, the
speaking ECA prolongs and holds gestures during the gap (500 ms') between two sentences
when signaling to continue speaking and breathes in audibly before starting a sentence. Addi-
tionally, ECAs should engage in mutual gaze when yielding and break any mutual gaze when
holding the turn (see [Ehret et al., 2023]). Unfortunately, an implementation error was only
discovered after the study was completed, resulting in the gazing at the end of the turn always

IThe gap between sentences is increased to 500 ms which is slightly longer than in Sec. 5.5 for increased
naturalness, as the 350 ms used there in hindsight appeared too rushed.
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being executed invertedly, so mutual gaze was held when the turn was held and not when it
was yielded. However, since this was only one of three components of turn-taking signals and
gestures were estimated by us to be the the most important (see Sec. 5.5), we assume that the
effect was limited, but should nevertheless be considered when interpreting the results.

As proposed in [Mohanathasan et al., 2022], we used a vibrotactile task as the secondary task
in the dual-task paradigm [Gagné et al., 2017]. This vibrotactile secondary tasks yields a better
measure for cognitive load compared to a visual secondary task [Mohanathasan et al., 2022]
and avoids participants focusing to consciously on the ECA behavior as they were occupied by
the secondary task. Therefore, while listening to the stories being told, participants also had to
respond to vibrational patterns being presented via the controllers (see App. A.1 for details).
We utilized the gaze tracker of the HP Reverb G2 Omnicept, to track where participants looked
during the presentation of the stories. Therefore, we logged the amount of time participants
gazed at the eyes, mouth, or body of the currently speaking and also the currently not speaking
ECA. HP Reverb G2 Omnicept SDK also provides a machine-learning-based interference model
for cognitive load based on physical markers sensed by the headset [Siegel et al., 2021]. We
stored the average value of this cognitive load measure during listening to the story for each
condition. Since only one of the two ECAs (see Fig. 6.1) is speaking at a time while the other
one is listening, we added listener reactions. These were implemented with a nod or a brief
smile at the end of the other’s sentence with a probability of 50% each (see Sec. 5.4).

During the Dyopne condition, this behavior was shown as described above. In the Dpaqgest con-
dition, however, all gestures were replaced by the ones using the MoyerPeakRemove Mmodifier as
described in Sec. 5.3.3. When presenting during the Dyogest block, the ECAs did not perform
any co-verbal gestures, but just stayed in their idle movement all the time, exhibiting a slight
body sway only. For the DwyongTT degrader, the ECAs did not perform random behavior inde-
pendently for each of the three modalities (gesture, gaze, and breathing) as outlined in Sec. 5.5.
Instead, they demonstrated random turn-taking behavior that was consistent across all three
modalities. However, it is important to note that the gaze behavior was not executed correctly
due to an implementation error, as stated previously. This means that for each gap between
two sentences it was randomly decided whether to perform turn-hold or turn-yield behavior
independent of which ECA would speak the next sentence. For Dprg, synthetic versions of
the sentences were generated using Google Text-to-Speech with the voices en-AU-Wavenet-D
and en-US-Wawvenet-C. To approximately match these sentences with the gestures recorded for
the recorded speech, each sentence was scaled to the length of the recorded sentences using
pyrubberband. This yielded a mean speed-up of 34% (min = 5%, max = 73%). To generate
lip movement for the synthetic speech, Oculus Lip Sync was used on these scaled files. And
lastly, during the Dynoripsync block, simply the recorded lip sync was not shown. The differ-
ent conditions and the task procedure can be seen in the supplemental video of [Ehret et al.,
2025b].
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Figure 6.1.: The two ECAs telling one HTR story during the study without degrada-
tion (Dyone). The male ECA is gesturing, while the female uses the idle movement with
gaze behavior superimposed.

Study Procedure

The study was conducted following the Declaration of Helsinki and using the StudyFramework
(see Sec. 3). After reading the study description and giving their informed consent, partici-
pants filled out a demographics questionnaire. They were required to be fluent in German.
Afterwards, they were equipped with the tracking hardware (HP Reverb G2 Omnicept and two
Valve Index Controllers) and Sennheiser HD650 headphones connected to a Focusrite Scarlett
2i2 3rd Gen audio interface. Once immersed in the virtual living room scene (see App. A.4.3),
first a calibration of the gender-matched body-avatar (see Sec. 3.4) was performed and the eye
tracking was calibrated. After that, participants had time to practice the secondary (vibro-
tactile) task (see App. A.1 with the pattern short-short, short-long, long-short, and long-long)
until they felt comfortable doing it, and afterwards performed a 15-trial single task baseline
measurement of it in the empty living room. This was followed by a single-task practice and
baseline block of the HTR task, with both ECAs present, without a degrader being applied to
their performance. After the presentation participants had to verbally answer nine questions
related to the content of the story. They were explicitly allowed to answer “I don’t know”,
rather than guess, in case they had no idea about the correct answer. This was counted as
incorrect, nevertheless. The correct answer was displayed for the experimenter, who had to
log whether the right answer was given by the participants by means of keyboard buttons.
The first block of the study was then finished with a practice block, performing both tasks at
the same time. Participants were instructed to listen carefully to the stories, prioritizing the
primary (listening) task, while paying attention and looking at the ECAs.

o) | RWTHAACHEN
‘ UNIVERSITY 137



CHAPTER 6. EVALUATING EMBODIED CONVERSATIONAL AGENTS

After a break, six blocks with three repetitions of listening to a story and answering the nine
questions for each text followed, one block per Degrader. The order of the blocks was balanced
between participants using Balanced Latin Squares (see Sec. 3.2.1). Each of these blocks ended
with two Likert scale questionnaires regarding the just-finished block being presented within
the virtual scene, which participants had to answer using the controller. The first questionnaire
was the Human-Like Behavior (HLB) construct from the ASA questionnaire [Fitrianie et al.,
2022] in its German translation [Albers et al., 2024], which had to be answered on a 7-point
Likert scale (see App. B.11). We only picked two constructs from the full questionnaire, to not
overwhelm participants with to many questions and focusing on the dimensions most interesting
to our primary research focus here. Secondly, we also posed the Social Presence (SP) items
of the Multimodal Presence Scale (MPS) [Makransky et al., 2017], which are answered on a
5-point Likert scale, again using a German translation [Volkmann et al., 2018] (see App. B.8).
After this, a short break in which refreshments for the participants were provided followed,
and afterwards the next block started.

After finishing all six study blocks, participants had to fill out a final desktop questionnaire
using SoSciSurvey, were debriefed, and compensated with 15€. The study lasted 60 to 90
minutes, with the primary factor for variation being the time each participant took to reflect
on the content questions following the stories and the time participants took for breaks between
the blocks. Of this time participants spend on average 37.7 minutes (SD = 7.3) immersed in
VR, listening to the stories or answering questions about them during the Study Phase.

6.1.1. Results

In this study, n = 30 persons (19 male, 10 female, 1 preferred not to say) participated,
with a mean age of 25.4 years (SD = 4.8, 20-46 years). All of them reported (corrected-to)
normal vision and normal hearing. While 19 were native German speakers, the remaining 11
self-reported to be at least fluent in German as the study was conducted in German. Ten
participants reported to interact with virtual humans (e.g., in computer games) multiple times
a week, four stated to do so at least several times a month, while 12 answered “less often” and
four responded with “never”. A simulation-based a priori power analysis (using simr) [Green
and Macleod, 2016] showed for the vibrotactile task a power of > 96% (95% CI [96.38%, 100%])
assuming a sample size of ny = 30 and a performance spread of 60% to 80% correct responses
across the six degrader conditions. Regarding the questionnaire results, it predicted a power
of 86.90% (95% CI [84.65%, 88.93%]) assuming a medium effect (Cohen’s f = 0.25). This
suggests that the chosen sample size was adequate for detecting medium-sized effect in this
study.

We conducted statistical tests using Generalized Linear Mixed-Effect Models (GLMMs) in R
(v4.4.1) [R-Core-Team, 2015] with the Imej package [Bates et al., 2015]. Post-hoc pairwise
comparisons were Bonferroni-corrected and based on estimated marginal means, computed us-
ing the emmeans package [Lenth, 2024]. Following the analysis in [Mohanathasan et al., 2024],
for binary data (i.e., vibrotactile and HTR question performance) binomial distributions with
logit link function were used and for strictly positive continuous data (i.e., reaction times),
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Figure 6.2.: Subjective rating of human-like behavior (HLB) construct of the ASA
questionnaire [Fitrianie et al., 2022] (left) and the social presence (SP) dimension of
the MPS questionnaire [Makransky et al., 2017] (middle). Objective rating in form of
proportion of correct answers in the primary (memory) and secondary (vibrotactile) task
(right). All shown as box plots, displaying median, interquartile range, and potential
outliers, with the rating or mean performance per participant shown as semi-transparent
points. Significant pairwise differences are shown as **x* for p < .001, *x for p < .01,
and * for p < .05.

a Gamma distribution with log link function was utilized. In case of potentially negative or
zero data, again, LMMs instead of GLMMSs were employed. Potential random effects con-
sidered during backward model selection were self-reported experience with virtual humans
and self-reported focus on the virtual humans during conversation, age, text, and participant
ID, repetition during block, and, where applicable, vibrational pattern or question ID. The
only fixed effect was the Degrader. To decide which factors to include, we again performed
backward model selection (see Sec. 5.3.4).

Looking into the behavioral results of the primary (listening) and secondary (vibrotac-
tile) task, the Degrader had no influence on the performance in the primary listening task
(x%(5) = 5.21,p = .39) as can be seen in Fig. 6.2 (right). This figure also shows an overall low
recall rate of on average only 36.8% (SD = 48.2), spanning almost the full 0-100 % range—
demonstrating vast inter-participant variability. However, performance in the secondary (vi-
brotactile) task was significantly influenced by the degraders (y2(5) = 18.38,p = .003). This
was assessed using a model that included the Degrader as a fixed effect, along with the pattern
used (short-short, short-long, long-short, long-long) and the text and participant identifier
as random effects. Bonferroni-corrected pairwise comparisons of the number of correct re-
sponses to vibrotactile patterns showed a significant difference between Drrs and DwrongTT
(z-ratio = —3.37,p = .011), Dpadgest and DnoLipsync (z-ratio = 3.30,p = .015), DpadGest
and Dty (z-ratio = 3.52,p = .007), DnoLipSync and DwrongTT (2-ratio = —3.16,p = .024),
see Fig. 6.2 (right). There were also non-significant trends for Dprs vs. DpadGest (z-ratio =
—2.80,p = .076) and DnoLipSync VS- DwrongTT (2-ratio = —2.80,p = .077). Following the pro-
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cedure in [Mohanathasan et al., 2024] when analyzing response times for correctly answered
vibrotactile trials, trials below 200 ms were removed (see [Whelan, 2008]) as well as times out-
side a 2-SD margin around the mean (see [Berger and Kiefer, 2021]). The remaining response
times did not show a significant dependence on the degraders (x%(5) = 5.78,p = .33).

Also, no difference in the physiological cognitive load indicator directly measured on the
HP Reverb was evident between the blocks (x%(5) = 4.49,p = .48). When looking at the
fraction of time participants gazed at different regions of the ECAs during presentation of the
story, we did not find a significant influence of Degrader (x2(5) = 3.38,p = .64). However,
suprisingly, participants looked throughout all blocks only 25.3% (SD = 37.1%) of the time at
the speaking ECA and 3.8% (SD = 6.8%) at the listing one.

After each block with a given Degrader, participants completed two questionnaires. They rated
perceived social presence (SP) and human-like behavior (HLB). For SP, which was rated
on a scale from very low (1) to very high (5), the LMM model fitting to the data best just
contained Degrader as fixed effect, which showed a significant effect (x?(5) = 23.6,p < .001).
This was due to a significant difference from DwirongTT t0 DNoLipsyne (t-ratio = 3.87,p = .002)
and to Dprg (t-ratio = —3.56,p = .008). Furthermore, Dyone was also significantly different
from DnoLipSync (t-ratio = 3.87,p = .05). All other pairs were non-significant (see Fig. 6.2
(middle) and Tab. 6.1). HLB, rated from very low (-3) to very high (3), analogously also
showed an effect of Degrader (x2(5) = 43.7,p < .001). The significantly different pairs can be
found in Fig. 6.2 (left) and Tab. 6.1.

HLB -~
Bad Gest | No Gest Wrong No  Lip TTS None
TT Sync

SP
Bad Gest 1.0 .74 .03 21 1.0
No Gest 1.0 1.0 .001 .01 1.0
Wrong TT | .71 1.0 < .001 < .001 1.0
No LipSync | .95 13 .002 1.0 < .001
TTS 1.0 .29 .008 1.0 .004
None 1.0 1.0 1.0 .05 13

Table 6.1.: p-values for Bonferroni-corrected pairwise comparisons of the question-
naires asked after each block. The lower left half shows values of the social presence
(SP) dimension of the MPS questionnaire [Makransky et al., 2017] and the top right
half shows ratings with regard to the human-like behavior (HLB) of the ASA question-
naire [Fitrianie et al., 2022]. Significant p-values are set in bold.

Participants were asked in the post-study questionnaire to rate several questions about their
experience throughout all conditions on a 7-point Likert scale from “Strongly disagree” (-3) to
“Strongly agree” (3). They responded that answering questions to the family stories was not
easy (M = —2.37, SD = 0.96). When asked whether the ECAs looked, sounded, and gestured
like real humans, the responses were slightly above average (looked: M = 0.43, SD = 1.43;
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sounded M = 0.97, SD = 1.69; gestured: M = 0.56, SD = 1.59). The gaze behavior was
rated as less realistic (M = —0.20, SD = 1.73), however, again with a large variance in the
responses. When asked whether they carefully focused on the virtual person, once more a large
spread is obvious (M = 0.97, SD = 1.65, min = —2, max = 3), albeit in general in a positive
range.

Furthermore, participants were asked to indicate the block that they (least) preferred. Since
they were not told which degraders were employed during the study, they should refer to this
block by stating its sequence number or remarkable differences from the other block. The
results can be found in Tab. 6.2

gi(sit ngt \rlz“vé‘ong No LS | TTS Nome Elrelzar irE’lcSerp
most
preferred | 0 0 3 1 1 1 13 11
least
preferred | 4 2 1 6 8 1 2 9

Table 6.2.: Answers to the question which block was most/least preferred. “unclear”
means that participant responses could not be clearly matched with an actual degrader
while “misinterpreted” means that participants answered something very different like
“names were to complicated”. For the least preference three participants gave two an-
Swers.

When asked what could be improved about the presentation, answers were very diverse. Three
participants answered that the ECAs should make more eye contact and another three found
the gesture to not be natural (while it is unclear to which block they were referring to). Fur-
thermore, two participants found the content of the stories could be made more natural, as
people would normally not tell such information-dense stories in a casual setting and two
participants would have liked reactions of the ECAs to their answers given. Also, three par-
ticipants mentioned that the repetitive gestures were not realistic. While it is true that idle
gestures were pooled from four gestures per ECA and therefore repeated, this was not true for
the co-verbal gestures, which had been individually recorded for each sentence [Ehret et al.,
2023]. In the general open-ended feedback questions, four participants positively mentioned
the eye contact made by the ECAs while three positively mentioned the gestures. Also two
participants mentioned that the visual representations could have been better and ten partic-
ipants mentioned that they found it particularly hard to follow the stories while reacting to
the vibrotactile patterns in parallel.

6.1.2. Discussion

To evaluate whether cognitive spare capacity assessed via the dual-task implementation of the
HTR paradigm provides an indirect indicator of social presence, we first have to look at the
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influence of the examined degraders on social presence by means of established questionnaires.
This study indicates that, under the conditions tested, synthetic voices were rated worse with
regard to social presence and human-like behavior, and also the least preferred. This is in
line with the results of [Choi et al., 2023], finding decreased human-likeness ratings for TTS.
Zibrek et al. [2021] did not find a significant detrimental effect of synthetic voices on social
presence, however, in our implementation also the lip syncing was of lower quality during the
TTS condition, using Oculus Lip Sync instead of recorded face movement. Furthermore, due to
the temporal matching to the recorded sentences, some sentences potentially appeared rushed.
While Luo et al. [2023] did not find a significant influence of omitting articulation movement
on social presence, we found that a clear detrimental effect was evident. This is more in
line with the results of Kimmel et al. [2023], who found that mouth movement significantly
improved social presence during avatar-mediated communication, solving an explanation task.
Our results also go beyond those of Easley et al. [2024], who did not find an increase in cognitive
load with omitted lip sync as they originally hypothesized. The other degraders, however, had
no clear influence on social presence, so H1, that social presence is rated lower for all degraders,
can only be partially accepted.

With these results, we are finally in the position to look at our primary research objective, using
cognitive spare capacity measured by the dual-task HTR paradigm [Mohanathasan et al., 2024]
as an objective proxy for perceived social presence. Cognitive spare capacity decreased during
the T'TS conditions and also for missing lip sync. For the latter, an alternative explanation to
subjectively decreased social presence and resulting decreased cognitive spare capacity, could
also be that decreased speech intelligibility due to missing lip movement increased the listening
effort, as observed in [Sewell et al., 2023]. Nevertheless, the sensitivity of our cognitive spare
capacity measure to these changes suggests it is aligned with the questionnaire-based social
presence metric used, leading us to cautiously support H2.

However, both methods—questionnaire-based and HTR dual-task—detected only major degra-
dations. For instance, although our gesture manipulation study (see Sec. 5.3.4) showed de-
graded gestures (Dpaqgest) to be perceived as less natural, these changes did not significantly
affect social presence ratings or HTR performance. The same is true for omitting co-verbal
gestures all together (Dnogest) and for turn-taking cues being performed at random sentence
endings (DwrongTT). Looking into non-significant trends, it can be noted that the degraded
gestures (Dpadgest) Were not rated as strongly better compared to omitting lip sync and TTS
when comparing them with the other three degraders (see Tab. 6.1). This trend is, however,
not evident in the behavioral performance in the secondary task (see Fig. 6.2). Although these
patterns were not statistically significant, they suggest that poorly fitting co-verbal gestures
are not perceived as beneficial compared to omitting them altogether. This warrants further
investigation before drawing firm conclusions about whether omitting co-verbal gestures is
preferable to using degraded ones during ECA design.

