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Abstract

Despite the growing adoption of Virtual Reality (VR) across various fields, the complex-
ity of creating interactive virtual environments limits its wider use and impact. Tra-
ditional content creation workflows often require technical expertise in desktop-based
tools, which poses a barrier for many potential users. Even with expertise, switching be-
tween VR and desktop environments disrupts immersion and workflow. This challenge
has motivated the development of immersive authoring systems that enable users to
create and modify virtual environments directly within VR. However, due to diverse use
cases and application domains, no single authoring technique can meet all requirements;
while some require speed and accuracy, others might prioritize expressive capabilities.
In this thesis, we therefore investigate and propose user-friendly immersive authoring
techniques that simplify the creation of interactive virtual environments across various
use cases. Creating such environments involves two main challenges: creation of content
and definition of its behavior. Thus, our contributions are divided into two parts.

In the first part, we focus on immersive content authoring, i.e., the creation and arrange-
ment of 3D scene elements. We present three novel authoring approaches at increasing
levels of abstraction, each tailored to different use cases and interaction modalities. First,
we present an artistic workflow that enables users to transform 2D paintings into ex-
pressive 3D artworks through a novel sculpting technique that enables intuitive shape
manipulation with minimal effort. Second, we introduce a sketching-based procedural
method for creating fluid-like 3D content, allowing manipulation via mid-air gestures
and a novel blowing-based interaction to support expressive creation. Third, we propose
a high-level scene authoring technique in a simulation context, enabling fast and precise
object placement for road network creation via novel indirect free-hand interactions.

In the second part, we focus on authoring interactivity, i.e., defining how virtual ob-
jects respond to user actions or environmental triggers. We introduce simplified visual
programming approaches designed for immersive use and further investigate the posi-
tioning of the interface elements to improve user experience. In this context, we present
a block-based visual programming approach where users define behavior by combining
conditions and actions via drag-and-drop interactions. We further introduce a behavior
authoring technique inspired by dataflow programming, in which users visually connect
input sources to object parameters. In addition, we show how the spatial positioning of
the interface elements affects usability and performance.

In summary, this research contributes valuable insights into the design of user-friendly
immersive authoring techniques and VR interfaces that facilitate the effective creation
of interactive virtual environments for a broad range of users.






Zusammenfassung

Ungeachtet der wachsenden Verbreitung der virtuellen Realitiat (VR) erschwert die Kom-
plexitat der Erstellung interaktiver virtueller Umgebungen deren umfassende Nutzung.
Die Erstellung virtueller Inhalte erfordert traditionell technisches Know-how in Desktop-
basierten Werkzeugen, welches vielen Nutzern fehlt. Weiterhin unterbrechen Desktop-
basierte Werkzeuge die Immersion, was eine umstandliche Arbeitsweise zur Folge hat.
Dies motivierte die Entwicklung immersiver Autorenwerkzeuge, mit denen virtuelle Wel-
ten innerhalb der VR erstellt werden kénnen. Da Anwendungsfalle und Zielsetzungen
variieren, kann keine einzelne Technik alle Anforderungen erfiillen; manche Szenarien
erfordern Schnelligkeit und Prézision, andere kreative Ausdrucksfahigkeit. Diese Ar-
beit untersucht und entwickelt daher benutzerfreundliche immersive Autorenwerkzeuge,
die die Erstellung interaktiver virtueller Umgebungen fiir verschiedene Anwendungsfélle
vereinfachen. Die Erstellung dieser Umgebungen umfasst zwei wesentliche Aufgaben:
Inhaltserstellung und Verhaltensdefinition, anhand derer diese Arbeit gegliedert ist.

Im ersten Teil liegt der Fokus auf der Inhaltserstellung, also der Erzeugung und Anord-
nung von 3D-Objekten. Wir stellen drei neuartige Ansétze auf unterschiedlichen Ab-
straktionsebenen vor, jeweils angepasst an verschiedene Anwendungsfille und Interak-
tionsformen. Zuerst stellen wir ein kiinstlerisches Werkzeug vor, das mittels einer neuar-
tigen Interaktionstechnik ermoéglicht 2D-Gemaélde mit minimalem Aufwand in expressive
3D-Kunstwerke zu formen. Weiterhin fithren wir eine prozedurale Methode zur Er-
stellung fliissigkeitsahnlicher 3D-Kunstwerke ein, die expressive Manipulationen mittels
Gesten sowie Pusten als neuartiger Interaktionsform ermoglicht. Zuletzt préasentieren wir
eine Technik im Simulationskontext, die eine schnelle und prazise Objektplatzierung fiir
die Erstellung von Straflennetzen durch indirekte Freihandinteraktionen ermoglicht.

Der zweite Teil behandelt die Verhaltensdefinition, die beschreibt wie virtuelle Ob-
jekte auf Nutzeraktionen oder Umwelteinfliisse reagieren. Wir stellen vereinfachte grafi-
sche Programmieransatze fiir die immersive Nutzung vor und untersuchen weiter die
Positionierung der Interface-Elemente zur Verbesserung des Nutzererlebnisses. Wir
prasentieren einen blockbasierten visuellen Programmieransatz, bei dem Nutzer das Ver-
halten anhand von Bedingungen und Aktionen per Drag-and-Drop-Interaktion definieren.
Weiterhin fithren wir eine Datenfluss-basierte Technik ein, bei der Nutzer Eingabequellen
visuell mit Objektparametern verbinden. Zudem zeigen wir, wie die rdumliche Anord-
nung der Interface-Elemente die Nutzbarkeit und Effizienz beeinflusst.

Zusammenfassend tragt diese Forschung neue Erkenntnisse zur Gestaltung benutzer-
freundlicher immersiver Autorenwerkzeuge bei, die die effektive Erstellung interaktiver
virtueller Umgebungen fiir ein breites Nutzerspektrum erleichtern.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Virtual Reality (VR) can provide realistic and interactive environments that support skill
development through training [Abich IV et al., 2021; Mao et al., 2021] and enable the
safe testing of dangerous scenarios in controlled settings [Pedram et al., 2020; Riegler
et al., 2021; Adami et al., 2021]. VR can further introduce new ways of learning by
enabling students to experience and interact directly with the subject in ways that would
not be possible with traditional methods, such as traveling through blood vessels and
combating pathogens to better understand the human immune system [Zhang et al.,
2019]. In fields like architecture [Hsu et al., 2020] and art!, VR enables creators to
work at life-size scales, providing a realistic sense of space and depth. This enables
them to easily explore, evaluate and interact with their designs before they are fully
completed, which can lead to a more effective design process [Freeman and Salmon,
2017]. Additionally, VR provides new ways of artwork creation by freeing artists from
the constraints of two-dimensional (2D) media and enabling them to draw, and shape
their creations directly in three-dimensional (3D) space [Keefe et al., 2001; TiltBrush,
2016; Adobe, 2020].

However, creating interactive virtual environments can still be challenging. Existing 2D
desktop-based creation tools often require technical expertise, which can create difficul-
ties for users who lack programming or 3D modeling. Even with expertise, using these
tools also require users to frequently switch between VR and desktop environments,
which disrupts immersion and workflow. To overcome these limitations, immersive au-

EEE VR 2025 XR Gallery, https://ieeevr.org/2025 /program /xrgallery, last-visited: 2024-04-14
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CHAPTER 1. INTRODUCTION

thoring provides a promising solution by enabling users to design, modify, and interact
with VR content directly within the virtual environment [Zhang and Oney, 2020; Nebel-
ing et al., 2020; Eroglu et al., 2021].

Immersive authoring [Lee, 2009] refers to the process of creating and modifying content
fully within an immersive virtual environment (IVE), thereby eliminating the necessity
for conventional desktop-based tools and frequent transitions between VR and external
platforms. By allowing creators to design and evaluate their work in the immersive envi-
ronment, this method can shorten turnaround times. When users manipulate elements
such as objects, lighting, or textures inside VR, they can observe the results instanta-
neously. This real-time feedback enables rapid issue identification and quick refinements,
which is particularly useful for iterative design and testing [Delgado et al., 2020].

Additionally, manipulating objects within VR improves spatial perception, enabling
creators to better understand scale, depth, and spatial relationships [Paes et al., 2017].
This improved spatial perception can support the creation of more realistic and engaging
content since designers experience perspectives firsthand, and make informed decisions
regarding placements and interactions. Overall, immersive authoring can improve the
effectiveness of content creation by maintaining a consistent mental model of the virtual
environment.

To create an interactive immersive environment, two main steps must be considered:
the creation of content, and the definition of the content behavior [Lee et al., 2005]. To
achieve interactivity, it is not sufficient to create static objects within the scene; it is
also necessary to define how these objects will behave when interacting with the user or
other objects. Thereby, in this work, we identify two major challenges:

1. Content Creation: To construct an immersive environment, we first need to
create and arrange content in the scene. In this work, content creation specif-
ically refers to defining 3D scene elements rather than texts, images, or audio.
Content creation can be achieved through various methods, ranging from low-level
geometric modeling for detailed control, to high-level scene authoring, which may
utilize pre-made objects for faster scene assembly. However, as mentioned before,
traditional desktop-based modeling and authoring tools often require significant
technical expertise, making them inaccessible to non-technical users. Additionally,
these tools rely on 2D interfaces and mouse-based manipulation, which are not
suitable for the immersive nature of VR. As a result, traditional design workflows
cannot be directly adapted for such environments. To address this, alternative
interaction techniques and interface designs are needed to enable users to create,
modify, and arrange 3D content effectively, regardless of their technical expertise.