It should be noted that during the HTR task only cognitive load differences were observed,
indicated by performance variations in the secondary (vibrotactile) task, whereas memory
performance in the primary (listening) task remained stable in contrast to, e.g., [Bailenson
et al., 2005]. This is, however, consistent with the logic of using the HTR task in a dual-
task paradigm, which assumes that participants prioritize the primary task and maintain
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performance levels, while cognitive spare capacity is allocated to the secondary task. The
underlying expectation is that trying to memorize as much information as possible from the
family stories, although demanding, does not fully occupy participants’ cognitive resources.
As a result, cognitive spare capacity remains available and can be allocated to the secondary
task [Mohanathasan et al., 2025]. When additional cognitive load is introduced, for example
through conversational degraders, this remaining capacity is further reduced, which can then
be observed in the performance on the secondary task. This rationale underlies our use of
the HTR task within a dual-task paradigm to examine cognitive spare capacity as an indirect
proxy of social presence. Another potential explanation for not measuring degradation in
memory performance is that small differences in the primary task went unnoticed due to the
large inter-subject variability (see Fig. 6.2, right).

Furthermore, the employed cognitive spare capacity measure using the HTR paradigm was in
our study more sensitive than the machine-learning-based physiological indicator, out-of-the-
box available on the HP Reverb G2 Omnicept. Surprisingly this can also be said for using gaze
behavior as a proxy for social presence. Although prior work [Doherty-Sneddon and Phelps,
2005] shows cognitive load can alter gaze behavior, we observed no gaze differences across our
conditions. This contrasts with He et al. [2022], who found gaze varied between idle and gener-
ated co-verbal gestures. However, participants on average gazed only a quarter of the time at
the speaker during story presentation and the remainder primarily away from the ECAs, which
can again be a consequence of the high cognitive demand of the dual-task. This demand could
have potentially prevented participants from carefully looking at the presented ECA behavior,
which in turn potentially distorted the gathered results. This should be carefully considered
in future research when employing gaze behavior as an objective metric. Nevertheless, the in-
tention of this research was to evaluate perceived social presence as a holistic concept, without
having participants focus too closely on specific modalities. Therefore, we deliberately decided
on a demanding task to draw the participants’ focus to the content presented by the ECAs, en-
suring that their focus remained on processing the information rather than the characteristics
of the ECAs.

There are some more limitations to consider with regard to the presented work. The recorded
gestures reflect the interpretations of only two performers, limiting generalizability, which
potentially has caused the gender difference in the gesture manipulation study (Sec. 5.3.4),
which could also be not based on gender but simply on the different personality traits of
the performers. Unfortunately, an implementation error in the turn-taking behavior was only
discovered after the study was completed, resulting in the turn-taking gazing at the end of the
turn always being executed invertedly, so mutual gaze was held when the turn was maintained,
not when it was yielded. However, since this affected all conditions equally and concerned only
one of three turn-taking signals, with gestures being the most important [Ehret et al., 2023],
we assume that the effect was limited, but should nevertheless be considered when interpreting
the results. Still, this error might have inadvertently improved perceived plausibility in the
“incorrect” condition, as the gaze behavior was at least occasionally appropriate due to its
random character. This may partially explain why this condition was not rated more negatively,
though we consider the more plausible explanation to be the subtlety of turn-taking cues in
general.
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A general consideration whenever working with virtual humans is to not fall into the so-called
“uncanny valley”, which can have generally detrimental effects if the virtual representations
become very good but some aspects/modalities don’t quite fit the general realism level (cf.
[Kétsyri et al., 2015]). While some participants reported feeling uneasy around the virtual
humans, others made very positive statements about the realism of the virtual setting and
their interlocutors. This brings us to believe that there was a wide range of expectations on
how these virtual humans should look and behave, which potentially partly masked the effects
we were looking for.

After looking at applicability of the HTR paradigm to evaluate the performance of ECAs, we
will next present a study focusing on the surroundings of such an interaction, again utilizing
the HTR paradigm.

6.2. Evaluation of Audio-Visual Mismatch

The contents of this section are based on and taken in part from work previously published in

[Ehret et al., 2024b].

Figure 6.3.: Three levels of background sound source visualization fidelity. Left: An-
imated virtual characters and, e.g., a moving fan (condition Animated); Center: No
Visualization of background sound sources (condition None); Right: Peers visualized as
non-moving wooden mannequins and other sources as static objects (condition Static).
The female speaker in the center is identically visualized at all levels. A participant
wearing a head-mounted display is embedded to show the seating position of partici-
pants during the study.

In VR applications, strategically designing visual and acoustic features plays a crucial role in
enhancing (social) presence and perceived realism [Kern and Ellermeier, 2020]. Consequently,
such design elements also contribute to improved user engagement [Mantovani et al., 2003],
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encompassing factors like the listening experience and cognitive performance. This strategic
design can be implemented through various means. For instance, optimizing visual signals
such as using higher-quality renderings [Hvass et al., 2017] or allowing user interactions within
the IVE [Witmer and Singer, 1998] have demonstrated efficiency. Moreover, Kim et al. [2018]
found that the visual embodiment of ECAs as the user’s interaction partner significantly en-
hances the perceived social presence compared to audio-only interactions. Additionally, in-
tegrating animated behavior indicating social cues like gestures and facial expressions during
user-commanded actions enhances user engagement more effectively than less interpretable
ECA behavior where users may not readily discern the ECA’s actions or intentions [Kim et al.,
2018]. In the acoustic domain, integrating stimuli coherent with the virtual scene and ac-
tions taking place, e.g., tailored soundscapes or footstep sounds [Kern and Ellermeier, 2020,
contribute to a more immersive experience [Hendrix and Barfield, 1995].

When visual and acoustic signals closely align semantically, despite minor temporal or spatial
differences, they synergize into an integrated audio-visual signal [Laurienti et al., 2004; Spence,
2007]. This phenomenon raises the question of how different visual representations for the same
sound influence audio-visual integration and, more importantly, affect the perceived (social)
presence and, thus, user engagement. We address this question here specifically concerning
background sounds, an integral part of tailored soundscapes, intended to enhance IVE vibrancy
without disturbing users or depleting their cognitive resources.

In this study, we examine whether there is a requirement to visually depict background sound
sources in VR. We look primarily at background sounds emitted from ECAs populating the IVE
but also at those being emitted by non-human scene elements. Thereby we aim to determine
the required audio-visual coherence, particularly in synchronizing the audio and visual
elements, to strike a delicate balance: enhancing (social) presence while mitigating disturbances
arising from the representation style of the background noise sources, thereby ensuring the
user’s optimal performance in the cognitive task at hand, such as attentive listening and
efficient processing of speech content. Furthermore, we aimed to explore whether there are
differences in the subjective perception of background sounds emanating from ECAs compared
to non-human sources. To this end, we compared three distinct visualization fidelities
in terms of the accuracy of the visual elements (see Fig. 6.3), based on Kim et al. [2018]’s
approach, in a within-subject study: (i) without visualizing background sound sources (None),
(ii) non-animated placeholders without illustrating what is causing the sound (Static), and
(iii) animated visuals showing the precise origin of the sound (Animated).

To prevent participants from focusing directly on the specific audio-visual signals, we utilized a
demanding dual-task paradigm [Gagné et al., 2017; Schiller et al., 2023b, 2024], namely again
the HTR task performed as dual-task paradigm (see App. A.1). This paradigm was carefully
designed to evaluate participants’ ability to simultaneously maintain their performance on a
primary (listening) task — attentive listening to an ECA’s speech content — while engaging
in a secondary (vibrotactile) task within the IVE [Schiller et al., 2024], before recalling the
memorized information to answer questions about its content. Besides cognitively challenging
the user, this dual-task paradigm was instrumental in objectively assessing (i) participants®
memory performance in the listening task and (ii) participants’ accuracy and response times
in the secondary task as behavioral indicators for listening effort (LE), in the following referred
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to as behavioral LE. This is named here differently from the previous section, where we termed
it to measure cognitive spare capacity, as this study was a successor to a study published in
[Schiller et al., 2024] and the terms should be consistent. In an explorative fashion, following
the results of Sec. 6.1, we investigated whether there is a potential correlation between visual
fidelity and participants’ behavioral LE. We aimed to determine if behavioral LE could serve
here as well as a viable objective metric for assessing the optimal audio-visual coherence of an
IVE. Complementing this, we collected subjective measures, including user ratings on perceived
LE and (social) presence, to gain a nuanced understanding of participants’ experiences and
the impact of audio-visual coherence on their (social) presence and engagement in an IVE.

The remainder of this section comprises details of our user study (Sec. 6.2.1), results (Sec. 6.2.2),
and a discussion of findings (Sec. 6.2.3).

6.2.1. Method

In this chapter, we provide a brief overview of the used IVE comprising different background
sounds, and the speech material used before delving into the specifics of the study’s design and
procedure.

Virtual Environment

As the visual setting, a seminar room [Llorca-Bofi and Vorldander, 2021] (see also App. A.5) was
chosen and participants consistently occupied a specific desk in the third row (see Fig. 6.3).
Six MetaHuman?® models were seated in the room to simulate fellow students, creating a
more realistic scenario. The peers were strategically positioned, with some directly in the
participants’ field of view and two peers in the back. An ECA, representing a female university
professor, stood in front of the class at a lectern and was also visualized using a MetaHuman,
animated with an idle animation and recorded facial movement when speaking. To fit the
speech sound featuring a read-out style, we implemented a gazing schedule such that the ECA
looked down towards the lectern at the beginning of each sentence and then alternated her gaze
between the virtual peers and the participant, using the gaze dynamics described in Sec. 5.2.

For the IVE’s soundscape, we incorporated three classes of background noise sources,
employed via binaural acoustics as suggested in [Dicke et al., 2010]: (i) Human sounds produced
by the peers (i.e., coughing, whispered conversation, laptop typing, or yawning) and non-
human sounds originating from sources (ii) within the seminar room (i.e., a fan, window
blinds closing, or phones ringing) and (iii) outside (i.e., a car passing by the window or a dog
barking). Examples of some background noise source representations can be seen in Fig. 6.4.
While animations for objects (e.g., the fan rotating and turning left to right) were simple to
implement, animations for the sounds produced by the virtual peers were not readily available.
They had to be coordinated with the sounds, which were acoustically recorded under controlled

’https://www.unrealengine.com/metahuman
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Figure 6.4.: Examples of high fidelity background sound representations. From left to
right: A virtual peer typing and a vibrating mobile phone on the table; a peer coughing;
a barking dog crossing by outside the window; a fan in the front turning left to right
with a spinning rotor.

conditions. To this end, we used the simple motion capture setup described in Sec. 5.3.2
These animations were then manually post-processed to eliminate tracking errors. Additionally,
we recorded several seated idle animations to introduce diversity in the movements among
the virtual peers. While the fan in front of the seminar room was continuously operating
throughout the entire study, we ensured a balanced distribution of both the quantity and class
of the remaining background sounds between different runs in the study. To this end, we
manually created 22 schedules for the execution of the sounds while the lecturer was speaking,
a number derived from the study procedure outlined below.

Study Task

For the primary task, we asked participants to listen to family stories narrated by the ECA
standing in front of the class (see Fig. 6.3). We utilized texts from the established Heard Text
Recall (HTR) paradigm [Schlittmeier et al., 2023] (see App. A.1). Although there were already
recordings available, we recorded 20 (derived from the study procedure detailed below) of these
stories in a hemi-anechoic chamber at the Institute for Hearing Technology and Acoustics. A
female voice expert (a speech-language pathologist and voice researcher) read the texts, each
lasting between 53 and 62 s. This was done since for another experiment in the same setting,
published in [Schiller et al., 2024], we needed the text spoken both with a normal and a hoarse
voice. In addition to the voice recordings, we captured facial movements, using an iPhone
XR and ARKit, to later animate the virtual speaker’s face (see Sec. 5.1). Following the text
presentation, participants sequentially answered the nine questions per text (see App. A.1)
displayed on projection screens located to the left and right of the ECA (see Fig. 6.3). Partic-
ipants answered these questions verbally and the correctness of their responses was logged by
the experimenter.

In order to quantify participants’ LE, we employed a dual-task paradigm that comprised the
HTR as the primary listening task and a vibrotactile secondary task (see App. A.1). Both were
conducted alone (Single-Task baseline) and in parallel (Dual-Task condition). Specifically,
while listening to the ECA’s speech, participants reacted to vibration patterns presented via
two handheld controllers by clicking a button on either the right or left controller. Based on
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the cognitive load theory [Paas and Ayres, 2014], a decrease in task performance (more errors
or increased response time) was taken as an indicator of higher listening effort in the respective
listening condition.

Study Design

We conducted a within-subject study evaluating the influence of audio-visual coherence of
background sound sources on perceived (social) presence and user engagement. While the
sound itself was kept identical, we varied the visual fidelity across three levels: None, Static,
and Animated. In the first level, no representation for the origin of the sounds was shown (see
fan and peer missing in the center of Fig. 6.3). In the Static condition, objects were placed as
placeholders at every source of a sound but they, for example, did not move in the case of the
fan or the car outside. Furthermore, we replaced the virtual peers with static, non-animated
wooden mannequins to avoid eeriness effects of static highly-detailed ECAs. The Animated
condition featured representations of background sounds in high fidelity, as described in the
previous section.

We expected the following hypotheses to be confirmed:

H1 Animated background sound sources are preferred over static visualizations which are
preferred over no visualizations.

H2 (Social) Presence positively correlates with higher fidelity.

These two hypotheses are motivated, e.g., by the results of Kim et al. [2018]. They compared
users’ perceptions of three types of virtual interaction partners. These partners were a disem-
bodied voice, an ECA with embodied gestures, and an ECA with both embodied gestures and
locomotion. They found that visual embodiment and plausible social behavior, encompass-
ing gestures and locomotion and thus a fully animated ECA, can significantly enhance users’
perception of ECAs in terms of social presence, comfort, and engagement, creating a more
natural and intuitive interaction experience. Furthermore, also the difference between back-
ground noise being produced by other (virtual) humans in comparison to other, non-human
sources should be explored. Additionally, we aimed to exploratorily assess, whether behavioral
LE is correlated with the fidelity level of background sound source visualizations and thus
the audio-visual coherence. We carefully suggested a potential negative correlation, implying
that high visual fidelity (Animated) with dynamic motions might induce attention capture,
potentially disturbing users, and diverting them from their primary cognitive task at hand.

Apparatus

The experiment was implemented using the Unreal Engine (version 4.27) and the StudyFrame-
work plugin (see Sec. 3). Participants wore an HT'C' Vive Pro Eye while being seated in a
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sound-proof hearing test booth (A:BOX, Desone Modulare Akustik, Berlin, Germany) with
the dimensions 2.3 m x 2.3 m x 1.98 m (w x d x h) and a room volume of approximately
10.5 m3. The audio was played over Sennheiser HD 650 headphones and the binaural dy-
namic live-rendering using an artificial head HRTF in a 1x1° resolution [Schmitz, 1995] was
done using Virtual Acoustics [Schéfer et al., 2023] including RAVEN [Schréder and Vorlander,
2011] for acoustic room simulation. All background sounds being made by humans used a
human singer directivity filter and the sound of outside sound sources was combined with a
transmission filter for the windows and played at an appropriate window.

Study Procedure

Upon written informed consent and eligibility check by means of an audiometry-screening
(< 20 dB HL between 500 Hz and 4 kHz according to a pure-tone audiometry screening,
performed with an Auritec ear 3.0 audiometer), participants were allowed to take part in the
study. They were seated in the soundproof booth at a table, position-wise exactly matching
the virtual desk in the seminar room. They were equipped with headphones (Sennheiser HD
650) and a head-mounted display (HTC Vive Pro Eye) with two controllers. First, participants
completed a practice block of the vibrotactile task (no HTR text, 1 sound schedule), followed
by a single vibrotactile baseline block (no HTR text, 1 sound schedule). Next, we presented
two HTR texts (see App. A.1) to practice the primary (listening) task (2 HTR texts, 2 sound
schedules). All of the above were conducted in the None condition. This was followed by
the baseline block of the listening task, containing three texts, one for each visual fidelity
level in counterbalanced order (3 HTR texts, 3 sound schedules). Afterward, there were also
three texts for practicing the dual-task paradigm, counterbalanced in all three conditions (3
HTR texts, 3 sound schedules), followed by a short break. After that, three experimental
blocks followed. Each block contained four repetitions of a text being presented with parallel
vibrotactile tasks and questions being asked, all using the same visualization fidelity (3 x 4
HTR texts, 3 x 4 sound schedules). The order of these blocks was counterbalanced, and the
assignment of texts and background sound schedules were randomized between participants.
This procedure resulted in 22 trials in total (6 for practice, 4 for single-task baseline, 12 for
dual-task), requiring 20 HTR texts and 22 sound schedules.

After each dual-task experimental block, participants were asked to fill out an intermediate
questionnaire, rating their perceived presence using the igroup presence questionnaire [Schubert
et al., 2001] (see App. B.14). Social presence of the ECA was rated using the anthropomorphism
construct of the Godspeed questionnaire [Bartneck et al., 2009] (see App. B.7) accompanied
by the question “The speaker appeared to be sentient (conscious and alive) to me” (German:
“Die Sprecherin wirkte auf mich wie ein fithlendes Wesen (mit Bewusstsein, lebendig)”). This
last question is one of five items of the Social Presence Survey (SPS) [Bailenson et al., 2001]
(see App. B.2) and was used in isolation as in [Ehret et al., 2021] to enhance measuring the
perceived anthropomorphism with a further social dimension. Social presence was only evalu-
ated for the speaker in front, as the virtual peers were not visually present at all visual fidelity
levels. Additionally, six questions assessing participant’s subjective listening impression were
asked, ranging from “How strong was your listening effort?” (the only item referring directly
to perceived LE) over ‘To what extent did you feel disturbed or bothered by background
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noise?” to “How in need of recovery do you feel right now?”, based on [Schiller et al., 2023a].
These were accompanied by four questions asking whether participants felt in company apart
from the speaker, and how plausible and real the background sound and the speech of the
lecturer were perceived, e.g., “To what extent did the background noises resemble a real envi-
ronment?”. All of these were rated on a 5-point Likert scale from “not at all” (German: “gar
nicht”) to “extremely” (German: “auflerordentlich”). After finishing all three blocks, a final
questionnaire was posed, asking for demographics and a ranking of the visualization fidelity
levels. In this questionnaire, participants were also asked to recall all background sounds they
remembered and on the next page to rank the actual sounds (given) by their disturbance.
Furthermore, they had to rate the disturbance of three aspects (i.e., missing or static visual
representations, and non-continuous background sounds during answering questions). In total,
the experiment lasted for around 90 minutes, of which 50 to 60 minutes were spent immersed.
The study was approved by the ethics committee of the Faculty of Arts and Humanities (ref.
2022 016_ FB7_ RWTH Aachen) and the experimental protocol was carried out in accordance
with the Declaration of Helsinki.

6.2.2. Results

The analysis was performed using R (version 4.3.2) [R-Core-Team, 2015].

Participants

Thirty-six persons participated in our study. We excluded three due to technical reasons
(e.g., tracking problems), three due to self-reported restricted (and non-corrected) hearing or
vision, and two due to failing the audiometry screening (< 25 dB HL according to pure-tone
audiometry between 125 and 8000 Hz using an Auritec ear3.0 audiometer). Furthermore, no
subjective data was stored for one participant, so he/she was excluded as well. The remaining
27 persons (14 male, 12 female, 1 diverse) reported a mean age of 23.4 years (SD = 3.8). Five
of the participants (18.5%) reported having never used VR before, eight (29.6%) only once
before, 12 (44.5%) less than 10 times, and the rest (7.4%) more frequently. One participant
had to be further excluded from the objective evaluation (behavioral LE) due to errors by the
experimenter when logging data.

Behavioral Result

To assess whether participants’ behavioral LE was affected by the level of visual fidelity, we an-
alyzed secondary (vibrotactile) task performance and response times, as well as the percentage
of correctly answered questions of the primary task. Data was modeled using generalized lin-
ear mixed-effects models (GLMMs). Regarding secondary task performance, the final GLMM
included the fixed effect Condition (Single-Task Baseline, Dual-Task (None), Dual-Task
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Figure 6.5.: Secondary (vibrotactile) task results for the performance outcomes in %
correct (left) and response time in ms (right) as a function of visual fidelity and task
condition (Single-Tasking (ST) vs. Dual-Tasking (DT)). x*x depicts p < .001.

(Static), and Dual-Task (Animated)) and random intercepts for Participant, Trial, and Vi-
bration Pattern. This model was specified with a binomial distribution and logit link function,
considering that the outcome variable was binary (i.e., either correct or false). Regarding re-
sponse time, the final GLMM again included the fixed effect Condition and, random intercepts
for Participant, Trial, and Vibration Pattern. This model was specified with a Gamma distri-
bution and log link function. Post-hoc comparisons were conducted using the Tukey Method,
based on estimated marginal means calculated with the emmeans package [Lenth, 2024].

Tab. 6.3 shows the descriptive results for the primary (HTR) task of answering the text-
related questions. While there were no significant main effects of fidelity or task, there was a
significant interaction effect of both (x?(2) = 10.56, p = .005). However, post-hoc tests did
not reveal significant pairwise differences with only single-tasking Static vs Animated coming
close (p = .075) and all other p’s > .35.

Fidelity Single-Tasking Dual Tasking

Mean (SD) Mean (SD)
None 59.96 (20.07) 50.04 (13.19)
Static 64.54 (24.53)  48.69 (16.06)

Animated  54.31 (22.51)  52.65 (16.19)

Table 6.3.: Primary (HTR) task results (percentage of correctly answered questions)
as a function of fidelity and single- vs. dual-tasking

Regarding the secondary (vibrotactile) task, Fig. 6.5 depicts participants’ performance
(left) and response times (right) for the Single-Task Baseline condition, and the three visual
fidelity levels when dual-tasking. Note that, in contrast to the primary task, the secondary
task Baseline condition was not performed under each visual fidelity.
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Statistically, secondary task performance varied significantly with the condition under which
the task was performed (i.e., Single-Task Baseline, Dual-Task (None),Dual-Task (Static),
and Dual-Task (Animated)) (x2(3) = 67.71, p < .001). More precisely, participants’ perfor-
mance in the Single-Task Baseline condition was significantly better compared to their per-
formance in any of the Dual-Task conditions (p < .001). However, the degree to which perfor-
mance declined did not vary for visual fidelity, as revealed by pairwise comparisons conducted
using Tukey’s method for adjusting p-values (None vs. Static: z-ratio = —0.17,p = 1.00;
None vs. Animated: z-ratio = 0.96, p = .77; Static vs. Animated: z-ratio = 1.14, p = .67).

Similar results were obtained for response time measures. Overall, response times also varied
significantly across the conditions (x?(3) = 124.73, p < .001). That is, participants responded
fastest in the Single-Task Baseline condition but were significantly slower in each of the
three Dual-Task conditions (p < .001). Again, however, the increase in response times when
dual-tasking was unaffected by Fidelity Condition, as indicated by pairwise comparisons (None
vs. Static: z-ratio = —1.21, p = .62; None vs. Animated: z-ratio = —0.73, p = .88; Static
vs. Animated: z-ratio = 0.46, p = .97).

Subjective Evaluation

Following the subjective ratings in the questionnaires between the study blocks and at the end
will be analyzed. If not stated differently, we performed 1-way repeated-measures ANOVAs and
post-hoc Bonferroni-corrected t-tests for statistic analysis. If the data violated the normality
assumption (validated via Shapiro-Wilk’s tests), Friedman tests were conducted with potential
Bonferroni-corrected Wilcoxon signed-rank tests as post-hoc tests.

Regarding reported presence using the igroup presence questionnaire [Schubert et al.,
2001], there were no significant differences between the visualization conditions for all subscales
(sense of being there: p = .93, M = 4.17, SD = 1.51; Spatial Presence: p = .17, M = 4.03,
SD = 1.18; Involvement: p = .17, M = 3.86, SD = 1.27; Ezxperienced Realism: p = .48, M =
2.50, SD = 1.06). The same is true for the Godspeed’s Anthropomorphism scale [Bartneck
et al., 2009] (p = .57, M = 2.77, SD = 0.86). Analyzing the answers to the single social
presence question from the SPS [Bailenson et al., 2001] referring to the speaker only, a
Friedman test revealed a significant effect of visualization (x2(27) = 7.58, p = .02). Post-
hoc tests showed a significant effect (p = .01) only between Static (M = 2.41, SD = 1.12)
and Animated (M = 2.89, SD = 1.25) visualizations, with None scoring in between (M = 2.56,
SD = 1.16).

Beyond the originally published results in [Ehret et al., 2024b], we also evaluate the answers
of participants to where thy remember their own position and that of their virtual peers. Re-
garding these positions, there was, however, no significant difference between the visualizations
by means of 1-way ANOVAs for the number of peers marked (M = 2.93 while 6 were actually
present, p = .51) nor for the mean distance to their actual seating position (M = 0.78 m,
SD = 0.47, p = .30) or the peer positions (M = 1.07 m, SD = 0.38, p = .41). The peer
position distance was computed by taking the distance to the closest peer for every reported
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(a) Visualization: None (b) Visualization: Static

(c) Visualization: Animated (d) Participant’s position

Figure 6.6.: Estimated seating positions of peers in all three visualization conditions
and estimated own seating position of the participants (combined from all conditions).
The actual positions of the peers are marked with green crosses and the position of the
participants in red.

position and then computing the mean distance per participant. Heatmap visualizations of the
estimated seating positions can be found in Fig. 6.6. This question was only asked after the
first block to measure only the influence of one visualization condition. Although the orders
were counterbalanced, due to excluded participants the number of answers per group differed
slightly (9 for None, 10 for Static, and 8 for Animated). Looking closer into the data, there was
also no difference between the visualizations of peers marked in rows behind the participant
(p = .22) nor for the amount that participants looked to the back of the classroom (p = .75).

After finishing the three study blocks, participants were asked for preference with regard
to disturbance, realism, and in general, shown in Fig. 6.7. For each condition, a rating of 1
(preferred) to 3 (least preferred) was gathered. A Friedman test of preferences with regard to
disturbance showed no significant difference (p = .15). However, for realism a significant effect
was found (x?(27) = 18.1, p < .001) and post-hoc tests showed that Animated (M = 1.33,
SD = 0.62) was significantly preferred over Static (M = 2.30, SD = 0.72, p = .001) and
None (M = 2.30, SD = 0.72, p = .003), while the latter two were not significantly different.
For general preference, a similar trend emerged (x%(27) = 9.1, p = .018), where Animated
(M = 1.56, SD = 0.80) was preferred over Static (M = 2.22, SD = 0.70), approaching
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Figure 6.7.: The number of times a visualization was picked as most preferred, in
general, and with regard to subjectively perceived realism or disturbance. #x indicates
p < .01.

statistical significance (p = .052), and over None (M = 2.22, SD = 0.80, p = .088), although
these differences did not reach conventional levels of significance.

In the post-study questionnaire, participants were also asked to rate how disturbing they
experienced the non-continuous noise (background sounds were only scheduled during the
presentation of the stories, not during questions), the static representations, or the missing
representation. The ratings regarding the noise had a mean of M = 2.59 (SD = 1.05). Com-
paring the ratings for static visualizations (M = 2.56, SD = 1.22) and missing visualizations
(M = 1.96, SD = 1.06) using a Wilcoxon signed-rank test revealed a significant difference
(z =29, p = .04) judging the latter as subjectively less disturbing. Again, all were rated on
the identical 5-point Likert scale.

Before revealing in the next question which background sounds we included, we asked
participants to state which sounds they remember, allowing multiple answers. Twenty-five
(93%) remembered conversations between the peers, 22 (81%) mentioned mobile phones, 11
(41%) also stated coughing, and eight (30%) outside noises, or some more specifically cars
passing or a dog barking. Furthermore, 7 participants (26%) mentioned a constant background
noise or referred more specifically to the fan, while 7 (26%) remembered typing sounds and 2
(7%) specifically referred to yawning. Additionally, sounds that were not part of the simulation
were mentioned: moving papers (4 participants, 15%), drinking water (3 participants, 11%),
and sounds of chairs (2 participants, 7%). On the next page of the questionnaire, we then
asked participants to rank the background sounds that they experienced (explicitly given here)
by their annoyance. The results of this ranking can be seen in Fig. 6.8, with mean rankings
being: Phone Ringing (2.2), Conversation (2.7), Phone Vibrating (3.3), Coughing (5.2), Laptop
Typing (5.2), Throat Clearing (5.9), Yawning (7.0), Dog Barking (7.8), Car Passing (8.4), Fan
(9.0), Window Blends (9.7), and Other (11.6).
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Figure 6.8.: Ranking of the annoyance of the background sounds from most annoying
(1st) to least (12th). Numbers indicate the number of occurrences of a raking.

Analyzing the ten questions asked on 5-point Likert scales regarding participants’ listening
impression, including perceived LE, and realism of the sounds and scene, only one
significant effect of the visualization can be found, namely for “Was your mental performance
negatively affected by the background noise?” (x?(27) = 10.7, p = .004). Post-hoc tests
showed that participants subjectively felt that their mental performance was significantly more
disturbed when Animated representations were present (M = 3.37, SD = 1.12) compared to
when no visualization (None) were shown (M = 2.85, SD = 1.15) with z = 25.5, p = .014. A
non-significant trend (p = .07) was found for a second question (“Did you feel in the room,
aside from the speaker, in the company of others?”) with a post-hoc test showing a non-
significant trend (p = .075) between None (M = 2.37, SD = 1.18) and Animated (M = 3.04,
SD = 1.16) with Static scoring in between (M = 2.52, SD = 0.96). For all other questions,
no significant effects of visual fidelity were revealed (all p > .18).

6.2.3. Discussion

In this study, participants’ subjective preferences across three visual fidelity levels of back-
ground source visualization (and thereby varying audio-visual coherence) were investigated
while also taking the participants’ performance in the dual-task paradigm into account.

When asked for their general preference, participants clearly preferred background sources be-
ing visualized in high fidelity (Animated), albeit only significantly with regard to realism. Ad-
ditionally, the general preference also shows a clear trend towards the Animated level. Surpris-
ingly, no clear preference emerged for Static or, in our case, partially abstract representations
(wooden mannequins) over not visualizing the background noise sources at all (None). In fact,
participants rated having static representations as more disturbing compared to their absence.
These outcomes led us to only partially accept H1 (expected preference P: P(Animated) >
P(Static) > P(None)) for high-fidelity visualizations. Consequently, when embedding back-
ground sound sources, a vivid representation would be the most favorable choice. However,
before embedding only placeholders (Static), it might be advisable to refrain from introducing
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any virtual representation (None). This is further supported by participants’ responses when
asked to choose the least disturbing condition: votes were equally distributed between None
and Animated, while Static was only preferred by a much smaller fraction (see Fig. 6.7).

While the overall background soundscape varied between the different runs, the individual
background sound sources were kept identical and only their visual representations were ma-
nipulated, altering the audio-visual coherence. Surprisingly, the different visual fidelities did
not affect the perceived presence, contradicting our initial expectations. Yet, interestingly, the
ECA, presented consistently in all conditions, was perceived as more sentient when surrounded
by virtual peers resembling its appearance (Animated) rather than abstract peer represen-
tations (Static). The Godspeed-Anthropomorphism scale, containing a similar item to be
ranked on a bipolar unconscious-conscious scale, did not reveal a similar outcome. Nonethe-
less, the observed difference in perceived social presence is very interesting, given that only the
environment was manipulated, not the virtual speaker itself, leading us to partially accept H2
(higher fidelity correlates with higher (social) presence).

Upon examining the most recalled background sounds, there is a clear tendency towards those
generated by virtual peers. The same is true when looking at the participants’ ranking of
the background sounds in terms of perceived disturbance. Consequently, we hypothesize that
human-made sounds induce a higher level of disturbance compared to those emitted by scene
objects (e.g., blinds closing) or even animals within the scene (e.g., a dog barking). However,
since we did not explicitly vary those across conditions, further research in this avenue is
required.

Going beyond the results presented in [Ehret et al., 2024b], we also analyzed participants’ gaze
behavior for this work. While the statistical evaluation did not show significant differences in
the metrics evaluated for where participants remembered their peers, the heatmaps at least
show some trend between the visualizations (see Fig. 6.6). Most interestingly, while potentially
also not surprising, participants remembered peers more strongly within their visual field of
view for the conditions where they actually saw representations, compared to when they could
only heard the peers. The peer sitting directly behind participants was remembered more
clearly in the audio-only condition, as visible in the heatmaps. This probably indicates that
the visual sense is used more dominantly, however, in cases of audio-visual incoherence also
acoustical signals are considered more strongly.

Our analysis did not reveal a significant effect of visual fidelity on behavioral indicators of
LE and thereby potentially user engagement. Although participants performed significantly
weaker and gave slower responses in the secondary task during dual-task conditions, compared
to the single-task conditions, this discrepancy was unaffected by the level of visual fidelity.
Consequently, our results suggest that participants’ LE during a listening task in VR appears
to be independent of how accurately the prevailing background sounds are visually represented.
This observation is particularly interesting as participants indicated that their subjectively per-
ceived listening impression was negatively influenced by the animated peers (Animated), albeit
also not significantly for the single perceived LE question. Although not entirely congruent,
these ratings partly support our prior assumption that high visual fidelity might divert them
from their cognitive task at hand. However, one potential explanation could be occasional
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6.2. EVALUATION OF AUDIO-VISUAL MISMATCH

glitches or imperfections observed in the animations of the high-fidelity peers (e.g., the back
of a peer penetrating the back of the chair shown in Fig. 6.4, 2nd from left). We invested
considerable time refining peer movements, yet occasional glitches arose due to inherent lim-
itations in the motion capture method. Importantly, we deliberately chose a diverse array of
movements over a limited set of highly refined animations. This decision prioritized a close-
to-real-life simulation, emphasizing realistic animation that closely mirrors peers’ behaviors.
Nevertheless, this poses a limitation of the presented study. Another potential shortcom-
ing was revealed by the fact that several participants reported remembering sounds of people
drinking or chairs moving, which we did not include in our general soundscapes. Although one
participant mentioned in the open-ended comments “The sounds from the workspace of the
experimenter were transmitted quite loudly.”, suggesting that the talk-back microphone, used
for set-up communication with the participant inside the sound-proof booth, was inadvertently
left active, these recollections can also be intrusions (false memories which are not uncommon
in eyewitness testimony). Repeating the experiment more carefully avoiding inadvertently
acoustic noise and examining the impact of audio-visual coherence on potential false memories
stands as an intriguing avenue for future research. A third potential limitation of our study is
the choice of wooden mannequins as peer representations in Static. Despite our intention to
mitigate behavioral realism discrepancies, we introduced a visual incongruity between Static
and Animated, particularly as the wooden mannequins’ realism contrasted with the overall
realistic IVE. This likely resulted in lower social presence ratings towards the ECA in the front
in Static, suggesting an impact on participants’ perceptions. This emphasized the need to
carefully consider visual congruity in future studies for an unbiased participant experience.
This also has to be considered, when regarding these results in the light of the previous study
(Sec. 6.1). In this study the HTR dual-task did not turn out to be as powerful for predict-
ing social presence as the questionnaires, as no significant differences between the presented
conditions were found in the behavioral LE. However, in this study no deliberately induced
deficiencies in the ECA’s performance were present but instead, the focus was on variations
in the ECA’s surrounding environment. Consequently, attributing causality to any observed
correlations between these factors would have been inherently speculative.