Existing approaches have explored various methods for creating objects in VR. On
a low level, some focus on detailed geometric control by extending desktop-based
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3D modeling tools into VR [Arqueros et al., 2012; Takala et al., 2013; Mine et al.,
2014a], while others use spatial input for more creative forms of direct shape ma-
nipulation, such as virtual sculpting [Ponto et al., 2013; Jackson and Keefe, 2016;
Dashti et al., 2022], or 3D sketching [Keefe et al., 2001; Rosales et al., 2019; Yu
et al., 2021b]. For high-level scene authoring, previous approaches focus on ar-
ranging objects rather than modeling them from scratch by using input modalities
such as gloves and free-hand interaction [Mapes and Moshell, 1995; De Leon et al.,
2016], voice control [Barot et al., 2013] or a tracked tablet [Wang et al., 2013], while
some also use a World-In-Miniature (WIM) interface to improve the arrangement
at different scales [Mine, 1995; Trueba et al., 2009; Jin et al., 2020]. The variety
of content creation approaches designed for specific needs highlights the diversity
of demands in immersive authoring. Ongoing research in this area indicates that
no single approach can address the full range of VR content authoring needs. The
research gap identified in Section 2.1 highlights the need for further development
and evaluation of techniques that simplify content creation processes for a broader
range of users, tasks, and domains.

2. Behavior Creation: The second essential step for creating immersive interactive
environments is content behavior creation. Behavior creation involves defining
how objects respond to user actions, environmental changes, or other in-world
triggers. This step is particularly important because it transforms static elements
into interactive, responsive entities that can enhance the realism and engagement
of the virtual experience. Typically, behavior creation is achieved by programming,
where developers write scripts to specify object interactions. However, this requires
expertise in programming, which can pose a challenge for non-programmers as well
as the previously outlined context-switch.

Visual Programming Languages (VPLs) have been used as a potential solution,
using graphical interfaces to reduce the dependence on textual coding. VPLs have
also been integrated into immersive authoring tools to author object behavior in
VR. Some approaches represent the code structure using graphical blocks [Sun
et al., 2021; Zhu et al., 2023; Hedlund et al., 2023|, while others represent the
code as a graph of interconnected nodes that can be distributed in the scene [Ens
et al., 2017; Solirax, 2018a] or placed on a panel [Zhang and Oney, 2020; Murray,
2022]. Despite their advantages, VPLs can still be challenging for users who are
unfamiliar with programming concepts. Further simplification of these approaches
is necessary to make behavior creation accessible to a wider range of users.

In addition to the complexity of VPLs, programming interfaces in VR may lead
to visual clutter and usability issues [Ens et al., 2017; Genz et al., 2021]. Since
the user is co-located with the scene object when defining its behavior, it is im-
portant to consider how these interfaces are designed and positioned within the
scene to improve the user experience. While the effects of different placements
in information displays [Feiner et al., 1993; Billinghurst et al., 1998; Ens et al.,

@~ ;



CHAPTER 1. INTRODUCTION

2014a] and menu interactions |[Lediaeva and LaViola, 2020; Das and Borst, 2010]
have been studied, their role on the immersive behavior creation using visual pro-
gramming is not investigated. This reveals a research gap that highlights the need
for novel approaches that eliminate the need for programming expertise while pro-
viding user-friendly VR interfaces. Addressing these challenges is important for
facilitating the adoption of immersive authoring and enabling a broader range of
creators to develop engaging and dynamic virtual environments.

The challenges stated above highlight the central research question guiding this thesis:

How can user-friendly VR interfaces be designed to enable the authoring of virtual en-
vironments while being immersed?

To address this question, it is important to understand that a one-size-fits-all approach
is not feasible when creating immersive authoring of interactive environments as design-
ing effective, user-centered interfaces is heavily dependent on the specific use case and
the users involved [Abras et al., 2004; LaViola Jr et al., 2017, Sec. 3.1]. Different tasks,
and application domains require diverse authoring techniques, each demanding tailored
interaction methods and interface designs to create effective and user-friendly VR ex-
periences. The goal of this thesis is to explore novel, user-friendly immersive authoring
techniques that enable users to create and modify VR content. These techniques aim
to support a range of authoring needs while remaining accessible to a broad spectrum
of users. This research focuses on techniques and workflows for both the creation and
arrangement of scene elements, as well as the definition of their interactive behaviors.

1.2 Contributions and Thesis Structure

This section presents the main contributions of the thesis and outlines its structure. The
thesis is divided into two sequential parts, each addressing a key challenge in the creation
of interactive immersive environments: the authoring of 3D content and the definition
of content behavior. Each part begins by reviewing relevant literature to contextualize
the contributions, identify research gaps, and motivate the design decisions.

In the first part, Chapter 2, we tackle content generation as our first challenge. We
investigate how immersive content authoring techniques can be designed to enable users
to create, modify, and arrange 3D content effectively, regardless of their technical back-
ground. To address this, we divide the techniques into three categories, each with in-
creasing levels of abstraction in content generation to support a range of authoring needs.
Specifically, we present three novel approaches that are in the context of 3D modeling,
sketching-based procedural generation, and high-level scene authoring. Before detailing
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our contributions in these areas, we first define the respective approaches, highlight their
strengths, review relevant existing works, and identify research gaps (Section 2.1).

Our first contribution (as outlined in Section 2.2) focuses on enabling users to inter-
actively convert 2D images into 3D artworks with low effort. To this end, we present
an artistic workflow and introduce a novel manipulation technique for virtual sculpting.
Our approach focuses on enabling creative professionals, especially those without a tech-
nical background, to create complex, visually interesting 3D shapes in an intuitive and
expressive way. Next, in Section 2.3.2, we introduce a novel approach for creating 3D
fluid-like artworks through immersive procedural sketching. We further device a novel
blowing-based interaction technique to manipulate such artworks and present a qualita-
tive study demonstrating the effectiveness of our approach. Afterwards, we present our
contribution, in Section 2.4, on high-level scene authoring in which we focus on efficient
object placement techniques for constructing virtual environments. Specifically, in the
context of automated vehicle testing, we present a VR-based authoring environment
for authoring road networks. To enable users to author the environment in a fast and
precise manner, we introduce a novel indirect free-hand interaction technique for object
placement and selection through a 2D WIM. We present the result of a comparative
user study, showing our interaction technique outperformed existing approaches regard-
ing precision and task completion time. In addition, we demonstrate the effectiveness
of the authoring environment by a qualitative user study with domain experts.

In the second part, Chapter 3, we investigate how to author object behavior to create
interactivity while immersed, addressing our second research direction. In this chapter,
we introduce two approaches for creating interactive scenarios and examine how the
design and positioning of spatial interfaces can improve the user experience in scenario
creation. Our approaches build on simplified visual programming paradigms to enable
a broader range of users to create interactivity. Before presenting our contributions, we
provide detailed insights into visual programming paradigms, focusing on block-based
and dataflow-based approaches. We discuss their strengths and challenges, review how
these approaches have been adopted in VR, and present existing studies on spatial
positioning of interfaces (Section 3.1).

In Section 3.2, we present our first contribution to this area, where we investigate block-
based interfaces for the creation of automated driving scenarios. This type of interface
uses the sequential arrangement of blocks, which fits well with the step-by-step structure
of driving scenarios. To facilitate fast and intuitive scenario authoring, we enable users
to create the scenarios through free-hand interactions using a drag-and-drop mechanism
with condition and action blocks. We demonstrate the effectiveness of our approach
through a user study, and identify research directions based on our observations and
participant feedback. The finding of this study highlights the importance of the spatial
arrangement of the interface elements.

Following this, our second contribution investigates how to adapt the dataflow paradigm
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for immersive object behavior authoring. While the hierarchical arrangement of the
block-based paradigm aligns well with linear scenario creation like driving simulation,
a dataflow-based interface can be more suitable for other scenario types [Altendeitering
and Schimmler, 2022]. In Section 3.3, we present a simplified dataflow-based visual pro-
gramming technique. We further investigate the role of the reference frame in which the
programming elements are positioned. Therefore, we implemented and compared two
interface layouts and examined them regarding visual clutter, cognitive load, task com-
pletion time, and how easy to use and learn. Based on the study results, we contribute
initial design implications for the design and optimization of immersive dataflow VPL
interfaces for immersive authoring.

As a conclusion, in Chapter 4, we provide a concise summary of our work and discuss
potential directions for future research.

1.3 Contribution to Publications

Parts of the research presented in this thesis have already been published in peer-
reviewed articles and a journal. This section provides a list of these publications, along
with a brief description of how the original publications differ from the work included in
this thesis. Additionally, the contributions of the author of this thesis and the respective
coauthors to each publication are outlined.

The immersive authoring technique for converting 2D images into 3D objects, presented
in Section 2.2, has been published in [Eroglu et al., 2020]. The method has been designed,
developed, and evaluated by the author of this thesis together with Carlos Aguilera
Martinez in the scope of his Master’s thesis, under close guidance throughout the entire
development by the author and Patric Schmitz. Jana Rusch provided valuable feedback
in the initial conceptualization and throughout the development as a target user. Torsten
W. Kuhlen and Leif Kobbelt provided guidance in writing the publication.

The approach for authoring 3D fluid-like artworks within VR, presented in Section 2.3.2,
has been published in [Eroglu et al., 2018]. It has been designed, developed, and eval-
uated by the author of this thesis within the scope of a Master’s thesis. Torsten W.
Kuhlen has supervised the thesis. Sascha Gebhardt and Dominik Rausch helped with
the supervision of the thesis, and provided valuable feedback during the development
and discussions. Furthermore, Sascha Gebhardt, Patric Schmitz, and Torsten W. Kuhlen
provided guidance in writing the publication.

The free-hand, VR-based high-level scene authoring technique for fast and precise ob-
ject placement, presented in Section 2.4, has been published in [Eroglu et al., 2021].
The method has been designed, developed, and evaluated by the author of this thesis.
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Frederic Stefan, Alain Chevalier, and Daniel Roettger provided valuable feedback in the
initial conceptualization and throughout the development as target users. Benjamin
Weyers provided valuable feedback in discussions during the development of the study
design. Daniel Zielasko supported the evaluation of the study data. Benjamin Weyers
and Torsten W. Kuhlen provided guidance in writing the publication.

The block-based approach for linear scenario authoring, presented in Section 3.2, has
been published in [Eroglu et al., 2024b]. The initial conceptualization of the technique,
the study design, and the data analysis were carried out by the author of this thesis.
Arthur Voigt implemented the approach and conducted the study as part of his Master’s
thesis, under the close guidance of the author throughout the entire development. Ben-
jamin Weyers and Torsten W. Kuhlen provided guidance in writing the publication.

The dataflow-based approach for object behaviour authoring along with its two spatial
interfaces, presented in Section 3.3, has been published in [Eroglu et al., 2024a]. In
this thesis, some additional study results are reported. The method was designed and
developed by the author of this thesis in collaboration with David Anders as part of his
Master’s thesis, under the close guidance of the author and Patric Schmitz throughout
the entire development. The two spatial interface layouts were designed, developed, and
evaluated by the author of this thesis. Kilian Sinke contributed with implementation
support. Benjamin Weyers provided valuable feedback in discussions during the devel-
opment. In addition, Benjamin Weyers and Torsten W. Kuhlen provided guidance in
writing the publication.

To acknowledge the contributions of my co-authors, 1 use the first-person plural ‘we’
rather than the singular ‘I’ throughout this thesis.






CHAPTER 2

CONTENT AUTHORING TECHNIQUES

As mentioned in Chapter 1, creating content is an essential step for building virtual
environments. However, conventional 2D design workflows are unsuitable for authoring
content while immersed. Therefore, alternative authoring techniques and interface de-
signs are needed. These should enable users to create, modify, and arrange 3D content
effectively while being accessible to users without a technical background.

Content creation in VR can be approached through various methods at different lev-
els of abstraction, ranging from 3D modeling to the arrangement of pre-made objects,
depending on specific needs across different fields. To cover a wide spectrum of con-
tent creation strategies that can be applied to various use case scenarios, this thesis
investigates authoring techniques in three categories of increasing levels of abstraction:
geometric modeling, sketching-based procedural generation, and high-level scene author-
ing. Each approach is characterized by unique strengths and challenges depending on
the context of use.

An important aspect in effective content creation is the design of interaction techniques.
These techniques must align with the specific demands of the content being developed,
whether that involves precision for technical tasks or fostering creativity for artistic work.
Designing such interactions requires understanding not only the general principles of VR
but also the unique needs of the different types of content being created.

In the following section, we outline the three categories that are investigated in this
thesis in more detail.
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CHAPTER 2. CONTENT AUTHORING TECHNIQUES

2.1 Content Authoring at Different Levels of Abstraction

The application use cases for immersive content creation can vary significantly regard-
ing the meaningful level of abstraction of the provided authoring techniques. While
some require precise and manual control, others aim to foster creativity and expressive-
ness. Yet some approaches use pre-made objects to rapidly author virtual test scenes
by leveraging efficient interaction and navigation techniques. Therefore, we selected the
categories to reflect the diverse ways users interact with and create 3D content in immer-
sive environments. The following sections provide a detailed overview of each category.
We define the respective approaches, highlight their strengths, review relevant existing
works, identify research gaps, and outline the contributions made in this thesis.

2.1.1 3D Modeling

Geometric modeling plays a crucial role in 3D content creation, where detailed control
over the geometry and structure of objects is necessary. It focuses on defining the shape
of objects through geometric elements, such as vertices, edges, and faces. It enables
users to create intricate shapes and forms, addressing the demand for detailed control
in creative and professional fields.

However, the process of creating and refining low-level 3D meshes can be difficult for non-
technical users due to the need for knowledge in mesh processing or modeling tools like
3ds Max, Maya or Blender. Additionally, users primarily interact through a 2D interface,
which might cause them to lose important spatial information essential for 3D modeling.
These limitations of traditional workflows can hinder the accessibility to specific user
groups, particularly in the creative field where users may lack formal training. To address
these issues, previous work proposes VR-based 3D modeling, enabling users to interact
directly with objects in 3D space using natural interactions to simplify creation and
manipulation of geometric shapes.

Early examples of such approaches include the voxel-based sculpting tool introduced by
Galyean and Hughes [1991], which mimics working with clay or wax and provides tools to
add or cut away material. Sachs et al. [1991] presented a CAD system utilizing six degrees
of freedom (6DOF) input for both hands, enabling users to design 3D shapes by drawing,
editing, fitting surfaces to groups of linked curves and deforming these surfaces to obtain
the desired detail. Subsequent research has extended desktop-based 3D modeling tools
into VR environments. Takala et al. [2013] presented a Blender extension enabling
users to perform mesh extrusion and editing using 6DOF handheld controllers, while
Mine et al. [2014b] developed an immersive version of SketchUp, combining 3D input for
manipulation with touchscreen input for precise positioning.
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Furthermore, some VR-based modeling approaches support Boolean operations for cre-
ating and manipulating 3D models. MakeVR by Jerald et al. [2013] introduced a two-
handed interface that enables users to modify objects by stretching, cutting, and com-
bining. Similarly, Mendes et al. [2017] explored mid-air modeling using hand and arm
tracking with Microsoft Kinect and Myo armbands to perform Boolean operations, com-
plemented by a menu-based alternative. Building on these ideas, Fu et al. [2022] in-
troduced FasyVRModeling, leveraging a precomputed component dataset with discrete
signed distance functions to enable the interactive creation of complex shapes through
Boolean operations using motion controllers.

In addition, there exist immersive 3D sculpting tools. SculptUp by Ponto et al. [2013] en-
ables users to compose volumetric models from cubes and spheres, which can be merged,
edited, or colored. The commercial tool Medium by Adobe [2020] provides a library of
approximately 300 template shapes, allowing users to build volumetric models and ap-
ply sculpting operations, such as elastically moving mesh vertices without distorting
the volume. Recent advancements, like the interactive mesh sculpting tool by Zhu and
Yang [2024], leverage octree data structures to efficiently organize vertex data during
deformation, enabling users to refine rough geometries as if sculpting clay.

Furthermore, there is a line of research further focus on image-based modeling that in-
volves lifting 2D sketches into 3D while immersed. In this context, Lift-Off is introduced
by Jackson and Keefe [2016], an immersive 3D modeling interface that utilizes image de-
tection algorithms to identify curves in hand-drawn 2D sketches. These curves can then
be selectively extruded, and additional surfaces can be created through sweeping ges-
tures with a stylus. However, it is reported that prolonged use of the stylus may lead to
arm fatigue. Another notable example is PanoTrace, developed by Sayyad et al. [2017],
which enables the creation of virtual environments from panoramic images. Users trace
lines and draw polygons by snapping the controller’s pointer to edges detected by an
algorithm. These polygons can then be extruded into 3D models, with features allowing
users to modify vertices, clone, scale, reposition models, and adjust the projected tex-
ture behind objects for a seamless appearance. However, the system is limited to simple,
uniform extrusions, resulting in faces being extended to a single height each time. This
restricts their ability to produce intricate surface details or varied topographies without
requiring manual adjustments or additional tools.

Building on previous image-based modeling approaches, we aim to further simplify the
modeling process while addressing their limitations. By introducing heightmap-driven
extrusions, our method, Rilievo, enables the creation of complex, non-uniform surface
shapes directly from 2D images. The sculpting is achieved by interactively blending
heightmaps, which are automatically generated from the input image’s structure and ap-
pearance. We further introduce a novel manipulation technique, the drawbar metaphor,
which enables users to perform virtual sculpting intuitively by dragging drawbar han-
dles. Our approach removes the need for prior knowledge of mesh processing or modeling,
making 3D object creation more accessible to artists while providing detailed manual
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control. It enables them to bring their paintings into VR and transform them into 3D
objects with low effort.

Further details regarding the workflow of Rilievo and the manipulation technique are
presented in Section 2.2.

2.1.2 Procedural Sketching

In the previous section, we discussed low-level approaches to object creation, where users
have full control over the details of their intended creations. In this section, we explore
procedural techniques, where the definition of objects’ shape and appearance is guided
by user input but partly automated by generative rules or algorithms.

Procedural generation is commonly utilized for tasks such as game design [Hendrikx
et al., 2013; Rocha and Prada, 2025], virtual testing environment creation [Gambi et al.,
2019; Li et al., 2022], and architectural modeling [Miiller et al., 2006; Schwarz and Miiller,
2015], where it enables the efficient generation of complex structures or large amounts
of content that would be impractical to produce manually. However, achieving a desired
outcome by manipulating the parameters of a procedural algorithm can be challenging,
particularly for users without technical expertise. To address this issue, sketching-based
procedural generation have been explored [Smelik et al., 2011].