We deliberately chose not to assess the social presence of the virtual peers in the initial inter-
mediate questionnaires to avoid biasing participants towards them. However, including these
assessments in future work might substantially deepen our understanding. Consonant with
this, we plan to explore the possibility of employing a more interactive scenario to foster higher
social presence. Furthermore, it would be interesting for further design of background sounds
to differentiate more between the sound generated by VAs and those originating from the
environment, for example, by introducing this as an additional variable.
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CHAPTER 6. EVALUATING EMBODIED CONVERSATIONAL AGENTS

6.3. Consolidating Discussion

In the two presented studies, we estimated, besides others, the feasibility of the HTR paradigm
to evaluate social scenarios in VR with regard to their realism, evaluated for ECAs’ performance
as well as audio-visual coherence of (potentially human) background sound sources. In general,
our results hint that the HTR can be used as a proxy measure to detect severe degradation
in ECA performance but fails to differentiate subtle manipulations, such as the degradation
of ECA co-verbal gestures or audio-visual coherence of background characters. In the latter
cases, questionnaire-based metrics potentially are still capable of producing more insightful
results, especially since they can be framed to evaluate particular aspects of the scenario. For
example, in the second presented study (Sec. 6.2), we did not specifically measure the social
presence of the (potentially only acoustically) present peers, while we could have done so using
a well-tailored questionnaire. However, the cognitive spare capacity (more precisely termed
behavioral listening effort there) would not be able to differentiate between the presenting ECA
in front and the virtual peers, only yielding a single measure per scenario.
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CHAPTER 7

Discussion

We already discussed specific aspects in the individual chapters but would also like to conclude
this work with a general discussion merging together the individual findings on a higher level
and individually addressing the research objectives presented in Sec. 1

The primary research objective (RO1) we addressed in this thesis was to evaluate the influence
of multimodal realism of ECAs on perceived social presence. While we were not able to show
this influence in all presented studies, it was evident for the ECAs’ voice (see Sec. 4.1 and
Sec. 6.1) and missing articulation movements (see Sec. 6.1). For the other evaluated realism
modalities, like auralization (see Sec. 4.2), co-verbal gestures (see Sec. 5.3.4) and non-verbal
turn-taking signals (see Sec. 5.5) we were not able to show significant differences with regard
to perceived social presence. However, in most of these evaluations other metrics showed
significant differences. For example, during the turn-taking evaluation we found significant
differences in the participants’ ratings for the conversational flow clarity and post-hoc analysis
of the auralization study showed that participants still preferred the directional auralization
they rated as more natural. This bring us to believe that social presence is sensitive to more
complex perception and subconscious evaluations of the presented ECAs rather than mere
naturalness/realism and was therefore not influenced significantly by the latter ones. Another
explanation could be that only severe changes have an influence and we therefore failed to find
significant differences in all our studies, as the alteration of omitting articulation movement or
using synthetic voices stood out more obvious as compared to the other more subtle manip-
ulation. Furthermore, the indifferent results could possibly be caused by the aforementioned
shortcomings of questionnaire-based social presence evaluation instruments which potentially
are not sensitive enough to capture such subtle differences. Nevertheless, our results can be a
valuable starting point for ECA developers to prioritize limited development resources if social
presence is the primary goal.
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CHAPTER 7. DISCUSSION

We further hypothesize that one aspect of this can be the relation to the perceptual mismatch
hypothesis [Kétsyri et al., 2015]. It states that the behavior of an ECA across all modalities
has to reach a certain realism to elicit more positive affinity and thereby potentially also social
presence. Furthermore, Kétsyri et al. [2015] state that “the reviewed findings that individuals
are increasingly sensitive to atypical features on more human-like characters would suggest
that avoiding the uncanny valley will become exponentially more difficult as the characters’
overall appearance approaches the level of full human-likeness.” This potentially led to the
indifferent findings when looking into the directional auralization of ECAs’ voices in Sec. 4.2.
Besides the participant comments towards the difficulties in filling out the SPS questionnaire
(see App. B.2), there were also comments rating the overall realism of the simulation too low,
which potentially masked the more advanced realism gains we achieved by adding speaker direc-
tivity. This becomes especially problematic since very realistic visualizations like MetaHumans
recently became commonly available and, for example, Seymour et al. [2021] even states that
they visually crossed the uncanny valley. However, often other modalities like the behavioral
realism lack behind, even increasing this discrepancy.

Another caveat with regard to behavioral realism is that in contrast to visual fidelity there
is not an objective more realistic realization due to large interpersonal differences in actual
human behavior. For example, all humans have their very individual style of moving. We
encountered that especially when observing gazing behavior in different individuals, which can
differ strongly with some people nearly always averting gaze while speaking and others focusing
the interlocutor throughout their speech act. Therefore, there exists not a single correct real-
ization, which was also shown with regard to back-channels, which can be adapted to portray
specific personalities [Sevin et al., 2010], often using the classes from the Big Five personality
traits [Norman, 1963]. This also poses a major challenge to statistical models realizing such
behavior, which tend towards the mean of the input data. However, this mean performance
potentially yields something less natural than each of the individual performances in the train-
ing data. Nevertheless, recent implementations for co-verbal gestures found solutions to solve
this problem, for example, by adding speaker identifiers as input [Wolfert et al., 2022].

Regarding research objective RO2, which was to evaluate the influence of different turn-taking
cues on the perception of turn-taking clearness, we presented two studies in Sec. 5.5. While
showing that manipulating co-verbal gestures in the gap between sentences (e.g., holding the
gesture throughout the gap if the turn is held) significantly improved clearness, we were un-
able to show the same for inhalation and gazing cues. These, however, showed non-significant
tendencies to positively influence the perception of turn-taking. Furthermore, we evaluated
whether additional listeners following the turn-taking cues given and thereby producing addi-
tional turn-taking cues themselves would benefit perception. Contrary to our expectation these
listening agents did not improve perception, at least not using the evaluated social model de-
veloped. Taken together, we believe that co-verbal channels can provide additional and helpful
turn-taking cues. Further research building on the presented finding is required to evaluate if
the presented cues presented in this thesis which did not show significant improvements, could
be further enhanced to increase their efficiency.

Another key finding presented in Sec. 5.5.5 and Sec. 6.2, which addresses our third research ob-
jective (RO3), is that designers of social VR simulations should carefully evaluate the inclusion
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of additional background characters. The presence of such characters can significantly impact
user experience and perceptions, requiring thoughtful consideration in the design process. The
results of both studies leaned towards rather not including background characters if they could
not be realized appropriately. In Sec. 5.5.5 we found that agents added as additional listeners
to a virtual conversation with ECAs were perceived as worse with regard to the clearness of
the conversational flow than not having them at all when they did not adhered to a social
model but rather performed random listening behavior that was not context-sensitive to the
conversation. Similar results were found in Sec. 6.2, where static wooden mannequins were
rated equally unrealistic to not having visual representation of the acoustic background sources
at all and even more disturbing than not having any.

The last central research objective of this work is whether the HTR paradigm performed in a
dual-task (see Sec. 6.1) can be used as objective proxy for measuring social presence (RO4).
This is obviously also subject to the aforementioned restrictions. While in tendency we were
able to find similar differences to those found by traditional social presence questionnaires,
there are a few limitations that should be carefully considered. First of all, we were only able
to find significances for the strongest performance degraders used in the evaluation study, like
replacing the natural, recorded speech material with rather artificial synthetic ones. For ex-
ample, objectively degraded gestures or omitting co-verbal gestures altogether failed to show
significant differences both in the employed social presence questionnaires as well in the HTR
performance measuring cognitive spare capacity. A possible explanation for this is that the
HTR task—Ilistening to two speakers presenting family stories—is not a very social task with
the potential of sparking a lot of social presence as the ECAs content-wise do not react to
the users. Furthermore, the stories by themselves feel constructed and are presented in a non-
spontaneous way but feeling rather scripted and rigid. This task was specifically design to
be more realistic when measuring memory performance and listening effort during controlled
psychology studies (cf. [Schlittmeier et al., 2023]) than tasks that were traditionally used in
those experiments, like repeating single words or numbers. However, it was not particularly
designed to mimic social interactions with all their delicate relational dynamics. Therefore,
it still lacks the interactivity and natural feeling potentially required to spark high perceived
social presence in general. A potential solution to overcome this is to use large language models
(LLMs) to produce dynamic speech content, potentially also reacting to the listeners, while
still being able to make sure that all information is shared by the user. This would, however,
also require to synthesize the speech and gestures which in turn could again degrade fidelity
and controllability. A last general consideration when approaching the correlation between an
objective measure and a questionnaire metric, is that when the confidence into the question-
naire instrument is low we cannot be sure whether the objective metric really measures the
desired concept if its discriminative power goes beyond that of the questionnaire or whether
potentially something different is measures (see, e.g., [Bailenson et al., 2004]). This considera-
tion was also addressed by Slater [2004] who generally challenged the usage of questionnaires
and in conclusion also proposed other measurement techniques, like the configuration tran-
sition method [Slater et al., 2010] or sentiment analysis [Slater et al., 2022]. Therefore, the
usage of the HTR paradigm as proxy for social presence has to be considered with care and
other metrics should still be considered, including abandoning the concept of social presence
altogether if mere naturalness of a modified audio-visual behavior realization seems to suffice
to answer the underlying research question.
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Last but not least, a topic that reoccurred during post-study interviews and questionnaires is
whether it is actually desirable—and the highest design goal—to represent the reality as closely
as possible when simulating ECAs. While this potentially is very desirable for psychological
studies where results should be generalizable to the real world, there can be VR scenarios were
this does not hold. For example, in the studies regarding speaker directivity (Sec. 4.2) some
participants consistently preferred the less natural omnidirectional directivity. While this does
not depict speech perception in reality as closely it potentially leads to better intelligibility,
especially when the ECA is facing away from the user, where it would otherwise sound muffled
and less loud. In the case of using an ECA as guide in a virtual museum where understanding
what was said is of high importance, this requirement might outweigh the gained realism and
be preferred. Since we are in a virtual environment this kind of “super-natural” behavior can
go even further. As described by Xenakis et al. [2023] an ECA could make eye contact with
multiple human users at the same time when desirable or non-attentive gazing could be “fixed”
during mediated communication [Roth et al., 2019a]. Wieland et al. [2023] go even further and
augment the gaze signals of ECAs by means of additional visual, auditory or even tactile cues
to make them clearer, for example, for visually impaired persons. This way the full potential
of the VR technology can be leveraged rather than “just reconstructing reality”. We would
therefore argue that, when designing ECAs, it should always be carefully considered whether
pure realism is really the highest goal of the application or which (communicative) functions
should be fulfilled and whether potentially surpassing reality would be beneficial. We also
already made a step into this direction when designing our turn-taking cues (see Sec. 5.5)
where we tried to make the utilized natural cues clear and understandable rather than fully
covering the fuzziness of human behavior while still utilizing participants’ trained knowledge
of how to interpret non-verbal turn-taking cues.

7.1. Future Work

The presented work can only be considered a first step towards implementing truly believable
ECAs and employing them for manifold applications, ultimately enhancing the effectiveness of
ECAs in a wide range of use-cases.

In Sec. 5.4, we provided an overview of back-channels and detailed our implementation of a
subset of these elements within an ECA’s behavior. However, it would be meaningful to further
evaluate how these can facilitate interactions with ECAs that act as advanced (emotional) user
interface to steer and manipulate an application, as already often available in the form of voice
assistants, like Aleza or Siri (see [Hoy, 2018]). If these were embedded into a VR/AR appli-
cation as ECAs their embodiment could enhance their communication efficiency, particularly
through the use of back-channeling to convey understanding or confusion already while the
user is speaking. This real-time feedback allows users to adjust their communication strategies
even before completing their requests, improving overall interaction quality and clarifying the
assistant’s capabilities. Additionally, back-channel tracking of the users is an interesting en-
deavour to generate more contextually appropriate ECA behavior. We took an initial step in
this direction by utilizing tracking capabilities in a Vive Pro Eye with an attached tracker for
lower facial movements to assess attitudes toward ECAs in a classroom simulator designed for
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teacher training. In a pilot study with aspiring and experienced teachers, the system was able
to reasonably track the attitudes of the teachers and trigger appropriate responses by the vir-
tual students, while the visualized behavior fell short of representing organic classrooms. The
promising results with regard to attitude tracking from this project highlight the potential for
further exploration in this area.

Another promising avenue to improve on the shortcomings of the presented social presence
measures, is to train machine learning models to judge perceived social presence based on
observing and fusing different behavioral aspects of participants. Nevertheless, such models
would also be subject to the aforementioned challenge of not having a certain ground truth
as questionnaires are also deemed not the perfect instrument. This would, however, help
to improve and guide the further conceptualization of social presence as proposed by Sterna
and Zibrek [2021] and integrate more delicate user behavior and potentially also temporal
developments if suitable models are used.

Future research should further investigate the masking effects of individual behavioral modal-
ities on social presence, specifically whether the low fidelity realization of one modality can
obscure the influence of another that may retain a higher level of realism even in its degraded
version. This is particularly relevant given our findings from Sec. 4.2, where added acoustic
realism from static or dynamic speaker directivity went unnoticed in social presence mea-
sures. Examining these effects, such as determining if degraded gestures have minimal impact
when articulation movements are absent, could enhance our understanding of how different
modalities interact and contribute to social presence, ultimately informing more effective de-
sign strategies for social VR simulations. This is also particularly important when designing
ECA interactions that closely resemble real-life scenarios, ensuring high ecological validity in
psychology studies.

Another important aspect to further evaluate is the integration of more advanced machine
learning techniques for gesture improvements instead of the algorithmic ones presented in
Sec. 5.3.3. Furthermore, future research should carefully evaluate the appropriateness of using
generated gestures, taking into account their potential advantages and limitations as discussed
in Sec. 5.3.1. Automatic gesture generation has improved significantly in quality over recent
years, and the advantages of quickly generating diverse, potentially artifact-free gestures may
outweigh the disadvantages of not having complete control.

Lastly, evaluating the influence of the display technology used is essential, especially given
its significant relevance to us as VR researchers. There exists research showing that VR
improves social presence (e.g., [Guimaraes et al., 2020]). However, there are no conclusive
results towards the influence of the immersiveness of the display system. Sun and Botev
[2023] compared desktop, AR, and VR presentations but did not find a significant influence
on the willingness to delegate critical tasks to the embedded ECAs. We planned to use the
experimental setup as presented in Sec. 6.1 to evaluate differences between an HMD and the
AixCAVE (see App. A.5.1) with regard to the measured subjective and objective metrics. We
hypothesize that the fact that one can see one’s own body in a CAVE environment potentially
increases social presence compared to an HMD with “only” a body-avatar. This experiment
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CHAPTER 7. DISCUSSION

was already conceptualized and implemented but its execution had to be postponed due to
time constraints.

By systematically addressing these research directions, we can deepen our understanding of
social presence and directly enhance the effectiveness of ECAs across various applications.
This progress will lead to more engaging and realistic interactions, improving user experience
in various contexts.

164



CHAPTER 8

Conclusion

In this dissertation, we have explored the multimodal facets of embodied conversational agents
(ECAs) during verbal interactions, focusing on enhancing the naturalness of human-agent
interactions to improve their effectiveness and thus user engagement. By addressing critical
challenges in creating believable ECAs, such as voice quality, prosody, speech auralization,
gesture quality, and turn-taking mechanisms, we have generated valuable insights into how to
effectively improve ECA behavior while also advancing our understanding of their effects on
perceived social presence, a vital metric for assessing the human-like qualities of ECAs.

Our findings reveal that only significant enhancements, like utilizing recorded voice instead of
synthesized speech and implementing appropriate articulation movements, truly elevate social
presence. While more subtle changes did not yield substantial improvements in this metric,
they provided intriguing insights into participant preferences regarding naturalness of the ECA
and the resulting interaction. For example, participants disagreed on rating the naturalness
of auralization using speaker directivity, but consistently preferred what they deemed more
natural.

The introduction of the StudyFramework has equipped both experienced developers and novices
with a valuable tool for conducting factorial-design user studies in virtual reality (VR), demon-
strating its usability across different expertise levels. Additionally, we proposed the Heard Text
Recall (HTR) paradigm as an innovative objective metric for social presence, bridging gaps in
existing subjective assessments and laying groundwork for quantifiable evaluations. While our
evaluation showed promising results in its capability to differentiate severe changes in ECA
behavior, it was unable to discriminate more subtle changes. However, the latter was also
partially true for the questionnaire-based instruments employed.

Building on these contributions, future research can delve deeper into enhancing behavioral
aspects such as back-channeling capabilities or investigating how low fidelity in one modality
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may mask positive effects from other improved aspects. The multimodal realizations presented
here are readily available as an extensible Unreal Engine plugin, providing researchers with
a solid foundation to further explore these exciting avenues without needing to reimplement
previous work.

Together, these advancements not only contribute to our understanding of ECAs but also
pave the way for creating more engaging and realistic interactions that can transform various
applications—from education to entertainment—ultimately enriching user experiences in
various domains.
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APPENDIX A

Study Material

This appendix provides additional information about study material used for experiments
described in this thesis. Furthermore, several scene used during studies are shown in more
detail and some additional information about technical systems used throughout this work is
given.

A.1. Heard Text Recall Paradigm

For several studies we utilized texts from the established Heard Text Recall (HTR) paradigm
[Schlittmeier et al., 2023], consisting of 34 German texts providing information on three gen-
erations of family members with regard to their relationships, professions, hobbies, etc. All
stories are self-contained and do not have an overlap with other stories, especially concerning
the names of the family members. Each text is accompanied by nine content-questions asking
for pieces of this information, which can in some cases only be answered by combining infor-
mation given in separate statements. Recordings of the texts of a female and a male speaker
and respective face trackings (see Sec. 5.1.3) are available in [Ermert et al., 2022]. For presen-
tations by two speakers, the HTR material also provides information which sentence should
be spoken by which speaker to provide natural turn shifts while not changing the speaker for
every sentence. An example text with content questions can be found in Tab. A.1. Questions
regarding specific persons, for example, the second question, have always to be answered by
giving the name of the person, e.g., “Edith” rather than “the mother”. The latter answer would
be rated as wrong, since participants are always explicitly told to answer by giving names and
not other explanations if asked for a person.
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Table A.1.: An example text from the HTR paradigm [Schlittmeier et al., 2023],

including questions and English translations.
given and questions are shown at the bottom.