Sketching, a skill developed from childhood, is a natural and intuitive way to quickly
define a desired shape. It has been used as an input to guide procedural generation
algorithms and explore the effects of their parameters. Sketch-based interfaces have been
applied to tasks such as creating trees [Chen et al., 2008; Okabe et al., 2006; Longay
et al., 2012], plants [Ijiri et al., 2006], terrains [Gasch et al., 2020], urban layouts [Benes
et al., 2021] and virtual worlds [Smelik et al., 2011; Emilien et al., 2015]. However, these
approaches rely on sketching on desktop or tablet screens, constrained by 2D input,
which limits users’ ability to perceive and manipulate content in 3D space. To enable
users to create content while immersed, 3D input techniques are needed.

Immersive sketching interfaces have been explored to draw and shape objects directly
in VR using 3D input techniques. The foundation for this approach was established by
Holosketch [Deering, 1995]. It is the first sketching system designed for a head-tracked
stereo VR environment, which enables users to create and manipulate 3D geometries
using a hand-held six-axis wand. Following this approach, CavePainting [Keefe et al.,
2001] is introduced as the first sketching system designed for CAVE environments. It
offers a range of brush stroke types that user can select by dipping the tracked brush
into a cup placed a painting table. Additionally, a tracked bucket is provided to simulate
throwing paint onto walls or the floor. In this simulation, the paint behaves realistically
by flying in the direction of the bucket’s movement and falling under the influence
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of gravity. Another approach, FreeDrawer [Wesche and Seidel, 2001], enables users
draw and manipulate spline-based curves within a virtual environment using a tracked
stylus. Based on experience with this system, the authors argue that the absence of
force feedback is a drawback for drawing in immersive environments. To overcome this
limitation, Keefe et al. [2007] introduced a haptic-aided input technique called Drawing
on Air for drawing 3D curves within a fishtank VR setup. They further provide a feature
to dynamically adjust line attributes, such as orientation, thickness, and color, during
the drawing process. Rausch et al. present a sketching interface tailored for architectural
modifications in IVEs [Rausch and Assenmacher, 2008]. They enable users to create line-
based annotations and incorporate new objects into existing architectural models. The
authors further enhanced their approach with a sketch-recognition framework [Rausch
et al., 2010], which introduces a library of 28 predefined commands and associated
symbols.

Researchers have also investigated accuracy issues in mid-air strokes for immersive
sketching by automatically evaluating shape quality using mathematically defined mea-
sures [Machuca et al., 2018; Yu et al., 2021a; Arora and Singh, 2021; Yu et al., 2021b;
Rosales et al., 2021]. However, these advances are beyond the scope of this thesis. For
further details, we refer the reader to the literature reviews on 3D immersive sketching
techniques [Machuca et al., 2023].

Using immersive sketching as an input for generating procedural content has been ex-
plored in various studies. One such approach is BuildingSketch by Liu et al. [2021],
which interprets mid-air strokes using a deep neural network to create detailed procedu-
ral building models in VR. For procedural 3D tree creation in VR, Zhang et al. [2021]
investigated sketching input via mid-air strokes, while Wu et al. [2024] used controller in-
put in their VRTree system. Furthermore, Hu et al. [2024] introduce a VR-based terrain
authoring system, where mid-air sketches are transformed into heightmaps enhanced
with Perlin Noise [Perlin, 1985] and processed by CGANs to produce detailed terrains.
While these approaches have studied immersive sketching for procedurally generating
environmental content, less attention has been given to exploring more artistic and ex-
pressive content creation. To address this, we introduce a novel approach for creating 3D
fluid-like content, enabling users to create fluid artworks through immersive sketching.
The fluid-like behavior and appearance are achieved using a curl-noise based procedu-
ral technique [Bridson et al., 2007]. Additionally, we introduce a novel blowing-based
interaction metaphor for the manipulation of such artwork.

Further details regarding our approach, along with a qualitative user study are provided
in Section 2.3.
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2.1.3 High-Level Scene Authoring

In the previous section, we explored content creation via procedural sketching, where
content generation is automated by generative rules and guided by free-form sketching.
In this section, we focus on high-level scene authoring, which involves creating immersive
environments by arranging pre-made objects, rather than constructing every element
from scratch.

High-level scene authoring is an important aspect of game design and the rapid pro-
totyping of interactive environments, as it enables quick iteration and testing while
maintaining control over the final result. This approach may simplify the authoring
process and make scene authoring more accessible for non-technical users. To enable
users to author their scenes effectively, it is important to provide intuitive interaction
and navigation techniques.

Building on these principles, several approaches have been developed to facilitate immer-
sive scene authoring through novel interaction and navigation techniques. For instance,
Mine [1995] introduce ISAAC, a system designed as a testbed to enhance the composition
of interactive virtual scenes while immersed. It incorporates both direct (raycasting) and
indirect (WIM) selection techniques, object manipulation with constrains, travel tech-
niques (flying), and a menu that provides conventional editing functions (cut, copy,
duplicate, delete, and group). To further improve scene authoring, Mapes and Moshell
[1995] present MultiGen’s SmartScene, derived from PolyShop, studied two-handed in-
teraction techniques using tracked data gloves for object manipulation and viewpoint
control. Another approach to immersive scene authoring is proposed by Wang et al.
[2013] with DIY World Builder, a hybrid system that combines a wand and forearm-
mounted interaction tablet interface to construct the scene. The system offers features
to modify terrain, place and texture objects, and control lighting while immersed. The
authors state that while most users responded positively, some experienced disruptions
in their sense of presence and interaction flow when switching focus between the tablet
and the head-mounted display (HMD). Additionally, users found it challenging to judge
scale when adding elements through the tablet due to the absence of reference objects.

To further investigate on interaction techniques for immersive authoring, Barot et al.
[2013] introduce Wonderland Builder that enables users to create and manipulate ob-
jects using multi-modal interactions, combining voice and tracked hand inputs. The
system also enables users to adjust their avatar’s scale via voice commands for effi-
cient navigation and precise object transformations. Furthermore, De Leon et al. [2016]
studied scene authoring using free-hand gestural input. They proposed Genesys, a VR
scene builder that enables users to load and manipulate assets from a built-in content
browser in VR. While the system received positive feedback, they noted that two-handed
interaction for rotating and scaling objects could be improved.
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Another approach for rapid scene composition is presented by Ichikawa et al. [2018] in
VR Safari Park. 1t enables users to design a virtual environment by attaching blocks,
representing objects such as animals, to a tree interface with branches correspond to
different scene components like weather, flying animals, terrestrial animals, and terrain.
Once connected, objects appear automatically, and users can refine their positions and
orientations through direct interaction. The authors note that this approach is best
suited for world building scenarios where elements are not bound by strict spatial rela-
tionships.

Alternatively, VRCopilot by Zhang et al. [2024] explore the usage of generative AT models
to author immersive environments. The authors compares three modes of human-AI co-
creation for room layout design: manual creation, where the user selects object from a
catalog menu; automatic creation, in which the user dictates the intent and generative
AT suggests full-room layouts for further refinement; and scaffolded creation, where the
user and Al collaboratively define intermediate representations to guide the final design.
The study revealed that the sense of agency, the awareness and control over one‘s action,
significantly increases from automatic to scaffolded to manual creation. They further
note that while generative Al provides inspiration for scene creation, users often struggle
with its non-deterministic output, which leads to misalignment with their design goals
due to limited control.

Building on these approaches, we investigate high-level scene authoring in the context
of immersive road network creation for the simulation of traffic scenarios, which has not
been addressed in previous works. This aspect is critical for engineers who must effi-
ciently and precisely design and manipulate complex scenes for safe automated vehicle
testing in VR. To address this research gap, we propose a VR-based authoring envi-
ronment that supports an iterative workflow for creating road networks and simulating
automated driving in an immersive setting. While road geometry is procedurally gener-
ated, users defines the structure by placing control points. Users author the road network
and traffic scenarios via placement and manipulation of objects at run-time using free-
hand gestural interactions. For efficient and precise object selection and manipulation in
our context, we introduce a novel 3D interaction technique. It is an indirect interaction
technique that is employed for placement and selection of objects on the 2D projected
terrain surface. This technique is integrated with a scene control panel consisting of a
2D minimap and a navigation panel.

Similar to our approach, Coté and Beaulieu [2019] present a VR system that enables
users to create and modify roads using free-hand gestures. Their method enables users to
place control points directly on the terrain and adjust the road shape by dragging these
points. Regarding navigation, they use the two-handed viewport control Mapes and
Moshell [1995] in which is performed by scaling, or dragging the virtual world through
a gesture-based interaction. To evaluate our technique, we implemented their direct
interaction and travel techniques and compared with our indirect interaction approach
for road creation and virtual navigation.
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Further details on our proposed authoring technique and the user study can be found in
Section 2.4.

2.2 From 2D Paintings to 3D Artistic Content: Intuitive
Surface Modeling

The contents of this section are based on — and taken in part from — work previously
published in [Eroglu et al., 2020].
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Figure 2.1: Top left: “twisted and urban”, 190 x 190 c¢m, mixed media on canvas
(© Jana Rusch, 2019). Top center: an interpretation created in VR. Other: artworks
created with our system.

Content creation entirely inside VR is an exciting area that is also explored for new
forms of artistic creation. For this reason, powerful tools are being developed, ranging
from 3D drawing applications to virtual sculpting and 3D modeling, such as Google Tilt
Brush, Gravity Sketch, Facebook Quill and Oculus Medium. While these tools offers
exciting new possibilities for the creation of 3D artworks, artists also want to bring
existing 2D artworks into VR. An example is to turn existing paintings on canvas into
plausible 3D objects to present in an immersive environment. This way art pieces can
be experienced from new perspectives and dynamic interactions with the static creations
become possible. However, transitioning 2D artwork into VR poses significant challenges.
Current workflows involve manual segmentation, 3D modeling, and content alignment,
which requires training with geometric modeling tools and considerable manual work
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[Kottlowski, 2019]. There is a clear need for tools that simplify this process while
keeping the expressiveness of the original 2D artwork.

Therefore, in this section, this work investigates how can an immersive authoring tech-
nique be designed to enable artists to interactively convert 2D paintings into 3D objects
with low effort?

To answer this question, we developed a VR authoring environment to create a virtual
3D composition from 2D material. Our system enables artists to define their individual
collection of compositional elements based on images and, optionally, relief height maps.
To create the elements, the artist first isolates desired parts of the provided image using
a segmentation tool. Instances of these elements are dragged into the scene from a
palette and arranged spatially using direct manipulation for rigid transformations and
a bimanual controller gesture for scaling.

To give each element instance an individual 3D appearance, its surface is extruded by
mixing different height profiles with a novel direct manipulation technique we call the
drawbar metaphor. It enables simplified virtual sculpting without knowledge about mesh
processing or 3D modeling by dragging out drawbar handles. Plausible height profiles
are inferred from the input image or user-provided graphics. Relief height maps that
were manually sculpted in an analog process and digitized using a 3D scanner can be
used. In the following sections, we detail the segmentation, feature-based height map
extraction and interactive extrusion steps.

2.2.1 Segmentation and Height Map Extraction

To create a compositional element, the artist first defines a region in the input image
that contains the desired structure. To reduce manual labor and speed up the artist’s
workflow, we perform a segmentation based on the GrabCut algorithm [Rother et al.,
2004]. The artist sparsely labels regions as foreground or background pixels by drawing
onto the input image with a variable-size brush. The algorithm then infers the optimal
labeling of foreground and background by solving an iterated graph cut problem. Figure
2.2 shows our interactive segmentation tool.

The resulting segmentation mask serves as the basis for our first height map. We perform
a distance transform on the outline, which results in a height profile that increases with
distance from the object contours. Since many objects exhibit a profile that bulges
outward from the center and falls off toward the sides, this yields a plausible basic 3D
shape in many cases. In addition to the height profile inferred from the contour, we
enable the artist to add higher-frequency detail. To this end, we perform edge detection
on the input image using a Sobel filter for intensity gradient estimation, followed by non-
maximum suppression and hysteresis thresholding, similar to the Canny edge detection
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Figure 2.2: Top: 3D user interface for segmentation, feature extraction and height map
generation. Bottom: a segmentation result, the extracted feature edges and the inferred
height map. (Source flower image (C) Sam Oth via Creative Commons, CC BY-SA-2.5.)

algorithm [Canny, 1986]. On the resulting edge image, we apply a distance transform,
yielding a height map that grows with the distance from salient image features. We
provide the artist with a simple user interface to adjust the hysteresis thresholds until
the desired feature edge density is achieved. The resulting edge image and corresponding
height map are updated interactively while the artist adjusts the sliders, enabling a fast
and intuitive workflow. Lastly, we generate height maps based on the luminance intensity
in the input image or any user-provided image file. This enables the artist to overlay the
height profile with the object’s own apparent brightness, or emboss arbitrary structure
from regular or stochastic input textures, such as brick walls, cell structures or marble,
into the element’s final extruded height profile.
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2.2.2 Interactive Height Map Extrusion

Our tool presents a palette of compositional elements as a menu that is attached to
the non-dominant hand. It shows the image from which the object was created next
to the generated height maps. A submenu enables the selection of additional height
maps supplied by the artist (see Figure 2.3 Bottom left). After an element is selected,
a preview floats above the menu, which can then be instantiated by dragging it into
the scene. We provide a height map extrusion panel based on the drawbar metaphor
to create an individual 3D appearance for each element. It is inspired by vintage tone
wheel organs, where the final sound is mixed from individual registers by pulling out
sliding drawbars. The surface is displaced symmetrically in opposing directions to create
a closed surface mesh that can be observed from any direction.

~| Connected Borders
v | Show Preview

Curvature Curvature

Figure 2.3: Top: 3D user interface for interactive height map extrusion using drawbar.
Bottom left: element palette. Bottom center and right: close-up of the beveling tool.
(Flower image (C) Sam Oth via Creative Commons, CC BY-SA-2.5.)

In the extrusion panel, the height maps are laid out in an arc shape as shown in Figure 2.3
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Top. Each height map is depicted as a grayscale image and features a drawbar handle
that is dragged outward to perform an extrusion. The individual grayscale images are
displaced to visualize the relative extrusion depth of each component. A large grayscale
image in the center shows the final mixture for additional visual reference. We offer
an option to hide the preview image to create an unobstructed view of the element.
For non-smooth height maps, the opposing surfaces can detach visually. While this
can be a desired effect, we provide an option to connect the parts by automatically
adding appropriate faces. While sculpting the height map mixture using the drawbars
(see Figure 2.4), the element’s 3D shape is continuously updated. The height maps
generated via distance transforms vary linearly with distance to contours or feature
edges. This results in a pyramidal shape of the height profile, with a sharp ridge at the
medial axis. We offer a “beveling” tool to add positive or negative curvature to the slope
of the height profile. This enables the artist to continuously vary the profile from sharp
and pointy to smooth and round, which Figure 2.3 illustrates.

Curvature

Figure 2.4: The user pulls the drawbar handle of a generated height map to perform
an extrusion on the segmented element.

2.2.3 Analog Painting and Sculpting for Rilievo

In our hybrid analog and virtual workflow, graphical elements that are drawn on canvas
serve as the starting point for the virtual art piece. Painters can make use of any
traditional painting technique that they are accustomed to, like drawing with pencils
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or chalk, blending oil paint and watercolor and working arbitrary materials into the
painting to achieve the desired appearance. In a second process step, a height field is
sculpted underneath a projected image of the painting using clay, spackling paste or
other formable materials (see Figure 2.5). This enables the artist to work with familiar
painting techniques and afterward augment the piece with a height profile. To achieve
this, we take a high-resolution photograph of the painting, rectify and project it onto a
ground plane. Finally, a structured light scanner captures a 3D model of the sculpted
relief. It is aligned with the photograph and rendered as a depth buffer image to produce
a height map that conforms to the original painting. The resulting height map and the
photograph of the painting then serve as input for the virtual composition process.
Figure 2.5 illustrates the analog creation process.

Figure 2.5: Analog relief sculpting underneath the projected painting.

2.2.4 User Feedback and Discussion

The informal feedback that we received from users of our system was quite promising.
Students and colleagues from our institute, some with experience in VR and some with-
out, found the tool simple to use and engaging. Playful experimentation with different
input textures and height profiles resulted in many fascinating visual results. After a
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short demonstration of the available controls, people used the system without further
assistance.

Our collaborating painter Jana Rusch, who has no technical background or prior expe-
rience with mesh processing or modeling tools, provided valuable insights. She empha-
sized that authoring inside VR offered an entirely new artistic perspective, particularly
in terms of spatial arrangement, which directly relates to her body proportions and
movement. She successfully used the tool to bring her 2D paintings into VR and created
further 3D artwork. Based on her feedback, we further developed a visitor mode that
allows her to present her work publicly, enabling audiences to experience her creations in
an immersive setting. She presents her work titled “(Non)Utopia” to the public [Doep-
gen, 2022].

We believe that creating artwork within an immersive environment, where it will ul-
timately be experienced, holds significant artistic potential. In our judgment, the tool
effectively supports the envisioned tasks and target audience, demonstrating its potential
as an accessible and intuitive VR authoring method.

2.2.5 Conclusion and Future Work

In this section, we presented a content authoring technique for artistic creation in VR. It
enables the effortless conversion of 2D images into volumetric 3D objects. To achieve this,
we proposed a workflow where artistic elements from the input material are extracted
using a convenient VR-based segmentation widget. Relief sculpting is then performed
interactively by mixing different height maps with our proposed novel direct manipula-
tion technique, drawbar. To demonstrate the effectiveness of our approach, we gathered
informal feedback from students and colleagues from our institute, as well as from a
traditional painter with whom we closely collaborated throughout development. The
feedback was highly positive, and the painter actively uses Rilievo to create immersive
3D artwork, successfully showcasing her work to the public.

While our approach enables users to bring their 2D paintings and create 3D elements
in VR effectively, future studies can explore conducting a user study with a more
widespread sample of our audience, particularly including children without any tech-
nical background. Additionally, numerous improvements could be explored in future
work. Such as, enabling the placement of light sources and improving visual quality via
physically based rendering (PBR) with normal maps generated from the height fields.
Furthermore, allowing direct drawing of albedo color and PBR material maps, such as
roughness and reflectivity, onto the element surface could enrich artistic expressions. To
overcome the static nature of the compositions and integrate the possibility of modu-
lating the visual appearance over time or based on external control inputs, we explore
this in Chapter 3. Specifically we refer readers to our modulation mapping technique in
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Section 3.3.1.1, which enables quick and direct mapping of input sources to modulation
targets in the scene.

2.3 Fluid-Like 3D Content Creation using Natural
Interactions

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

Figure 2.6: The artist creates 3D fluid-like content while immersed.

In the previous section, we explored how artists can interactively generate 3D objects
from 2D images in an immersive environment without needing expertise in geometric
modeling. To further expand immersive authoring methods, we now investigate pro-
cedural sketching that uses user input to drive rule-based content generation. While
previous approaches [Liu et al., 2021; Wu et al., 2024; Hu et al., 2024] have focused
on immersive procedural sketching for environmental content creation, our work targets
artistic creation. Motivated by the complexity and beauty of natural phenomena, such
as the interaction between fluids of different viscosities or swirling smoke, we explore
how artists can create 3D fluid-like forms in an immersive environment. Our goal is to
enable artists to capture the beauty of these phenomena with greater control and possi-
bilities than the real world allows. Thus, we investigate how authoring techniques should
be designed to enable intuitive creation and manipulation of fluid-like 3D artworks?