The speaker (Sp.) of each sentence is

ter Anneliese und ihre Tochter Emma mit san-
ften Kldngen begleitet, wahrend die beiden
Weihnachtslieder sangen.

Sp. | German English

a Seit ihrer Kindheit hat Emma den Wunsch | Emma has wanted to be a singer since she was
Sangerin zu werden. a child.

b Schon ihre Oma Anneliese war in ihren jungen | Her grandmother Anneliese was already a
Jahren eine begnadete Sopranistin. gifted soprano in her younger years.

b Sie ist letztes Jahr im Alter von 85 Jahren | She passed away last year at the age of 85.
verstorben.

a Emma erinnert sich gerne an die Nachmittage | Emma likes to remember the afternoons with
mit ihrer Oma, an denen sie gemeinsam im | her grandma when they used to browse
groflen Liederbuch schmdkerten. through the big songbook together.

a Emmas Geschwister hatten wéhrenddessen | Meanwhile, Emma’s siblings were playing
im Wohnzimmer Stadt-Land-Fluss gespielt. City-Country-River in the living room.

b Konrad und Leonie war kein musikalisches | Konrad and Leonie were not born with musi-
Talent in die Wiege gelegt worden. cal talent.

b Sie spielen in ihrer Freizeit am liebsten | They like to play board games in their free
Gesellschaftsspiele, genau wie ihr Vater Rolf. | time, just like their father Rolf.

b Er konnte sich besonders gut beim Bingo von | He was particularly good at bingo to recover
seinem stressigen Berufsleben als Béanker er- | from his stressful professional life as a banker.
holen.

a Seine Frau Edith hingegen spielte gerne | His wife Edith, on the other hand, enjoyed
Geige. playing the violin.

a Sie hatte jedes Jahr an Heiligabend ihre Mut- | Every year on Christmas Eve, she accompa-

nied her mother Anneliese and her daugh-
ter Emma with soft sounds while they sang
Christmas carols.

Questions:

Wer hat den Wunsch Séngerin zu werden?

Who has the desire to become a singer?

Wer spielte jedes Jahr an Heiligabend Geige?

Who played the violin every year on Christ-
mas Eve?

Wer erholt sich am besten beim Bingo?

Who recovers best at playing Bingo?

Wie viele Geschwister hat Emma?

How many siblings does Emma have?

In welchem Verwandtschaftsverhéltnis steht
Konrad zu Edith?

What is the relationship between Konrad and
Edith?

In welchem Verwandtschaftsverhéltnis steht
Leonie zu Anneliese?

What is Leonie’s relationship to Anneliese?

Welches Gesellschaftsspiel spielte Leonie im
Wohnzimmer?

Which game did Leonie play in the living
room?

Welchen Beruf iibt Rolf aus?

What is Rolf’s profession?

In welchem Alter starb Annelise?

At what age did Annelise die?
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A.1. HEARD TEXT RECALL PARADIGM

This paradigm can either be applied by only performing the listening task. However, it can
also be executed in a dual-task paradigm [Gagné et al., 2017], where the primary listening
task is accompanied by a secondary task. As proposed in [Mohanathasan et al., 2022], we used
a vibrotactile task as secondary task if the HTR was to be performed in a dual-task paradigm.
While listening to the stories being told, participants had to respond to vibrational pattern
being presented via the controllers. The pattern consisted of two vibrations, either short (200
ms) or long (600 ms), with a gap of 300 ms in between. Always one of the resulting four
different pattern (short-short, short-long, long-short, or long-long) is randomly presented and
participants had to click a dedicated button either on the right controller, if both vibrations
had the same length, or on the left controller otherwise during the 2,000 ms following the
pattern presentation. It was logged whether the answer given was correct or not and how long
after the offset of the last vibration the button was pressed. If neither button was pressed
during these 2,000 ms, a missed trial was logged. After 2,000 ms the next random pattern is
presented.
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A.2. Materials used in the Prosody Study

A.2.1. Texts of Scenarios S2 to S4

Here we present the three additional texts used in the prosody study presented in Sec. 4.1.
The first text is already shown in Sec. 4.1.

Table A.2.: Conversation of the second scenario given by a male ECA (A) and a
female ECA (B). Accented syllables are written in bold face and the nuclear accent in
bold capitals. The adequate prosody was used for Spuman Whereas T'T'S prosody was used
for ShumantTTs as well as Strg. For the latter, inadequate nuclear accents are highlighted

in red. An English translation of the text is given in the right-hand column.

S2 | German (adequate | German (TTS prosody) English translation
prosody)

A | HALlo, habt ihr beide | HALlo, habt ihr beide | Hello, do you both have time
morgen Zeit fir einen | morgen Zeit flir einen | tomorrow for a cozy game
gemiitlichen SPIEleabend? | gemiitlichen SPIEleabend? | evening? I would like to play
Ich héitte mal wieder Lust | Ich hitte mal wieder Lust | “Settlers of Catan” again.
auf eine Runde Siedler von | auf eine Runde Siedler von
CaTAN. CaTAN.

B | Das ist ja eine tolle IDEE, | Das ist ja eine tolle IDEE, | That’s a great idea but we al-
aber morgen sind wir leider | aber morgen sind wir leider | ready have other plans for to-
schon verPLANT. schon verPLANT. mMOrTow.

A | SCHACde. Wie wire es | SCHAde. Wie wire es | Too bad. What about an
denn alternativ mit einem | denn alternativ mit einem | evening towards the end of
Abend gegen Ende néchster | Abend gegen Ende néchster | next week as an alternative?
WOche? ‘WOche?

B | Ja, das klingt fir mich | Ja, das klingt fiir mich | Yes, that sounds good to me,
erst einmal GUT, aber ich | erst einmal GUT, | but I have to ask Erwin to be
miisste ERwin sicherheitshal- | aber ich miisste FErwin | on the safe side. T'll get back
ber noch fragen. Ich melde | SIcherheitshalber noch fra- | to you tomorrow.
mich morgen z2uRUCK. gen. Ich melde mich morgen

z2uRUCK.
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MATERIALS USED IN THE PROSODY STUDY

Table A.3.: Conversation of the third and fourth scenario given by a male ECA (A)
and a female ECA (B). Accented syllables are written in bold face and the nuclear
accent in bold capitals. The adequate prosody was used for Syuman Whereas TTS prosody
was used for ShymantTrs as well as Strg. For the latter, inadequate nuclear accents are
highlighted in red. An English translation of the text is given in the right-hand column.

S3 | German (adequate | German (TTS prosody) English translation
prosody)

A | HALlo, ich wollte mich nach | HALIo, ich wollte mich nach | Hello, I want to book a flight
Fliigen fiir eine Person von | Fliigen fiir eine Person von | for one person from Ham-
Hamburg nach MELbourne | Hamburg nach Melbourne | burg to Melbourne - prefer-
erkundigen - am liebsten | erKUNdigen - am liebsten | ably business class.
BUSIness Class. BUSIness Class.

B | GERne — an welches Datum | GERne —an welches Datum | You're welcome - which date
hétten Sie dabei geDACHT? | héitten Sie dabei geDACHT? | do you have in mind?

A | Ich misste am neunten oder | Ich miisste am neunten | I have to arrive in Australia
zehnten Mai in Australien | oder zehnten Mai in | on the 9th or 10th of May.
ANkommen. Wenn es geht | AusTRAlien ankommen. | I would prefer landing in the
bereits am VORmittag, so- | Wenn es geht bereits am | morning, to be able to arrive
dass ich noch im Hellen in | VORmittag, sodass ich noch | in the hotel during daytime.
mein HoTEL komme. im Hellen in mein HoTEL

komme.

B | Alles KLAR, dann werde ich | Alless KLAR, dann werde | All right, then I’ll select some
Thnen gleich mal ein paar | ich Thnen gleich mal ein paar | options and send them to you
Moéglichkeiten heraussuchen | Moglichkeiten heraussuchen | right away.
und ZUkommen lassen. und ZUkommen lassen.

S4 | German (adequate | German (TTS prosody) English translation
prosody)

A | HALlo, wann und wo | HALlo, wann und wo | Hello, when and where should
soll ich Dich morgen zum | soll ich Dich morgen zum | I pick you up tomorrow for
FUSSballtraining abholen? Fussballtraining ABholen? our football training?

B | Wie wire es mit sieben | Wie wire es mit sieben | How about 7:30 at the bus
Uhr dreissig an  der | Uhr dreissig an  der | stop in front of the An-
Bushaltestelle vor der | Bushaltestelle vor der | nakirche? That’s on your
ANnakirche? Das liegt ja | ANnakirche? Das liegt ja | way.
bei dir auf dem WEG. bei dir auf dem WEG.

A | Super, das PASST. Aber sei | Super, das PASST. Aber sei | Great, that works out. Please
diesmal bitte piinktlicher | diesmal bitte piinktlicher | be more punctual this time
als die LETZten beiden | als die letzten beiden MAle, | compared to the last two
Male, sonst sind wir wieder | sonst sind wir wieder zu | times, otherwise we’ll be late
zu spat und missen fiinf | spAt wund miissen fiinf | again and have to run five
STRAFrunden laufen. STRAFrunden laufen. penalty laps.

B | Alles klar, ich werde mir | Alles klar, ich werde mir | All right, I'll do my best. I'll

MUhe geben. Ich stelle mir
gleich einen Wecker damit ich
piinktlich LOSgehe.

MUhe geben. Ich stelle mir
gleich einen Wecker damit
ich piinktlich LOSgehe.

set an alarm right away to
make sure I leave on time.

@~
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APPENDIX A. STUDY MATERIAL

A.2.2. Visual Stimuli

These are the visual backgrounds and ECAs used in the study described in Sec. 4.1.

Figure A.1l.: Example screenshots from the 4 videos. Top left to bottom right: the
backgrounds used for the female ECA in S1 to S4. The male ECA (bottom) was shown
in front of the same background for all four scenarios.
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A.3. FULL QUESTIONNAIRE STATEMENTS USED IN THE
STUDYFRAMEWORK EVALUATION

A.3.

Full Questionnaire Statements used in the

StudyFramework Evaluation

Here we present the questionnaire used in the evaluation of the StudyFramework, presented in

Sec. 3
Nr. | Full Statement Left Anchor (1) | Right Anchor
(5)

Q1 | Experience with Unreal Engine (UE) before | Completely new | Very familiar
starting the project: to UE with UE

Q2 | Experience with C++ programming before | Completely new | Expert in C++
starting the project: to C++

Q3 | Experience with factorial study design before | Complete novice Expert in study
starting the project: design

Q4 | I found the usage of the study setup actor | Strongly Disagree | Strongly Agree
clear and easy.

Q5 | The different randomization and ordering op- | Strongly Disagree | Strongly Agree
tions were clear to me.

Q6 | The Wiki helped in finding the information | Strongly Disagree | Strongly Agree
I needed.

Q7 | The C++/Blueprint Interfaces provided | Strongly Disagree | Strongly Agree
were sufficient.

Q8 | I had to look into the source code frequently | Strongly Disagree | Strongly Agree
to understand what was going on.

Q9 | I needed a lot of help to develop the study. | Strongly Disagree | Strongly Agree

Q10 | The provided control screen helped conduct- | Strongly Disagree | Strongly Agree
ing the study.

Q11 | I felt in full control over the study. Strongly Disagree | Strongly Agree

Q12 | I felt confident that I could use the provided | Strongly Disagree | Strongly Agree
recovery options to handle every possible sit-
uation.

Q13 | I used the "Show Conditions” Option regu- | Strongly Disagree | Strongly Agree

larly.

Table A.4.: Full Statements and their scale’s anchors used in the questionnaire to eval-
uate the StudyFramework. Additionally, the System Usability Scale (SUS), two rankings
for most and least helpful features, free feedback fields regarding implementation and
execution, as well as demographics, were part of the questionnaire.

@~
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A.4. Study Scenes

In the following, further visualizations of used study scenes are shown, for those where the
scenes are not already fully shown in the respective chapters, and also going beyond the
material published in the respective publications.

A.4.1. Somerset House

This section shows further images of the Somerset House scene used in the dynamic directivity
study (Sec. 4.2.3), both the outdoor scene and the indoor museum scene. The outdoor scene
was created using a freely available scanned model from Sketchfab: Somerset House site survey
scan 2019 by Kimchi and Chips art collective: https://skfb.1ly/6svNI.

Figure A.2.: Top view of the Somerset House scene. The position of the ECA and the
red circle for the participant to stand in are in the middle of the scene.
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A.4. STUDY SCENES

Figure A.3.: The museum scene from the corner of the room. Through the window a
view into the courtyard of the Somerset House is visible.

Figure A.4.: The museum scene shown in the AixCAVE with a user. For better
visibility the door was kept open for this image, while it was fully closed during the
study.
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A.4.2. Seminar Room

This scene is based on a replication of the seminar room at the Institute for Hearing Technology
and Acoustics (IHTA) at RWTH Aachen University, which is publicly avaliable at [Llorca-Bofi
and Vorlander, 2021]. This model provides a very detailed replication of the interior of the scene
but the surrounding scene, visible through the windows is of rather low quality. Therefore, we
removed the exterior from this model and replaced it with the actual park scene, which is also
available at [Llorca-Bofi et al., 2022]. To make it run efficiently in the Unreal Engine, so it can
be used in VR, several performance optimizations were performed, which, however, should not
have had an influence on the visual quality of the model. Also minor adjustments were made
to the model as needed for our study, like adding air vents in the ceiling and a lectern at the
front.

Figure A.5.: A view into the virtual representation of the seminar room at the Institute
for Hearing Technology and Acoustics. The room is filled with some wooden mannequins,
as used in the study presented in Sec. 6.2.
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A.4. STUDY SCENES

A.4.3. Living Room Scene

The living room scene used for the studies described in Sec. 5.5, Sec. 6.1, and Sec. 5.3.4 is
based on a freely-available scene from the Epic Marketplace: https://www.unrealengine.
com/marketplace/en-US/product/archvis-interior-rendering. We removed some ob-
jects that were catching too much attention and added an night-time outdoor skybox (see
Fig.A.6) and adapted the lighting accordingly to improve the rendering of the included MetaHu-
mans.

Figure A.6.: Top: Side view of the living room scene, showing two ECAs as in the
experiment described in Sec. 6.1 and an exemplary visualization for the user by means
of an avatar (bright shirt), illustrated in an A-pose here. The TV behind the ECAs
was used to naturally display text during the studies and the outdoor skybox is visible
through the windows. Bottom: A top view with removed ceiling and ceiling lamps shows
the full extend of the scene.
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APPENDIX A. STUDY MATERIAL

A.5. Systems

In this appendix, we introduce the AixCAVE which was used for several of the studies presented
in this work, as well as computer systems used (if the information was not directly given).

A.5.1. AixCAVE

The AixCAVE is a five-sided CAVE [Cruz-Neira et al., 1992] with a size of 5.25m x 5.25m x
3.30m (w x d x h) [Kuhlen and Hentschel, 2014]. In the studies presented in this thesis
participant were able to walk naturally though the virtual scenes since the walkable area of
the scene matched the dimensions of the AixCAVE (see Fig. A.4). Users wore tracked active
stereo glasses and interacted with an ART Flystick 2. The interaction device is tracked with
six degrees of freedom (6DOF) and provides six buttons and an analog stick. The ceiling
is equipped with an acoustic system consisting of 12 studio loudspeakers and 9 sub-woofers.
It can be used to generate two separate virtual sound sources next to the ears of the user
using dynamic cross-talk cancellation [Schroder et al., 2010; Masiero and Vorléander, 2014] to
generate binaural audio. Furthermore two surveillance cameras are mounted at the ceiling
with which the operator can monitor the users even when the door is closed. Additionally,
microphones mounted in the ceiling enable the operator to listen to what users say in the
AixCAVE and a microphone installed at the experimenter desk allows to talk to participants
in case of emergency.

The renderings for the AixCAVE are computed by a 24-node graphics cluster. Each node
contains two NVIDIA Quadro P6000, 192GB working memory, and two Intel Xeon Skylake
CPUs (10 cores each).

A.5.2. Computer Hardware

The HMD experiments described in Sec. 5.5 and Sec. 5.3.4 were executed using a desktop
computer with an Intel Core i9-10900X processor, 32GB working memory, and an NVIDIA
RTX 3080 Ti graphics card.

The HMD experiments described in Sec. 6.1 was executed on a desktop computer with an
Intel Core i9-13900KF processor, 64GB working memory, and an NVIDIA RTX 4090 graphics
card.
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APPENDIX B

Social Presence Questionnaires

This appendix should give an overview about the most-commonly used questionnaires to mea-
sure social presence. Questionnaires are sorted by publication year. This is also meant a
reference for those questionnaires of these used throughout this work. A systematic review
about social presence was written by Oh et al. [2018] and a further analysis was done by Fi-
trianie et al. [2019], of which the full results can be found at https://osf.io/b7hyx. This
list represents the questionnaires we found to be most used, however, it does by no means
represent a conclusive lists of questionnaires. Questionnaires explicitly not integrated for not
providing much added value here or being focused on a very special interaction, like sharing
photos together, were, for example, [Greef and Ijsselsteijn, 2004; Guadagno et al., 2007; Qiu
and Benbasat, 2008; Poeschl and Doering, 2013, 2015; Li et al., 2019a; Wolfert et al., 2024]. For
further reading with regard to social presence for computer-mediated communication between
two humans, which is not a key focus of this work, we direct the interested reader to [Kreijns
et al., 2022].

@ | ~m 179


https://osf.io/b7hyx

APPENDIX B. SOCIAL PRESENCE QUESTIONNAIRES

B.1. Semantic Differences Survey (SDS)

A very early instrument measuring social presences was developed by [Short et al., 1976]. It
had 10 semantic differentials (other sources state it were 4 [Kreijns et al., 2022], 5 or even 24)
which had to be rated on 7-point bipolar scale. Apparently not all items are listed in the book,
here we present the set as found by Immohr et al. [2022].

impersonal personal
unsociable sociable
insensitive sensitive
cold warm
colorless colorful
passive active
closed open
ugly beautiful
small large
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B.2. SOCIAL PRESENCE SURVEY (SPS)

B.2. Social Presence Survey (SPS)

The Social Presence Survey (SPS) was developed by Bailenson et al. [2001]. It is to rated on
a 7-point Likert scale between -3 and 3. The actual anchor labels are not given in [Bailenson

et al., 2001].

I perceive that I am in the presence of another person in the room with me.

I feel that the person is watching me and is aware of my presence.

The thought that the person is not a real person crosses my mind often.

inv

The person appears to be sentient (conscious and alive) to me.

A Il B

I perceive the person as being only a computerized image, not as a real person.

inv

We used this, for example, in [Wendt et al., 2018; Bonsch et al., 2018a; Wendt et al., 2019;

Ehret et al., 2020].

@~
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APPENDIX B. SOCIAL PRESENCE QUESTIONNAIRES

B.3. Networked Minds Measure of Social Presence

This is the original version of the Networked Minds Measure of Social Presence as conceived
in [Biocca, 2001]. The items are rated on 7-point Likert scales. Labels and numbers for the
anchors are not explicitly specified in [Biocca, 2001].

Co-presence - Isolation/Aloneness

1. I often felt as if I was all alone
2. I think the other individual often felt alone.
Co-presence - Mutual Awareness
3. I hardly noticed another individual.
4. The other individual didn’t notice me in the room.
5. I was often aware of others in the environment.
6. Others were often aware of me in the room.
7. I think the other individual often felt alone.
8. I often felt as if I was all alone.
Co-presence - Attentional Allocation
9. I sometimes pretended to pay attention to the other individual.
10. The other individual sometimes pretended to pay attention to me.
11. The other individual paid close attention to me.
12. I paid close attention to the other individual.
13. My partner was easily distracted when other things were going on around us.
14. I was easily distracted when other things were going on around me.
15. The other individual tended to ignore me.
16. I tended to ignore the other individual.
Psychological Involvement - Empathy
17. When I was happy, the other was happy.
18. When the other was happy, I was happy.
19. The other individual was influenced by my moods.
20. I was influenced by my partner’s moods.
21. The other’s mood did NOT affect my mood/emotional-state.
22. My mood did NOT affect the other’s mood/emotional-state.
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B.3. NETWORKED MINDS MEASURE OF SOCIAL PRESENCE

Psychological Involvement - Mutual Understanding

23. My opinions were clear to the other.
24. The opinions of the other were clear.
25. My thoughts were clear to my partner.
26. The other individual’s thoughts were clear to me.
27. The other understood what I meant.
28. I understood what the other meant.
Behavioral Engagement - Behavioral Interdependence
29. My actions were dependent on the other’s actions.
30. The other’s actions were dependent on my actions.
31. My behavior was in direct response to the other’s behavior.
32. The behavior of the other was I direct response to my behavior.
33. What the other did affected what I did.
34. What I did affected what the other did.
Behavioral Engagement - Mutual Assistance
35. My partner did not help me very much.
36. I did not help the other very much.
37. My partner worked with me to complete the task.
38. I worked with the other individual to complete the task.
Behavioral Engagement - Dependent Action
39. The other could not act without me.
40. I could not act with the other.
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B.3.1. Revised Networked Minds Social Presence Measure

The Revised Networked Minds Social Presence Measure was later presented in [Harms and
Biocca, 2004]. Again 7-point Likert scales are used without explicitly stating the anchors.

Co-presence

I noticed (my partner).

(My partner) noticed me.

(My partner’s) presence was obvious to me.

My presence was obvious to (my partner).

(My partner) caught my attention.

S| RN

I caught (my partner’s) attention.

Attentional Allocation

I was easily distracted from (my partner) when other things were going on.

ol

(My partner) was easily distracted from me when other things were going on.

I remained focused on (my partner) throughout our interaction.

10. (My partner) remained focused on me throughout our interaction.

11. (My partner) did not receive my full attention.

12. I did not receive (my partner’s) full attention.

Perceived Message Understanding

13. My thoughts were clear to (my partner).

14. (My partner’s) thoughts were clear to me.

15. It was easy to understand (my partner).

16. (My partner) found it easy to understand me.

17. Understanding (my partner) was difficult.

18. (My partner) had difficulty understanding me.

Perceived Affective Understanding

19. I could tell how (my partner) felt.

20. (My partner) could tell how I felt.

21. (My partner’s) emotions were not clear to me.
22. My emotions were not clear to (my partner).
23. I could describe (my partner’s) feelings accurately.

24. (My partner) could describe my feelings accurately.
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Perceived Emotional Interdependence

25. I was sometimes influenced by (my partner’s) moods.
26. (My partner) was sometimes influenced by my moods.
27. (My partner’s) feelings influenced the mood of our interaction.
28. My feelings influenced the mood of our interaction.
29. (My partner’s) attitudes influenced how I felt.
30. My attitudes influenced how (my partner) felt.
Perceived Behavioral Interdependence
31. My behavior was often in direct response to (my partner’s) behavior.
32. The behavior of (my partner) was often in direct response to my behavior.
33. I reciprocated (my partner’s) actions.
34. (My partner) reciprocated my actions.
35. (My partner’s) behavior was closely tied to my behavior.
36. My behavior was closely tied to (my partner’s) behavior.

@~
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B.4. Questionnaire by Nowak and Biocca

Another often used questionnaire is the not explicitly named one presented in [Nowak and
Biocca, 2003]. For Self-reported copresence and Perceived other’s copresence 5-point Likert
scales are used between 1 (“strongly agree”) and 5 (“strongly disagree”). For the Telepresence
scale a T-point Likert scale between 1 (“Not at All”) and 7 (“Very Much”) is used, while the
Social presence items are rated on a sliding scale.

Self-reported copresence:
1. I did not want a deeper relationship with my interaction partner.
2. I wanted to maintain a sense of distance between us.
3. I was unwilling to share personal information with my interaction partner.
4. I wanted to make the conversation more intimate.
9. I tried to create a sense of closeness between us.
6. I was interested in talking to my interaction partner.
Perceived other’s copresence:
8. My interaction partner was intensely involved in our interaction.
My interaction partner seemed to find our interaction stimulating.
10. My interaction partner communicated coldness rather than warmth.
11. My interaction partner created a sense of distance between us.
12. My interaction partner seemed detached during our interaction.
13. My interaction partner was unwilling to share personal information with me.
14. My interaction partner made our conversation seem intimate.
15. My interaction partner created a sense of distance between us.
16. My interaction partner created a sense of closeness between us.
17. My interaction partner acted bored by our conversation.
18. My interaction partner was interested in talking to me.
19. My interaction partner showed enthusiasm while talking to me.
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B.4. QUESTIONNAIRE BY NOWAK AND BIOCCA

Telepresence scale:

20. How involving was the experience?

21. How intense was the experience?

22. To what extent did you feel like you were inside the environment you saw/heard?

23. To what extent did you feel immersed in the environment you saw/heard?

24. To what extent did you feel surrounded by the environment you saw/heard?
Social presence:

25. To what extent did you feel able to assess your partner’s reactions to what you said?

26. To what extent was this like a face-to-face meeting?

28. To what extent was this like you were in the same room with your partner?

29. To what extent did your partner seem “real”?

30. How likely is it that you would choose to use this system of interaction for a meeting
in which you wanted to persuade others of something?

31. To what extent did you feel you could get to know someone that you met only through

this system?
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B.5. Questionnaire by Bailenson, Swinth et al.

This questionnaire was proposed and used in [Bailenson et al., 2005]. It was rated on a 7-point
Likert scale from 0 (“strongly disagree”) to 6 (“strongly agre”). “inv” denotes reverse-coded
items.

Copresence:

Even when the “other” was present, I still felt alone in the virtual room. inv

I felt like there was someone else in the room with me.

I felt like the “other” was aware of my presence in the room.

Embarrassment:

I would be willing to change clothes in front of the “other”.

I would be willing to pick my nose in front of the “other”.

I would be willing to act out a scene from the movie “Titanic” in front of the
“other”.

Likability:

I like the “other”.

I would like to meet this “other” again.

The “other” is attractive.

R R .

Spending time with the “other” was NOT satisfying. inv
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B.6. TEMPLE PRESENCE INVENTORY

B.6. Temple Presence Inventory

The Temple Presence Inventory [Lombard et al., 2009] goes beyond only measuring social
presence, but has specific sub-dimensions dedicated to it. For the sake of completeness we
reproduce the questionnaire here in its entirety. Items are rated on 7-point Likert scales
with different labels, which can be found at http://matthewlombard.com/research/p2_ab.
html.

TPI - Spatial presence:

1. How much did it seem as if the objects and people you saw/heard had come to the place you
were?

2. How much did it seem as if you could reach out and touch the objects or people you saw /heard?

3. How often when an object seemed to be headed toward you did you want to move to get out
of its way?

4. To what extent did you experience a sense of being there inside the environment you
saw /heard?

5. To what extent did it seem that sounds came from specific different locations?

6. | How often did you want to or try to touch something you saw/heard?

7. Did the experience seem more like looking at the events/people on a movie screen or more

like looking at the events/people through a window?

TPI - Social presence - Actor within medium (parasocial interaction):

8. How often did you have the sensation that people you saw/heard could also see/hear you?

9. To what extent did you feel you could interact with the person or people you saw/heard?

10. | How much did it seem as if you and the people you saw /heard both left the places where you
were and went to a new place?

11. | How much did it seem as if you and the people you saw/heard were together in the same
place?

12. | How often did it feel as if someone you saw/heard in the environment was talking directly to
you?

13. | How often did you want to or did you make eye-contact with someone you saw/heard?

14. | Seeing and hearing a person through a medium constitutes an interaction with him or her.
How much control over the interaction with the person or people you saw/heard did you feel
you had?

TPI - Social presence - Passive interpersonal:

15. | During the media experience how well were you able to observe the facial expressions of the
people you saw/heard?

16. | During the media experience how well were you able to observe the changes in tone of voice
of the people you saw/heard?

17. | During the media experience how well were you able to observe the style of dress of the people
you saw/heard?

18. | During the media experience how well were you able to observe the body language of the
people you saw/heard?
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TPI - Social presence - Active interpersonal:

19. | How often did you make a sound out loud (e.g. laugh or speak) in response to someone
you saw/heard in the media environment?

20. | How often did you smile in response to someone you saw/heard in the media environment?

21. | How often did you want to or did you speak to a person you saw/heard in the media
environment?
TPI - Engagement (mental immersion):

22. | To what extent did you feel mentally immersed in the experience?

23. | How involving was the experience?

24. | How completely were your senses engaged?

25. | To what extent did you experience a sensation of reality?

26. | How relaxing or exciting was the experience?

27. | How engaging was the story?
TPI - Social richness:
Please circle the number that best describes your evaluation of the media experience:

28. | Remote - Immediate (7 points)

29. | Unemotional - Emotional (7 points)

30. | Unresponsive - Responsive (7 points)

31. | Dead - Lively (7 points)

32. | Impersonal - Personal (7 points)

33. | Insensitive - Sensitive (7 points)

34. | Unsociable - Sociable (7 points)
TPI - Social realism:

35. | The events I saw/heard would occur in the real world

36. | The events I saw/heard could occur in the real world

37. | The way in which the events I saw/heard occurred is a lot like the way they occur in the
real world
TPI - Perceptual realism:

38. | Overall how much did touching the things and people in the environment you saw/heard
feel like it would if you had experienced them directly?

39. | How much did the heat or coolness (temperature) of the environment you saw/heard feel
like it would if you had experienced it directly?

40. | Overall, how much did the things and people in the environment you saw/heard smell like
they would had you experienced them directly?

41. | Overall, how much did the things and people in the environment you saw/heard look they
would if you had experience them directly?

42. | Overall, how much did the things and people in the environment you saw/heard sound

like they would if you had experienced them directly?
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B.7. GODSPEED QUESTIONNAIRE

B.7. Godspeed Questionnaire

This questionnaire was developed to rate robots in [Bartneck et al., 2009]. Items are rated on
a b-point bipolar scale.

® I~

Please rate your impression of [the agent] on these scales:

Godspeed I: Anthropomorphism

Fake Natural
Machinelike Humanlike
Unconscious Conscious
Artificial Lifelike

Moving rigidly

Moving elegantly

Godspeed II: Animacy

Dead Alive
Stagnant Lively
Mechanical Organic
Artificial Lifelike
Inert Interactive
Apathetic Responsive
Godspeed 11I: Likeability
Dislike Like
Unfriendly Friendly
Unkind Kind
Unpleasant Pleasant
Awful Nice
Godspeed IV: Perceived Intelligence
Incompetent Competent
Ignorant Knowledgeable
Irresponsible Responsible
Unintelligent Intelligent
Foolish Sensible
Godspeed V: Perceived Safety
Anxious Relaxed
Calm Agitated
Quiescent Surprised
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B.8. Multimodal Presence Scale for Virtual Reality
Environments (MPS)

This questionnaire was proposed and validated in [Makransky et al., 2017]. Items are rated on
a b-point Likert scale between “completely disagree” (1) , “disagree” (2), “neither disagree nor
agree” (3), “agree” (4), and “strongly agree” (5). It also has a German translation available,
published in [Volkmann et al., 2018].

Physical Presence

PHYS2 The virtual environment seemed real to me.

PHYS3 I had a sense of acting in the virtual environment, rather than operating some-
thing from outside.

PHYS4 My experience in the virtual environment seemed consistent with my experiences
in the real world.

PHYS5 While I was in the virtual environment, I had a sense of “being there”.

PHYS10 | I was completely captivated by the virtual world.
Social Presence

SOC1 I felt like I was in the presence of another person in the virtual environment.

SOC2 I felt that the people in the virtual environment were aware of my presence.

SOC3 The people in the virtual environment appeared to be sentient (conscious and
alive) to me.

SOC5H During the simulation there were times where the computer interface seemed to
disappear, and I felt like I was working directly with another person.

SOC7 I had a sense that I was interacting with other people in the virtual environment,
rather than a computer simulation.
Self-presence

SELF2 I felt like my virtual embodiment was an extension of my real body within the
virtual environment.

SELF3 When something happened to my virtual embodiment, it felt like it was happen-
ing to my real body.

SELF4 I felt like my real arm was projected into the virtual environment through my
virtual embodiment.

SELF6 I felt like my real hand was inside of the virtual environment.

SELF7 During the simulation, I felt like my virtual embodiment and my real body

became one and the same.
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B.9. Robotic Social Attributes Scale (RoSAS)

The questionnaire was developed and evaluated in [Carpinella et al., 2017] as an improvement
to the Godspeed questionnaire to rate robots.

It has 3 factors with in total 18 items, which are rated using a 9-point Likert scale from
“definitely not associated” (1) to “definitely associated” (9).
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B.10. Copresence With Virtual Humans in Mixed
Reality

This questionnaire was developed in [Pimentel and Vinkers, 2021] specifically to rate virtual
humans in mixed reality, here more specifically augemented reality (AR). The 15 items are
rated on a 5-point Likert scale from 1 (“completely disagree”) to 5 (“completely agree”).

TPI - Spatial presence:

1. I felt that I was in the same space as the other person.

2. It felt like the other person was with me.

3. I felt that the other person and I were together in the same space.

4. I felt that the other person and I were sharing the same physical space.

5. I felt that I was in the presence of the other person.

6. I felt that the other person paid attention to me.

7. I felt that the other person responded to my nonverbal expressions (e.g., gestures,
facial expressions).

8. I felt that the other person responded to shifts in my movements (e.g., posture,
position).

9. The other person responded to my actions.

10. I felt that the other person was attentive to what I was doing.

11. I think that the other person noticed what I was paying attention to.

12. The other person did not acknowledge my presence.

13. The other person did not react to my behavior.

14. I felt that the other person was distracted.

15. I felt that the other person did not give their attention to me.
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B.11. ASAQ

Excerpt from the Artificial Social Agent (ASA) Questionnaire [Fitrianie et al., 2022], rated
on a 7-point Likert scale. The full questionnaire can be found at https://doi.org/10.4121/
19650846. We also developed and published a German version of the full questionnaire [Albers
et al., 2024]. Here we only show the most relevant constructs to this work. “inv” marks
questions of which the score is inverted before computing the mean score of the construct.