Fluid-based artistic expressions have long fascinated creators but present significant
challenges in terms of control. Traditional fluid art techniques rely on natural diffusion
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and flow, which make them difficult to predict and manipulate. For example, paper
marbling shapes inks on water surfaces using styluses, or combs before transferring
the result to paper [Maurer-Mathison, 1999]. However, the ongoing diffusion process
demands high levels of expertise and training, since it is impossible to undo any step
of the creation process. Similarly, fluid photography, such as capturing swirling smoke
or ink dispersing in water, requires complex setups, environmental control, and precise
timing [Academy, 2014]. Even under ideal conditions, artists do not have exact control
of the smoke or ink due to their nature.

To overcome these challenges, we introduce Fluid Sketching, an immersive sketching
system that enables users to create 3D structures that look and behave like fluids. Users
interact directly with these structures using hand gestures and a blowing technique.
Additionally, users have the ability to configure various attributes of the fluid and its
diffusion process. Considering the computational cost of fluid dynamics simulations, we
aim to overcome the expensive computation for simulating fluids in real-time. To this
end, we use a procedural method because of its low computational cost and the high
degree of animator control.

In summary, the main contributions of this work are as follows: first, we introduce a novel
medium for the creation of 3D fluid artwork. Second, we present a novel blowing-based
interaction metaphor for the manipulation of such artwork. Third, we demonstrate the
effectiveness of our approach by means of a qualitative user study with artists and VR
experts.

In the following, we first describe the realization of 3D fluid-like creations. Next, we
outline the technical aspects of our Fluid Sketching system, before moving on to our
interaction concept. Afterward, we present the qualitative user study and its results
before concluding this section.

2.3.1 Fluid Simulation

In computer graphics, physically-based fluid simulation typically relies on solving the
Navier-Stokes equations, which describe the motion of fluids in terms of pressure, veloc-
ity, and time [Stam, 1999]. These equations can be solved using grid-based (Eulerian) or
particle-based (Lagrangian) methods. Grid-based approaches, such as Stam’s stable flu-
ids method [Stam, 2003] and its GPU variants [Crane et al., 2008] using the MacCormack
scheme, offer real-time performance with improved accuracy. Particle-based methods,
such as Smoothed Particle Hydrodynamics (SPH) [Gingold and Monaghan, 1977; Lucy,
1977], offer flexibility in surface representation and have been widely applied in liquid
and soft-body simulations. However, SPH still faces challenges such as consistency, sta-
bility, boundary handling, and adaptivity [Vacondio et al., 2021]. These issues can limit
its robustness and make it less suitable for responsive, interactive systems.

24



2.3. FLUID-LIKE 3D CONTENT CREATION USING NATURAL INTERACTIONS

To evaluate the applicability of these approaches for our interactive system, we imple-
mented both grid-based and SPH methods and tested their ability to offer parameter
control for varying viscosities. However, neither approach delivered the necessary per-
formance along with the high degree of parameter control required for our interactive
sketching system. Therefore, we rely on a curl-noise based procedural method to realize
our Fluid Sketching system. This way, we can handle large enough particle populations
in real-time to create detailed immersive fluid artworks. While the resulting fluid simu-
lation is not physically correct, it is still plausible and appealing. It also offers a higher
degree of artistic control than strictly physical models.

Specifically, our fluid simulation system is based on the procedural curl-noise approach
of Bridson et al. [2007]. It creates plausible fluid advection fields from the curl of a
Perlin noise field [Perlin, 1985], while consuming only little computing power. The re-

sulting velocity field is divergence-free, which is an important attribute of incompressible
fluids.

To create realistic fluid behavior, the velocity field changes over time, such as, e.g., in
FlowNoise [Perlin and Neyret, 2001], by using a time-varying noise function 2/7(:?, t) =
N (Z/L,t). If the variable & of the noise function is scaled by 1/L, the partial derivatives
of this function vary over a length scale L and determine the diameter of vortices. We use
four-dimensional Simplex noise [Perlin, 2001] instead of the original Perlin noise [Perlin,
1985], with the time variable in the fourth dimension. It allows for higher-dimensional
noise fields with less computational cost, has easily computable analytic derivatives, and
allows for a more efficient implementation in hardware compared to Perlin noise.

Bridson et al. [2007] suggest summing up several octaves of the noise function at different
scales to produce turbulent structures. Lewis Fry Richardson describes their self-similar
appearance as follows: “Big whirls have little whirls that feed on their velocity, and little
whirls have lesser whirls and so on to viscosity” [Richardson, 1922]. To describe this
kind of self-similar structure, fractional Brownian motion (fBm) was first introduced
by Kolmogorov [1940] and later studied by Mandelbrot and Van Ness [1968]. It is the
summation of several evaluations of a noise function at different frequencies (scales)
that are varying in amplitude. Each of these components is called an octave. For each
octave, the frequency increases by a lacunarity factor and the amplitude decreases by a
gain factor, which is also called persistence.

We use the noise function of Bridson et al. [2007] for the fBm. To compute the curl of
the potential field V x 1, we require the derivative of the potential field V1, which is
generated by summing the noise derivatives at time t at different scales:

O0-1

V(1) => p'VN(E-I'/L,1) (2.1)

=0
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Here, L is the vorticity scale, p is the persistence, [ is lacunarity, and O is the number
of octaves. L and p are user-configurable factors that enable interactive control of the
fluid behavior. The scale of vortices can be varied from large to small by the scale factor
L, and more to less turbulent behavior can be achieved by changing the persistence
factor p. With a higher value of O more physically plausible turbulence behavior can be
simulated at the cost of decreasing simulation speed. We use O = 3 and [ = 2, which
we found to produce plausible results while maintaining interactive frame rates. In the
implementation, we add a constant offset to each dimension of the noise function to
make the potential field uncorrelated.

2.3.1.1 Particle System

Particles are used for the visual fluid representation and the positions are advected in
the velocity field using first-order Euler integration. Computation of the velocity field
and particle advection are implemented on the GPU. Several additional properties are
associated with each particle: the velocity from the previous iteration, particle color,
a damping coefficient, a freeze state, and particle age. All of these are used to realize
certain behaviors, which we illustrate in the following.

To reduce the number of particles to simulate and render, particle positions are con-
strained to the interaction volume of the target virtual environment. Particles leaving
the interaction volume are temporarily marked inactive and will not be considered for
computation and rendering. This yields an increase in application performance, while
only disregarding particles the user would not be able to interact with anyways.

Driven by the velocity field, all particles move independently of each other. To increase
the plausibility of their behavior, we model interaction between particles on top of
this. Since modeling all pair-wise interactions would be prohibitive, we implement an
approximation based on a low-resolution grid. Each grid cell stores the average velocity
of all contained particles and each particle is affected by its current and neighboring
cells” average velocities.

2.3.1.2 External Influences

To enable direct interaction with the fluid, we can apply external velocities to the particle
system. The overall external velocity is the sum of a spherical velocity term Usppere and
a conical velocity term Uype.

Particles inside a spherical region are affected by the movement velocity of that re-
gion, weighted with a linear fall-off based on the distance to the sphere center and a
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configurable strength factor fsiengtn:

- o A]a)sphere Hﬁsphere - ]7”
Usphere = Tt l—-——

> fstrength (22)

Tsphere

Here, piphere denotes the sphere’s position, Apgpnere is the change in position since the
last frame, At is the time between the current and the last frame, p’is the particle
position, and 7gppere is the sphere radius. By using a linear fall-off weight, continuity
between neighboring particles in the interaction range is achieved. Particles that are
closer to the sphere center are influenced more strongly than distant ones, which we
found to produce a more plausible behavior.

The influence on particles that lie within a conical region is given by ¥, in Equation
2.3. It depends on the direction d;,artide,apex of the ray connecting the particle position
p and the cone apex Dopes, two linear fall-off weights and a strength factor feyengen. The
angle 6 is computed between @article_apex and the cone axis.

— 7 _‘a er 8
Vcone = Oparticle—apex (1 - M) (1 - a) fstrength (23)

hcone

The first linear fall-off weight in Equation 2.3 is based on the distance between the
particle and the cone apex. It leads to particles near the apex of the cone being influenced
stronger than particles which are closer to the base, where h..,. denotes the height of the
cone. The other fall-off weight is calculated depending on the angle 6. It is computed
as (1 — g), where « represents the half opening angle of the cone. Therefore, particles
that are closer to the center axis of the cone are affected more strongly than the ones
which lie at the sides.

The combined velocity ¥, of each particle is determined as the weighted sum of all
influences described above. First, the velocity from the previous advection iteration
is used to achieve a smoothing effect and thus temporal consistency of the particle
movement. Next, the average velocities of the grid cell containing the particle and its
neighboring cells are added to simulate particle—particle interaction. The overall external
velocity is added, which is the sum of all external spherical and conical influences. Last,
the velocity of the noise field is added for the fluid-like turbulence.

Finally, we account for liquids with different viscosities. Since viscosity has a resisting
effect on the movement of particles, we simulate it as dampening, which has been used
before to mimic viscous materials or air resistance |[Latta, 2004]. The final particle
velocity v is calculated by scaling ¥, with a normalized damping factor k4:

7= (1 — ka)Tsum (2.4)

The new particle position is then computed as x(t + At) = z(t) + vAt.
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2.3.2 Fluid Sketching

This section covers the user interface of the Fluid Sketching system. We first outline
the technical setup of our test implementation. Next, we detail our interaction concept,
before briefly explaining our rendering technique.