1.1 Human-Like Appearance

HLA1 [The agent|’s appearance is human

HLA2 [The agent| has the appearance of a human
HLA3 | [The agent] has a human-like outside
HLA4 | [The agent]’

1.2 Human-Like Behavior
HLB1 | A human would behave like [the agent]
HLB2 | [The agent]’s manners is consistent with that of people

s appearance makes me think of a human

HLB3 [The agent] behavior makes me think of human behavior

]
HLB4 | [The agent] behaves like a real person
HLB5 [The agent| has a human-like manner

1.3 Natural Appearance

NA1 [The agent] appears like something that could exist in nature
NA2 [The agent| has a natural physique
NA3 [The agent|’s resemblance has an organic origin
NA4 [The agent| seems natural from its outward appearance
NA5 How [the agent] is represented is realistic
1.4 Natural Behavior
NB1 [The agent] is alive
NB2 [The agent] acts naturally
NB3 [The agent| reacts like a living organism
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4 Agent’s Likeability
ALl [The agent|’s appearance is pleasing
AL2 I like [the agent]
AL3 I dislike [the agent] inv
Al4 [The agent] is cooperative
AL5 I want to hang out with [the agent]
5 Agent’s Sociability
AS1 [The agent] can easily mix socially
AS2 It is easy to mingle with [the agent]
AS3 [The agent] interacts socially with [me / the user]
13 Agent’s Coherence
AC1 [The agent|’s behavior does not make sense inv
AC2 [The agent]’s behavior is irrational inv
AC3 [The agent] is inconsistent inv
AC4 [The agent] appears confused inv
16 Social Presence.
SP1 [The agent| has a social presence
SP2 [The agent] is a social entity
SP3 [I have / The user has| the same social presence as [the agent]
19 User-Agent Interplay
UAI1 [My / The user’s] emotions influence the mood of the interaction
UAI2 [The agent| reciprocates [my / the user’s] actions
UAI3 [The agent|’s and [my / the user’s|] behaviors are in direct response to each
other’s behavior
UAI4 [The agent]’s and [my / the user’s|] emotions change to what [we / they]
do to each other
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B.12. Virtual Human Plausibility Questionnaire (VHPQ)

This questionnaire was developed in [Mal et al., 2022] to rate virtual humans and to opera-
tionalize the virtual human plausibility concept presented in [Latoschik and Wienrich, 2022].
Items are assessed on a 7-point Likert scale from 1 “does not apply at all”) to 7 (“completely
applies”).

Appearance and Behavior Plausibility (ABP)

ABP1 | The behavior of the virtual character seemed to be plausible to me.

ABP2 | The appearance of the virtual character seemed to be plausible to me.

ABP3 | The virtual character’s behavior matched its appearance.

ABP4 | The behavior and appearance of the virtual character were coherent.

ABP5 | The virtual character behaved as I would expect it to behave.

ABP6 | I could predict by the virtual character’s appearance how it would behave.

ABP7 | The virtual character behaved in the virtual environment as I would expect it to.

Match to the Virtual Environment (MVE)

MVEL1 | The virtual character fit into the virtual environment.

MVE2 | The virtual character was a plausible part of the virtual environment.

MVE3 | The appearance of the virtual character and the virtual environment matched.

MVE4 | The behavior of the virtual character matched with the virtual environment.
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B.13. Virtual Agent Believability Scale

This scale was developed and evaluated in [Guo et al., 2023]. The item are rated on 7-point
Likert scale with the labels: “strongly disagree” (1), “disagree” (2), “somewhat disagree” (3),
“neither agree nor disagree” (4), “somewhat agree” (5), “agree” (6), and “strongly agree” (7).

Visual properties (or appearance):

The visual design of the virtual agent caught my attention.

I think the virtual agent’s appearance is aesthetically pleasing.

3. I think the virtual agent’s visual design is realistic.
Behavior:
4. The virtual agent’s behavior drew my attention.
5. I felt the virtual agent’s behavior was coherent and natural.
6. I think the virtual agent’s behavior was easy to understand.
7. I felt the virtual agent’s behavior was appropriate to the context.
8. I felt sometimes the virtual agent behaved inappropriately.
Awareness:
9. I felt that the virtual agent perceived the environment around him/her/them.
10. I felt that the virtual agent reacted to the change in the environment.
11. I felt that the virtual agent was aware of my presence.
12. I felt that the virtual agent was aware of the presence of other virtual agents.
13. The virtual agent was unaware of its surroundings.
Social relationships:
14. The virtual agent interacted socially with me.
15. I felt that the virtual agent was able to coordinate with me.
16. The virtual agent interacted socially with the other virtual agent(s).
17. I felt that the virtual agent was able to coordinate with the other virtual agent(s).
Intelligence:
18. I felt that the virtual agent was able to make plans.
19. I felt that the virtual agent learned from past experiences.
20. I felt that the virtual agent seemed to have memory.
Emotion:
21. I felt that the virtual agent was capable of having feelings.
22. I felt that the virtual agent expressed emotions.
23. I felt that the virtual agent’s expressed emotions were easy to understand.
24. I felt that the virtual agent’s expressed emotions were appropriate to the context.
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Personality:
25. I felt that the virtual agent had a personality.
26. I felt that the virtual agent was extraverted and enthusiastic.
27. I felt that the virtual agent was sympathetic and warm.
28. I felt that the virtual agent was dependable and self-disciplined.
29. I felt that the virtual agent was emotionally stable.
30. I felt that the virtual agent was open to new experiences.
Personality:
31. I felt that the virtual agent seemed to have self-awareness.
32. The virtual agent took actions without inputs from others.
33. The virtual agent seemed to have its own goals.
Overall believability:
34. I felt that the virtual agent was believable.
35. I felt that the virtual agent behaved like a real person.
36. I enjoy the interaction with the virtual agent.
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B.14. igroup presence questionnaire (IPQ)

The igroup presence questionnaire (IPQ) [Schubert et al., 2001] measures presence and not
social presence. It is presented here as well, as it was used in one of our studies, presented in
Sec. 6.2. It is also available in German at: http://www.igroup.org/pq/ipq/index.php.

The questionnaire contains one general items and three subscales with individual items which
are rated on different 7-point Likert scales (see http://www.igroup.org/pq/ipq/index.php).

General:

G1 In the computer generated world I had a sense of "being there”
Spatial Presence:

SP1 Somehow I felt that the virtual world surrounded me.

SP2 I felt like I was just perceiving pictures.

SP3 I did not feel present in the virtual space.

SPb4 I had a sense of acting in the virtual space, rather than operating something
from outside.

SP5 I felt present in the virtual space.
Involvement:

INV1 How aware were you of the real world surrounding while navigating in the virtual
world? (i.e. sounds, room temperature, other people, etc.)?

INV2 I was not aware of my real environment.

INV3 I still paid attention to the real environment.

INV4 I was completely captivated by the virtual world.
Experiences Realism:

REAL1 How real did the virtual world seem to you?

REAL2 How much did your experience in the virtual environment seem consistent with
your real world experience?

REAL3 How real did the virtual world seem to you?

REAL4 The virtual world seemed more realistic than the real world.
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APPENDIX C

Publications: Content and
Contributions

In the following chapter, we provide an overview of the publications the author of this thesis
(Jonathan Ehret, né Wendt) was involved with. The contribution of each of the authors is
stated for all publications that were reproduced in this thesis. All of the presented publica-
tions underwent a peer-review process, non-peer-reviewed submission, like conference talks, are
omitted. This chapter is split in three sections, first all scientific papers are presented that are
reproduced in this thesis (App. C.1), followed by other peer-reviewed publications (App. C.2),
concluded by a list of published datasets and software in App. C.3. All publications within a
section are presented in the order of publication. Content and contribution descriptions are,
where applicable re-used or adapted from [Bonsch, 2024] for consistency.
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APPENDIX C. PUBLICATIONS: CONTENT AND CONTRIBUTIONS

C.1. Publications Reproduced in this Thesis

[Wendt et al., 2018]

Title

Authors

Type
Venue

Content

Contribution

202

Does the Directivity of a Virtual Agent’s Speech Influence the Perceived Social
Presence?

Jonathan Wendt, Benjamin Weyers, Andrea Bonsch, Jonas Stienen, Tom
Vierjahn, Michael Vorldnder, Torsten W. Kuhlen

Workshop Paper

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

This study investigates how sound directionality from an embodied conversa-
tional agent (ECA) affects a user’s perception of the social presence perceived
for an ECA in a VR environment. A pre-study with 8 participants found that
while some participants noticed a difference in sound between the two aural-
ization conditions (omnidirectional and directional), there were issues with the
study design that need to be addressed before a larger scale study can be con-
ducted delving into the impact of an ECA’s speech auralization.

The study was designed, implemented, performed, and analyzed by Jonathan
Ehret, né Wendt. Jonas Stienen assisted in the implementation of the acoustic
rendering while Benjamin Weyers, Tom Vierjahn, and Andrea Boénsch pro-
vided valuable feedback and ideas on the study design. Benjamin Weyers and
Jonathan Ehret performed the data analysis of the study. The written paper
originates from Jonathan Ehret, while Michael Vorldnder, Torsten W. Kuhlen,
and all other co-authors provided guidance and feedback in writing the publi-
cation.



C.1. PUBLICATIONS REPRODUCED IN THIS THESIS

[Wendt et al., 2019]

Title

Authors
Type

Venue

Content

Contribution

Influence of Directivity on the Perception of Embodied Conversational Agents’
Speech

Jonathan Wendt, Benjamin Weyers, Jonas Stienen, Andrea Bonsch, Michael
Vorldnder, and Torsten W. Kuhlen

Conference Paper
ACM International Conference on Intelligent Virtual Agents

The paper investigates the impact of adding directivity to the speech sound
source of ECAs in VR environments and finds no significant effects on perceived
social presence and realism of the ECA’s voice, suggesting that other factors,
such as overall realism and social context, may play a more prominent role in
user perception.

The study was designed, implemented, performed, and analyzed by Jonathan
Ehret, né Wendt. Jonas Stienen assisted in the implementation of the acoustic
rendering. Benjamin Weyers, Andrea Bonsch, and Jonas Stienen provided
valuable feedback on the study design, and Benjamin Weyers assisted with
valuable input during the study analysis. The written paper originates from
Jonathan Ehret, while Michael Vorldnder, Torsten W. Kuhlen, and all other
co-authors provided guidance in writing the publication.

[Ehret et al., 2020]

Title

Authors
Type

Venue

Content

Contribution

Evaluating the Influence of Phoneme-Dependent Dynamic Speaker Directivity
of Embodied Conversational Agents’ Speech

Jonathan Ehret, Jonas Stienen, Chris Brozdowski, Andrea Bonsch, Irene
Mittelberg, Michael Vorlander, and Torsten W. Kuhlen

Conference Paper
ACM International Conference on Intelligent Virtual Agents

The paper explores the use of directional filters to enhance the realism of ECAs
by simulating the directionality of speech sounds based on the currently uttered
speech (coined dynamic directivity). In a VR-based study comparing different
speech auralization methods, participants could not distinguish between static
and dynamic directionality, and preferences aligned with naturalness ratings,
but there was no consensus on the most natural method.

The study was implemented, performed, and analyzed by the lead author
Jonathan Ehret. Jonas Stienen provided simulations of the directivity filters
needed. The study design was developed by Jonathan Ehret, Chris Brozdowsk,
Andrea Bonsch, and Jonas Stienen. Chris Brozdowski and Irene Mittelberg
provided valuable insights into phonetics and developed the speech material,
while also doing the motion capturing. Jonas Stienen was in charge of recording
and post-processing the audio material. Chris Brozdowski provided valuable in-
sights for the analysis of the gathered data. The written paper originates from
Jonathan Ehret, while Andrea Bonsch, Irene Mittelberg, Michael Vorldnder
and Torsten W. Kuhlen provided guidance in writing the publication.
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[Ehret et al., 2021]

Title

Authors
Type

Journal

Content

Contribution

Do Prosody and Embodiment Influence the Perceived Naturalness of Conver-
sational Agents’ Speech?

Jonathan Ehret, Andrea Bonsch, Lukas Aspock, Christine T. Rohr, Stefan
Baumann, Martine Grice, Janina Fels, Torsten W. Kuhlen

Journal Paper
ACM Transactions on Applied Perception

This paper investigates the impact of prosody, specifically accent placement, on
the perceived naturalness and aliveness of ECAs’ speech. The study compares
inadequate prosody generated by text-to-speech engines, inadequate prosody
imitated by trained human speakers, and adequate prosody produced by those
speakers, with results showing that adequate prosody is an important factor
for perceiving speech as natural. Moreover, the presence of ECA embodiments
does not significantly affect the perception of naturalness in the ECAs’ speech.

The study design was developed by Jonathan Ehret, Lukas Aspock, Stefan
Baumann, and Andrea Bénsch. The video material and acoustic renderings for
the study were generated by Jonathan Ehret. Christine T. Rohr implemented
the online study and analyzed the data together with Jonathan Ehret. Stefan
Baumann and Martine Grice provided guidance on the linguistic aspects of
this project. The written paper originates from Jonathan Ehret, while Andrea
Bonsch, Christine T. Rohr, Stefan Baumann, Janina Fels, and Torsten W.
Kuhlen provided guidance in writing the publication.

[Ehret et al., 2023]

Title

Authors

Type
Venue
Content

Contribution

204

Who's next? Integrating Non-Verbal Turn-Taking Cues for Embodied Conver-
sational Agents

Jonathan Ehret, Andrea Bonsch, Patrick Nossol, Cosima A. Ermert,
Chinthusa Mohanathasan, Sabine J. Schlittmeier, Janina Fels, Torsten W.
Kuhlen

Conference Paper
ACM International Conference on Intelligent Virtual Agents

This paper studies how ECAs can better simulate turn-taking in conversations,
which is an important aspect of natural human communication. The authors
propose a system that generates non-verbal cues through gestures, gaze, and
breathing to indicate when the ECA wants to take or yield the turn. The system
was evaluated in a VR study where participants interacted with ECAs. The
results show that the gesture manipulation had an effect on the interaction but
there was no significant impact on the perceived social presence of the ECAs.

The study design was conceived and implemented by Jonathan Ehret, with sup-
port in improving the study by Andrea Bonsch, Cosima Ermert, and Chinthusa
Mohanathasan. Patrick Nossol supported in recording and post-processing the
used full-body animations. The study was conducted by Jonathan Ehret and
Patrick Nossol. The data analysis was done by Jonathan Ehret with support of
Chinthusa Mohanathasan. The written paper originates from Jonathan Ehret,
while Sabine J. Schlittmeier, Janina Fels, Torsten W. Kuhlen and all other
co-authors provided guidance in writing the publication.
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[Ehret et al., 2024b]

Title

Authors

Type
Venue

Content

Contribution

Audiovisual Coherence: Is Embodiment of Background Noise Sources a Neces-
sity?

Jonathan Ehret*, Andrea Bonsch*, Isabel S. Schiller, Carolin Breuer, Lukas
Aspock, Janina Fels, Sabine J. Schlittmeier, and Torsten W. Kuhlen (* These
authors contributed equally to this work.)

Workshop Paper

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

This paper investigates the audiovisual coherence in VR environments by ex-
ploring the necessity of visually representing background sound sources. The
study examines how different visual representations (animated vs static vs
none) of background noise sources affect user experience. Findings suggest
that animated visualization is subjectively preferred for optimal coherence,
especially for sounds from virtual humans, but it doesn’t influence objective
performance in a listening task.

The study design was developed by Jonathan Ehret, Andrea Bénsch, and Isabel
S. Schiller. Jonathan Ehret implemented the study and Carolin Breuer and
Lukas Aspock supported in the acoustical setup and by recording the acoustic
stimuli. The data analysis was performed by Jonathan Ehret and Isabel S.
Schiller. The written paper originates from Jonathan Ehret (primarily chapters
2 and 3) and Andrea Boénsch (primarily chapter 1 and 4) who contributed
equally to the manuscript, while Sabine J. Schlittmeier, Janina Fels, Torsten W.
Kuhlen and all other co-authors provided guidance in writing the publication.

[Ehret et al., 2024a]

Title

Authors

Type
Venue

Content

Contribution

@~

StudyFramework: Comfortably Setting up and Conducting Factorial-Design
Studies Using the Unreal Engine

Jonathan Ehret, Andrea Bonsch, Janina Fels, Sabine J. Schlittmeier, Torsten
W. Kuhlen

Workshop Paper

Open Access Tools (OAT) and Libraries for Virtual Reality @ IEEE Conference
on Virtual Reality

This paper introduces the plugin StudyFramework, which streamlines setting
up and conducting factorial-design VR-based user studies within the Unreal
Engine, saving time and reducing errors for researchers.

The StudyFramework was developed and continuously improved by Jonathan
Ehret with support in the conception by Andrea Bénsch. The presented evalu-
ation was conceived and conducted by Jonathan Ehret. The manuscript origi-
nated from Jonathan Ehret, while Sabine J. Schlittmeier, Janina Fels, Torsten
W. Kuhlen, and Andrea Boénsch provided guidance in writing the publication.
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[Ehret et al., 2025a]

Title

Authors

Type
Venue

Content

Contribution

Exploring Gaze Dynamics: Initial Findings on the Role of Listening Bystanders
in Conversational Interactions

Jonathan Ehret, Valentin Dasbach, Jan-Nikjas Hartmann, Janina Fels,
Torsten W. Kuhlen, and Andrea Boénsch

Workshop Paper

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

This work-in-progress paper investigates how virtual listening bystanders in-
fluence participants’ gaze behavior and their perception of turn-taking during
scripted conversations with ECAs. Participants had to listen to two ECAs
presenting family stories, while three additional agents were acting as listneing
bystanders. Thereby they either adhered to a social model, performed random
gazing behavior, or were not present at all. It was found that adding additional
bystanders increased the time participants took to gaze at the next speaker af-
ter a turn change. Furthermore, random gazing bystanders were particularly
noted for obscuring conversational flow.

The study design was developed by Jonathan Ehret and Valentin Dasbach.
Jonathan Ehret implemented the study prototype which was extended by
Valentin Dasbach to address the research objective. The data analysis was per-
formed by Valentin Dasbach and Jonathan Ehret. The written paper originates
from Andrea Bonsch and Jonathan Ehret. Jan-Nikjas Hartmann supported in
generating the figures presented in the paper, while Janina Fels, Torsten W.
Kuhlen and all other co-authors provided guidance in writing the publication.

[Ehret et al., 2025b]

Title

Authors

Type
Journal

Content

Contribution

206

Objectifying Social Presence: Evaluating Degraded Speech Performance in
ECAs Using the Heard Text Recall Paradigm

Jonathan Ehret, Jonas Schiippen, Chinthusa Mohanathasan, Cosima A. Er-
mert, Janina Fels, Sabine J. Schlittmeier, Torsten W. Kuhlen, Andrea Bonsch

Journal Paper
IEEE Transactions on Visualization and Computer Graphics

This paper’s contribution is threefold. First, different gesture manipulations are
discussed and evaluated with their influence on perceived naturalness. Second,
a study is conducted in which participants have to listen to family stories being
told by two ECAs. The performance of the ECAs in deliberately degraded,
e.g., by removing lip sync or using distorted co-verbal gestures. The influence
of these degraders on perceived social presence is evaluated, finding significant
deductions only for omitting lip sync and using artificial voices. Lastly, during
listening to the stories cognitive spare capacity is measured by means of a
dual-task paradigm. This metric is evaluated as promising objective proxy for
perceived social presence.