2.3.2.1 Technical Setup

We implemented our prototype for the five-sided aixCAVE (four walls and a floor). Its
footprint of 5.25m x 5.25m and the height of 3.30 m allows for drawing impressive life-
sized fluid sketches without the need of navigation methods apart from physical walking.
Head tracking is provided via an ART opto-electronic tracking system, while stereopsis
is realized via 120 Hz active stereo. The system has 25 nodes, each equipped with two
Intel Xeon Westmere CPUs (6 Cores at 2.7GHz), 24 GB RAM, and two NVIDIA Quadro
6000 GPUs.

Users are equipped with three different interaction devices. An ART Flystick2 provides
three types of input: its 6DOF transformation, buttons, and an analog joystick. The
trigger button at the front is used for creating brush strokes. The outer left of the four
buttons on the top opens the system control interface, which is realized as Extended Pie
Menus [Gebhardt et al., 2013]. In the menus, user-configurable parameters can be set,
which are described later on. The other buttons on the Flystick2 give users quick access
to the most frequently used features: the inner left button activates freeze mode, the
inner right button toggles the eraser and the outer right button toggles pause mode.

Users can manipulate existing sketches with two different interaction metaphors: direct
hand interaction and blowing into the sketch. For performing direct hand interaction,
the non-dominant hand is equipped with an ART hand tracking target. The blow-
ing metaphor is realized via a Sennheiser EW G2 transmitter in combination with a
Sennheiser ME3 wireless head-mounted microphone.

2.3.2.2 Brush

The primary drawing tool of Fluid Sketching is the 3D brush, which emits particles from
the tip of the Flystick2. To allow for a high degree of flexibility and creativity, various
attributes of the brush are user-configurable via respective menus: brush size and color,
viscosity, density, and initial speed of the emitted particles.

Emitted particles are uniformly distributed in the volume of a sphere, whose diameter
corresponds to the brush size. The limited frame rate of the tracking system (60 Hz)
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results in gaps between measured emitter positions for fast movements. To mitigate this,
the center of the emitting sphere is shifted randomly between the previous and current
position of the brush for each particle. To obtain smooth, continuous brush strokes,
cubic Hermite spline interpolation is applied.

Users can define the viscosity for individual brush strokes to vary between low-viscous
fluids like water and high-viscous ones like honey. This assigns the normalized damping
factor k4 in Equation 2.4.

The density parameter of the brush defines the number of emitted particles relative to
the brush size. The number of emitted particles n is calculated as n = fdensity?’H P1—Dolls
where fiensity 18 the density and ||p; — pyl| is the length of the current frame’s brush
stroke segment.

Particles can be emitted with a user-configurable initial speed. If an initial speed is set,
the direction of the initial particle velocity corresponds to the pointing direction of the
Flystick2. This creates the effect of an aerosol spray can.

All of the parameters presented above are per-particle attributes, which are permanently
assigned upon particle emission. Thus, users are given a high amount of control when
drawing brush strokes, e.g., to combine fluids with different viscosities and densities.

2.3.2.3 Fluid Configuration

Users can change three parameters of the particle simulation: turbulence, vorticity, and
diffusion speed. The properties have a global effect on the fluid behavior, so users
immediately perceive the effects while changing them. The turbulence corresponds to
the persistence p of the fluid advection (see Equation 2.1). To grant users a more
intuitive understanding, we chose to present the less technical parameter name. The
vorticity parameter corresponds to L and allows users to obtain vortices with varying
sizes as illustrated in Figure 2.7. The diffusion speed parameter controls the speed of
the particle simulation. It gives users a high amount of control on the diffusion process,
since small speeds allow for very precise working in the flow field, while high speeds
produce time-lapse like effects.

To give more control of the overall amount of diffusion, we add an age-based settling effect
for particles, which can be enabled or disabled according to users’ needs. It gradually
diminishes the diffusion for each individual particle over a user-specified diffusion time.
If the effect is enabled, the diffusion process will decelerate and finally settle after the
diffusion time has passed. Settled particles can be reactivated by directly interacting
with them, either by hand or blowing interaction.
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Figure 2.7: Strokes with different vorticities (green: low, pink: high).

2.3.2.4 Source-Target Modulation

The brush and fluid parameters presented in the previous sections can be changed be-
tween brush strokes, giving rise to a variety of stylistic choices for the drawing tool.
However, it might be desired by users to change parameters while performing a stroke,
just as, e.g, a painter is able to modulate the tilt angle and applied pressure of a brush.
To account for this, we enable users to dynamically change predefined parameters while
performing a brush stroke: source—target modulation. The brush size, color, and density
can be manipulated over the course of a single stroke.

Each of these parameters—the targets—can be controlled by different sources: the X/Y
direction of the Flystick2’s analog joystick and the brush stroke velocity. They can
be bound to the target parameters with a weighting factor ranging from zero to one.
Brush configuration as described in Section 2.3.2.2 sets the base values for the brush
size, color and density attributes. When picked as targets for the modulation, brush size
and density are added as offsets.

A single target can be modulated by multiple sources. When a modulation is active,
the offset value is added with its respective weight. This leads to the computation of
the final attribute value A as the sum of Ay, and the per-modulation offset values A,,
weighted by the source attribute value s,, and an individual weighting coefficient w,,:

A= Apgse + Y S An (2.5)

meM
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Since subtracting color values from a base color can be non-intuitive depending on the
color space, the color in the modulation settings is a target value instead of an offset.
Thus, the brush color varies between the base color and one or more target colors.
The interpolation is computed as a convex combination between the base color and the
weighted target colors. A convex combination is a weighted linear combination of values
v=> . w; with w; >0 and >, w; = 1.

The weights «,, for the convex interpolation are the product of the source modula-
tion magnitude s and the modulation weight w,,, normalized by the number of active
modulations N:

(2.6)

For the convex interpolation weights to sum up to one, the base color weight «y is
calculated as one minus the sum of the target colors’ interpolation weights. The sum of
the target weights is in the interval [0, 1] due to normalization and the fact that all w,,
and |s| also lie in that interval. This leads to the interpolation formula of the resulting
particle color C' as a convex combination of the base color Cj, and the per-modulation
target colors C,,:

C=aCy+ Y amCn (2.7)

meM

By using source-target modulation, artists have a tool to increase the expressiveness
of their brush strokes. To give an example: the joystick X direction is bound to the
brush size and the velocity of the brush stroke is mapped to a target color. Then
both parameters can be varied simultaneously during a brush stroke by moving the
joystick while drawing at different velocities. An exemplary outcome of a source—target
modulation is depicted in Figure 2.8.

2.3.2.5 Direct Particle Interaction

So far, we discussed interaction techniques related to the emission and behavior of par-
ticles. However, an important aspect is to manipulate the existing artwork and directly
interact with the fluid. To this end, we add three different ways of direct fluid interac-
tion, which we discuss in the following: hand manipulation, blowing manipulation, and
erasing.
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Figure 2.8: Variation of color and size via source-target modulation.

Fluid Manipulation by Hand

Artists can manipulate the drawn fluid sketch by moving their non-dominant hand
through the particle population, as illustrated in Figure 2.9. This creates a spherical
external influence (see Section 2.3.1.2), centered at the user’s non-dominant hand.

Hand manipulation can be enabled and disabled via a menu. When enabled, users can
push and drag the drawn fluid sketch in a natural and intuitive manner. The size of
the hand interaction region is user-adjustable via a menu. Optional visual feedback of
the interaction region is provided by a white solid sphere that matches the interaction
region’s position and extents.

A user-configurable strength factor is available in the menu. It determines the value of
fstrengtn in Equation 2.2. This allows the user to control the sensitivity, such that the
hand interaction feels natural for the given viscosity of the fluid.

Fluid Manipulation by Blowing

Surveying techniques for real-world interaction with liquid colors, we found that blowing
is regularly used for watercolor paintings to smear ink on the paper surface. Furthermore,
turbulence in smoke, e.g., for smoke photography, can easily be created by blowing.
Inspired by such techniques, we add a blowing interaction metaphor to Fluid Sketching,
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Figure 2.9: The user manipulates fluid sketch with her non-dominant hand.

which is, to the best of our knowledge, a completely novel type of interaction for artworks
in IVEs. An example of a blowing interaction is illustrated in Figure 2.10.

We realize this interaction metaphor by applying a conical influence (see Equation
2.3.1.2), originating from the user’s mouth position. The force strength is determined
by the amplitude of recorded sound from the wireless microphone the user is wearing.
For the realization, we use an adapted version of BlowClick [Zielasko et al., 2015]. The
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Figure 2.10: The user blows into the 3D fluid-like content using the microphone.

audio signature of blow events is recognized and compressed to a single strength value,
which is exponentially smoothed over time. It is additionally multiplied with a user-
configurable strength factor that allows for more user control. The result is fed to the
fluid simulation as the effective strength feengen of the conical force. The opening angle
of the conical force is 60°, which showed to be a reasonable width in prior informal
testing. The height of the conical interaction region h.y,.—i.e., the blowing interaction
range—is user-configurable via a menu to grant users control over the distance at which
particles are affected.

Erasing Particles

When drawing on paper, an eraser is a vital tool to correct for mistakes. The same
also accounts for our sketching system, which is why we add an eraser tool. The erase
mode can be activated via the menu or a dedicated button on the Flystick2. The eraser
is visualized as sphere centered at the non-dominant hand. Since the non-dominant
hand is also used for shaping, the eraser sphere is colored in red for disambiguation. An
example is illustrated in Figure 2.11.