The initial conceptualization of the two presented studies originated from
Jonathan Ehret. Jonas Schiippen implemented gesture manipulations and con-
ducted the gesture manipulation study as part of his master thesis, under close
guidance by Jonathan Ehret throughout the entire development and study pro-
cess. Andrea Bonsch, Cosima Ermert and Chinthusa Mohanathasan advised
on methodology, and Torsten W. Kuhlen offered valuable conceptual feedback.
The written paper originated from Jonathan Ehret, while Janina Fels, Sabine
J. Schlittmeier, and all co-authors reviewed and edited the manuscript.
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C.2. Other Publications

[Bonsch et al., 2016]

Title

Authors
Type

Venue

Content

Contribution

Collision Avoidance in the Presence of a Virtual Agent in Small-Scale Virtual
Environments

Andrea Bonsch, Benjamin Weyers, Jonathan Wendt, Sebastian Freitag, and
Torsten W. Kuhlen

Technote

IEEE Symposium on 3D User Interfaces

The paper discusses the need for collision avoidance strategies for virtual agents
in small-scale IVEs in a CAVE-like environment. It presents the results of
a user study conducted in a small office setting where participants preferred
collaborative collision avoidance with VAs, expecting the VAs to step aside to
create space for them while being willing to adjust their own paths.

Honorable Mention for Best Technote

[Bonsch et al., 2017c]

Title

Authors

Type
Venue

Content

Peers At Work: Economic Real-Effort Experiments In The Presence of Virtual
Co-Workers

Andrea Bénsch, Jonathan Wendt, Heiko Overath, Ozgiir Giirerk, Christine
Harbring, Christian Grund, Thomas Kittsteiner, and Torsten W. Kuhlen

Poster
IEEE Virtual Reality Conference

This poster uses VR to conduct different economic experiments where people
sort objects and investigates how people’s performance is affected by seeing
a virtual coworker, represented by a VA, sorting objects at the same time.
The study finds that people work harder when their virtual coworker is also
productive and that competition with a virtual coworker motivates people more
than simply being paid for the objects they sort correctly.
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[Bonsch et al., 2017a]

Title

Authors

Type
Venue

Content

Score-Based Recommendation for Efficiently Selecting Individual Virtual
Agents in Multi-Agent Systems

Andrea Bonsch, Robert Trisnadi, Jonathan Wendt, Tom Vierjahn, and
Torsten W. Kuhlen

Poster
23rd ACM Symposium on Virtual Reality Software and Technology (VRST)

The poster proposes a recommendation system to aid human operators who
control the VAs’ behavior, e.g., displaying certain gestures, in a populated
VR environment. This system recommends VAs to the operator based on the
user’s distance and gaze direction toward the VAs, making the selection process
faster and less error-prone. This can improve the overall user experience in VR
environments with multiple virtual agents.

[Bonsch et al., 2018a]

Title
Authors

Type
Venue

Content

Social VR: How Personal Space is Affected by Virtual Agents’ Emotions

Andrea Bonsch, Sina Radke, Heiko Overath, Laura M. Asche, Jonathan
Wendt, Tom Vierjahn, Ute Habel, and Torsten W. Kuhlen

Conference Paper
IEEE Conference on Virtual Reality and 3D User Interfaces

The paper presents findings from a controlled experiment involving German
males aged 18 to 30 years, exploring personal space preferences in social inter-
actions. It indicates that the size of PS varies based on the emotional facial
expression of virtual agents (VAs) (angry vs. happy) and the number of VAs
(single vs. group), with larger distances preferred when approached by angry
VAs and when approached by a group of VAs.

[Bonsch et al., 2018b]

Title
Authors

Type
Venue

Content

208

Towards Understanding the Influence of a Virtual Agent’s Emotional Expres-
sion on Personal Space

Andrea Bonsch, Sina Radke, Jonathan Wendt, Tom Vierjahn, Ute Habel,
and Torsten W. Kuhlen

Workshop Paper

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

Building on the promising results from [Bénsch et al., 2018a], this paper pro-

poses a new study design for further investigation on the impact of emotional
expressions displayed by VAs on individuals’ PS preferences.
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[Bonsch et al., 2019]

Title
Authors
Type

Venue

Content

Evaluation of Omnipresent Virtual Agents Embedded as Temporarily Required
Assistants in Immersive Environments

Andrea Bonsch, Jan Hoffmann, Jonathen Wendt, and Torsten W. Kuhlen
Workshop Paper

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

The paper evaluates the idle behavior of a virtual assistant. The virtual agent
(VA), embedded as a temporary required assistant, is always present, while it
either shows a following behavior, where it follows the user closely, or a busy
behavior, where it stays nearby, keeping itself busy and approaches only when
asked. A user study indicates that participants prefer the following behavior,
which also leads to faster response times compared to the busy behavior.

[Bonsch et al., 2020d]

Title
Authors
Type

Venue

Content

Towards a Graphical User Interface for Exploring and Fine-Tuning Crowd Sim-
ulations

Andrea Bonsch, Marcel Jonda, Jonathan Ehret, and Torsten W. Kuhlen
Workshop Paper

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

This paper proposes a graphical user interface that allows users to evaluate

different crowd simulation algorithms and adjust their parameters to achieve a
more natural and believable crowd behavior.

[Bonsch et al., 2020a]

Title
Authors

Type
Venue

Content

Contribution

@~

Immersive Sketching to Author Crowd Movements in Real-time

Andrea Bonsch, Sebastian J. Barton, Jonathan Ehret, and Torsten W.
Kuhlen

Conference Paper
ACM International Conference on Intelligent Virtual Agents

The paper introduces a sketch-based interface for efficiently controlling the
movement of virtual crowds in 3D virtual reality environments, presenting ini-
tial promising results of a proof-of-concept and discussing potential improve-
ments and future directions.

Andrea Bonsch designed and analyzed the user study. Sebastian J. Barton
implemented and conducted the study, as part of his bachelor thesis, under
close guidance and advice throughout the entire development and study process
by Andrea Bonsch. Jonathan Ehret provided valuable feedback on the study
design and supported the analysis. Torsten W. Kuhlen provided guidance in
writing the publication.
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[Bonsch et al., 2020¢]

Title

Authors

Type
Venue

Content

The Impact of a Virtual Agent’s Non-Verbal Emotional Expression on a User’s
Personal Space Preferences

Andrea Bonsch, Sina Radke, Jonathan Ehret, Ute Habel, and Torsten W.
Kuhlen

Conference Paper

ACM International Conference on Intelligent Virtual Agents

Extending [Bonsch et al., 2018a] and [Bonsch et al., 2018b], this paper in-
vestigates PS preferences in VR interactions with VAs, finding that subjects
preferred larger PS when approached by an angry VA (conveyed via mimics
Jfull-body animations, and footstep sound), replicating previous findings, and

further observing differences in PS preferences across different immersive set-
tings, namely an HMD and the aixCAVE.

[Bonsch et al., 2020b]

Title
Authors

Type
Venue

Content

Inferring a User’s Intent on Joining or Passing by Social Groups

Andrea Bonsch, Alexander R. Bluhm, Jonathan Ehret, and Torsten W.
Kuhlen

Conference Paper
ACM International Conference on Intelligent Virtual Agents

he paper addresses the need for modeling interactions between users and so-
cial groups of VAs in VR applications, specifically focusing on differentiating
between joining and passing by a group. To improve the interactive capabili-
ties of VAs in such situations, the authors propose a classification scheme that
infers user intent from social cues and triggers realistic non-verbal actions by
the VAs. The results from the pilot study are promising.

[Bonsch et al., 2021a]

Title
Authors
Type
Venue

Content
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Indirect User Guidance by Pedestrians in Virtual Environments

Andrea Bonsch, Katharina Giiths, Jonathan Ehret, Torsten W. Kuhlen
Poster

International Conference on Artificial Reality and Telexistence and Eurograph-
ics Symposium on Virtual Environments

The poster explores unaided wayfinding strategies using virtual pedestrians as
subtle social cues to guide users through unfamiliar IVEs, with a brief overview
of required pedestrian behavior and the results of an initial feasibility study
suggesting its potential effectiveness.



C.2. OTHER PUBLICATIONS

[Bonsch et al., 2021b]

Title

Authors

Type
Venue
Content

Award

Being Guided or Having Exploratory Freedom: User Preferences of a Virtual
Agent’s Behavior in a Museum

Andrea Bonsch, David Hashem, Jonathan Ehret, Torsten W. Kuhlen
Conference Paper
ACM International Conference on Intelligent Virtual Agents

The paper investigates whether users prefer a virtual guide or a free exploration
accompanied by a VA in a virtual museum. The conducted user study indicates
that combining both approaches may result in higher user acceptance.

GALA Audience Award for the submitted gala video showcasing the applica-
tion.

[Bonsch et al., 2022]

Title
Authors
Type

Venue

Content

An Embodied Conversational Agent Supporting Scene Exploration by Switch-
ing between Guiding and Accompanying

Andrea Bonsch, Daniel Rupp, Jonathan Ehret, Torsten W. Kuhlen
Late-Breaking Report

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

This late-breaking report introduced the concept of a VA designed to serve as
a virtual guide and a knowledgeable companion for interactive and structured
exploration of unfamiliar IVEs, with a brief overview of its behavioral design
and a mention of an upcoming user study. The idea is based on the results
of [Bonsch et al., 2021b], while its implementation and study results are dis-
cussed in [Bonsch et al., 2024]

[Ehret et al., 2022]

Title
Authors

Type
Venue

Content

[Ehret, 2022]
Title

Authors

Type

Venue

Content

@~

Natural Turn-Taking with Embodied Conversational Agents
Jonathan Ehret, Andrea Bonsch, Torsten W. Kuhlen
Late-Breaking Report

IEEE Virtual Humans and Crowds for Immersive Environments (VHCIE) @
IEEE Virtual Reality Conference

This late-breaking details plans on exploring whether turn-taking gestures of
a VA improve how users take turns in a user—agent conversation. The idea
resulted in [Ehret et al., 2023]

Verbal Interactions with Embodied Conversational Agents
Jonathan Ehret

Doctoral Consortium Abstract

ACM International Conference on Intelligent Virtual Agents

An abstract describing Jonathan Ehret’s research plan, specifically lining out
the ideas that led to [Ehret et al., 2023] (evaluating different non-verbal turn-
taking signals) and [Ehret et al., 2025b] (evaluating cognitive spare capacity as
proxy for measuring social presence)
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[Bonsch et al., 2023b]

Title

Authors

Type
Venue
Content

Whom Do You Follow? Pedestrian Flows Constraining the User’s Navigation
during Scene Exploration

Andrea Bonsch, Lukas B. Zimmermann, Jonathan Ehret, and Torsten W.
Kuhlen

Poster

ACM International Conference on Intelligent Virtual Agents

The poster presents a work-in-progress combining two wayfinding techniques,
the River Analogy and virtual pedestrian flows, to guide users through scenes
by having them follow a chosen pedestrian as if it were a boat on a river, with
initial study results on different visualization methods for this approach.

[Bonsch et al., 2023a)]

Title

Authors
Type
Venue

Content

Where Do They Go? Overhearing Conversing Pedestrian Groups during Scene
Exploration

Andrea Bonsch, Till Sittart, Jonathan Ehret, Torsten W. Kuhlen
Poster
ACM International Conference on Intelligent Virtual Agents

The poster presents a novel approach to scene exploration in IVEs, using con-
versing pedestrian groups as cues to indirectly guide users to unseen points
of interest, with insights from a feasibility study comparing this approach to
non-talkative groups and groups discussing random topics.

[Bonsch et al., 2024]

Title

Authors
Type
Journal

Content
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Wayfinding in Immersive Virtual Environments as Social Activity Supported
by Virtual Agents

Andrea Bonsch, Jonathan Ehret, Daniel Rupp, Torsten W. Kuhlen

Journal Paper

Frontiers in Virtual Reality, Section Virtual Reality and Human Behaviour
This paper examines the impact of VAs on user experience, comfort, and
scene knowledge acquisition during wayfinding in IVEs, comparing unsup-
ported wayfinding to strong and weak social wayfinding conditions through
a between-subject study involving 60 participants. The findings highlight the
efficiency of social wayfinding support, particularly the strong type, while also
suggesting potential for further exploration of weak social wayfinding tech-
niques.



C.2. OTHER PUBLICATIONS

[Albers et al., 2024]

Title

Authors

Type
Venue
Content

German and Dutch Translations of the Artificial-Social-Agent Questionnaire
Instrument for Evaluating Human-Agent Interactions

Nele Albers*, Andrea Bonsch*, Jonathan Ehret, Boleslav A. Khodakov, and
Willem-Paul Brinkman (* These authors contributed equally to this work.)
Extended Abstract

ACM International Conference on Intelligent Virtual Agents

This extended abstract details the process of translating the standardized
Artificial-Social-Agent Questionnaire (ASAQ) to Dutch and German, highlight-
ing the translation challenges and validation results. Summative assessments
with bilingual participants showed strong correlations with the original English
version, ensuring the translations’ reliability for evaluating human-agent inter-
actions in Dutch and German-speaking populations.

[Schiller et al., 2024]

Title

Authors

Type
Journal

Content

A lecturer’s voice quality and its effect on memory, listening effort, and per-
ception in a VR environment

Isabel S. Schiller, Carolin Breuer, Lukas Aspock, Jonathan Ehret, Andrea
Bonsch, Torsten W. Kuhlen, Janina Fels, Sabine J. Schlittmeier

Journal Paper

Scientific Reports

This paper evaluates whether the voice quality of a virtual speaker (here in
particular hoarseness) has an influence on the (perceived) listening effort for
participants taking part in a lecture in virtual reality. The evaluation was
conducted with 50 participants to evaluate whether VR poses a viable option
for conducting such research. However, no effect on the objectively measured
listening effort could be found, while subjective metrics showed differences.
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C.3. Published Datasets/Software

[Ermert et al., 2022]

Title

Authors

Type
Content

Availability

AuViST - An Audio-Visual Speech and Text Database for the Heard-Text-
Recall Paradigm

Cosima A. Ermert, Chinthusa Mohanathasan, Jonathan Ehret, Sabine J.
Schlittmeier, Torsten W. Kuhlen, Janina Fels

Dataset

The Audio-Visual Speech and Text (AuViST) database provides additional
material to the heardtext-recall (HTR) paradigm by Schlittmeier et al. [2023].
German audio recordings in male and female voice as well as matching face
tracking data are provided for all texts.

doi:10.18154/RWTH-2023-05543

[Gilbert et al., 2024]

Title
Authors

Type
Content

Availability

Title
Authors

Type
Content

Availability
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RWTH VR Group Unreal Engine Toolkit

David Gilbert, Jonathan Ehret, Marcel Kriiger, Sebastian Pape, Daniel
Rupp, Kris Tabea Helwig, Timon Rémer, Simon Oehrl, Ali Can Demiralp,
Faysal Qurabi, Kamil Karwacki, Torsten W. Kuhlen

Unreal Engine Plugin

The RWTH VR Toolkit is an Unreal Engine Plugin that can be used to fa-
cilitate the development of VR applications. Especially the possibility to run
those applications on HMDs but just as well deploy them into a CAVE while
debugging a desktop setting is a key feature.

doi:10.5281/ZENODO.10817754

StudyFramework

Jonathan Ehret, Andrea Bonsch, Marius Schmeling, Malte Kogel, Patrick
Nossol, Paul Weiser, Konstantin Kiithlem

Unreal Engine Plugin

The StudyFramework facilitates setting up and conducting factorial-design
studies using the Unreal Engine. It is described in Sec. 3.
https://git-ce.rwth-aachen.de/vr-vis/VR-Group/
unreal-development/plugins/unreal-study-framework


https://doi.org/10.18154/RWTH-2023-05543
https://doi.org/10.5281/ZENODO.10817754
https://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/unreal-study-framework
https://git-ce.rwth-aachen.de/vr-vis/VR-Group/unreal-development/plugins/unreal-study-framework
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Title
Authors

Type
Content

Availability

Title
Authors

Type
Content

Availability

Title
Authors

Type
Content

Availability

@~

Character Plugin

Jonathan Ehret, Andrea Bonsch, Daniel Rupp, Denis Kuznietsov, Patrick
Nossol, Jan-Nikjas Hartmann, Faysal Qurabi, Malte Kogel

Unreal Engine Plugin

This Unreal Engine plugin facilitates adding virtual characters, especially vir-
tual humans, to an application. It provides beyond others basic functionality
with regard to gazing (see Se. 5.2), gestures (see Sec. 5.3.2), facial animation
(see Sec. 5.1, locomotion and crowd algorithms.

https://git-ce.rwth-aachen.de/vr-vis/VR-Group/
unreal-development/plugins/character-plugin

Avatar Plugin
Patrick Nossol, Jonathan Ehret, Andrea Bonsch, Jonas Schiippen
Unreal Engine Plugin

This Unreal Engine plugin facilitates adding body-avatars to a VR application
using an HMD. Its basic functionality is described in Sec. 3.4.

https://git-ce.rwth-aachen.de/vr-vis/VR-Group/
unreal-development/plugins/avatar-plugin

MoCap Plugin

Patrick Nossol, Jonathan Ehret, Andrea Boénsch, Jonas Schiippen

Unreal Engine Plugin

This Unreal Engine plugin provides similar functionality to the Avatar Plugin
shown above, however, has a focus on capturing full-body motion for later
replay. It uses the full 6-tracker setup described in Sec. 3.4.
https://git-ce.rwth-aachen.de/vr-vis/VR-Group/
unreal-development/plugins/MoCapPlugin
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