The system offers the user to change the eraser size via the menu. By moving the hand
through space, the part of the sketch that lies within the sphere volume of the eraser is
deleted. This is realized by marking the respective particles inactive.
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Figure 2.11: The user erases parts of the fluid sketch.

2.3.2.6 Overall Scene

A challenge in creating real-world fluid artworks is that artists only have limited con-
trol over the dynamics of the diffusion process. We address this issue by providing
a pause mode. When enabled, the diffusion process of the fluid gets temporarily dis-
abled. Consequently, any particle movement stops and direct interaction with the sketch
is deactivated. However, users can still draw or erase brush strokes, so even complex
structures can be created without being distorted by diffusion over time. By deacti-
vating the pause mode, the diffusion process continues for all particles. Pause mode is
indicated to the users by changing the background color from light gray to dark gray.

While the pause mode grants users more control for working on details, it lacks the
possibility of manipulating the existing sketch. Therefore, we additionally add the freeze
mode. It also stops the diffusion process, but in contrast to the pause mode, sets the
velocity of all existing particles to zero and marks them as frozen, which excludes them
from the fluid simulation. Freezing only affects the fluid sketch that has already been
drawn, but not newly emitted particles. To allow for local manipulations, frozen parts of
the sketch can be woken up by interacting with them via hand or blowing. Additionally,
particles that are affected by neighboring particles are woken up, too, which allows for
the propagation of local modifications.

To save the drawn sketch for further processing, we add an export option in the OBJ
file format. Thus, fluid sketches can be further edited in a 3D modeling application of
the users’ choice.
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As illustrated above, Fluid Sketching offers a multitude of configuration capabilities.
To allow users to easily restore already-used settings, we add the possibility to save
and restore configurations as presets. Thus, artists are able to create their own toolset,
which can grow over time and can be used to easily create more refined sketches in future
drawing sessions.

2.3.2.7 Rendering

The particle visualization in the Fluid Sketching system is realized as billboard rendering
with additive blending. We chose this rendering style, because it offers a reasonable
trade-off between efficiency and beauty. It enables us to handle large enough particle
populations for creating plausible fluid sketches while providing an appealing view.

2.3.3 User Study

To get first feedback on the overall concept of Fluid Sketching, we conducted a qualitative
user study. It serves as a guideline for further refinement of the interface concept,
improvement of the usability, and the implementation of additional features. To this
end, we recruited two representative user groups. Professional digital artists, being the
primary target audience of the system, formed one group, in order to get feedback from
a practitioner’s perspective. VR experts from the fields of VR research and development
formed the other user group, to get feedback on interaction and implementation aspects.
In the following, we first outline the procedure of the study, before successively presenting
and discussing the results.

2.3.3.1 Procedure

We used the technical setup as described in Section 2.3.2.1. Participants were guided
through the study by a supervisor, while an observer transcribed arising comments.
The study consisted of five phases. These comprise filling out a pre-study questionnaire,
getting an introduction, performing pre-defined tasks, free exploration, and filling out a
post-study questionnaire.

The pre-study questionnaire captured demographic data and the participants’ experience
with VR technology. Furthermore, they were asked if any vision impairments were
present. Additionally, a consent form was signed by the participants and they were
informed about their right to quit the study at any time without justification.
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Afterwards, the participants were equipped with the interaction devices, before enter-
ing the aixCAVE with the supervisor. Here, in a short instruction phase, the overall
functionality and the interface of the system were explained. Additionally, the par-
ticipants were instructed to think-aloud and comment freely on the Fluid Sketching
system so that the observer could transcribe comments from outside the aixCAVE via
microphones installed in the system.

In the next phase, the participants had to perform four sets of guided tasks. These
tasks were related to the brush parameters (see Section 2.3.2.2), fluid parameters (see
Section 2.3.2.3), source-target modulation (see Section 2.3.2.4), and direct particle in-
teraction (see Section 2.3.2.5). Each task started with a systematic introduction to all
parameters.

Afterwards, the free exploration phase started, during which the participants could try
out the functionality of the system freely. In this phase, no further instructions were
given, however the participants could ask questions and further comment on the expe-
rience.

Finally, the participants had to fill out a post-study questionnaire, comprising questions
about feedback on the tasks and the opportunity to mention ideas for additional features.
Moreover, the short version of the AttrakDiff 2 questionnaire [?] was handed out to
obtain information on the user experience.

2.3.4 Results and Discussion

Overall, 10 subjects participated in the study, 4 of which were artists and 6 were VR
experts. Among the participants, 2 were female and 8 were male, and all had normal or
corrected-to-normal vision. Five participants were aged 25-34 years, four 35-44, and one
45-54. All artists stated that they had experience with VR systems before. Based on
the transcripts, statements given by the participants were extracted. Similar statements
were grouped to identify common feedback given by multiple participants.

2.3.4.1 Feedback on Existing Features

Regarding the configuration of the fluid parameters, three of the participants appreciated
to directly see the effect of changing the fluid parameters. However, five participants
stated that it is difficult to understand the parameters. One of them stated that “There
are so many parameters, I can barely keep them in my mind”. While we expect that
users would be able to get known to all parameters when using the application for a
longer time, at least on first contact, the high number of different parameters might

@~ 3



CHAPTER 2. CONTENT AUTHORING TECHNIQUES

actually be a considerable limitation. This could be addressed this in different ways.
First, a number of presets for various fluid types such as honey or smoke might remove
pressure from the participants to directly consider all parameters from the beginning.
In addition, tooltips in the parameter menus, giving a textual explanation of and a
visual example for each parameter could assist users in understanding and learning the
parameters.

Two participants stated that it is difficult to see how far particles are since there are
no lighting or depth cues. However, one participant perceived no disturbing artifacts
due to the rendering style and further mentioned that she likes the over-saturation and
that it encourages to move around in the tracked space. In future design iterations, this
should be accounted for this by providing different rendering styles for particles.

Concerning direct particle interaction, the following statements arose. When the viscos-
ity of the brush was high, three participants stated that manipulating the sketch with
the hand feels like sculpting. A VR expert pointed out that it’s possible to “smear” the
sketch and that this allows for a lot of control for manipulation. The fact that artists
compared the interaction technique to sculpting shows that it provides a direct and in-
tuitive way of interaction. Furthermore, it was rated by a VR expert as giving a high
degree of control. Overall we can conclude that it is a well-suited interaction type for
Fluid Sketching.

Five participants stated that they do not need or like a sphere representation of the
interaction range for hand interaction and that they had better depth perception without
it. However, one artist found it comfortable to use hand interaction with the sphere
visualization, stating that “It gives the illusion of having a precise tool”. This indicates
that making the sphere visibility configurable was the right choice, as it allows to account
for different user preferences.

Regarding interaction with the blowing metaphor, nine participants stated that they
liked it and two of them expressed that it “feels natural to use”. Five participants
mentioned that the interaction via blowing is fun. Based on these given statements,
we can conclude that the feature is a valuable addition to the artists’ toolset enabling
a natural and intuitive type of interaction. However, three VR experts noted that the
blowing interaction was hard to control and one of them stated that “It often leads to
destructive outcomes”. This issue could be addressed by adding the blowing strength
as a modulation target for the source-target modulation. Thus, finer control over the
blowing strength while performing the interaction would be granted. Furthermore, six
participants reported that speaking also triggers the blowing interaction. This issue can
be resolved by utilizing a more advanced technique, such as BlowClick 2.0 [Zielasko et al.,
2017], which uses a neural network to differentiate between blowing and speaking.

For the eraser feature, three participants stated that the eraser sphere is occlusive, just as
during hand interaction. However, one participant explicitly mentioned that the eraser
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sphere was not disturbing compared to the hand interaction mode. Two participants
suggested to draw only the sphere’s outline or to make it transparent in order to mitigate
the occlusion, which we also deem to be a good way of improving the visualization of
the eraser and sphere interaction ranges.

Regarding source-target modulation, a total of eight participants explicitly mentioned
that they liked the feature. Based on these statements, we observed that the second-
most appreciated feature is the source-target modulation, complementing the intuitive
blowing metaphor by a means of performing precisely controlled expressive drawing
gestures. However, five of the participants reported that it is complicated and they
could not remember their own modulations. To address this issue, we designed a custom
interface to quickly and comprehensibly define the modulations, which is presented in
Section 3.3 Moreover, two participants stated that the source—target modulation is hard
to control, although conversely, one participant commented “It gives me more control
and I can really mix the effects, great!”. We assume that this difference might be due
to the degree of training since some of the users know the interaction devices that were
used for the study.

Regarding the scene related features, the following statements emerged for freezing and
pausing. Two participants positively mentioned unfreezing by directly interacting with
the sketch via hand or blowing. Furthermore, two VR experts stated that they found
pausing is a valuable feature that offers more control. This indicates that these features
were valued and deemed useful for having precise control over the amount of diffusion.

Concerning the overall system performance, the following statements arose. One partic-
ipant stated that she was confused when the system got slower and lost interest in using
it. Another participant pointed out to notice the “burden on the graphics card”. So far,
we did not perform in-depth profiling of our application, but this can be investigated in
future iterations. However, it should also be noted that the study was carried out on
several-year old hardware, and we expect it to perform better on modern hardware.

Considering all given comments, we can conclude that the interaction and scene control
features that were developed for the Fluid Sketching system serve their intended purpose
well. The goal of providing an artist’s interface that allows for natural and direct, but
also precise and expressive manipulation of fluid sketches was successfully achieved.

2.3.4.2 |deas for Additional Features

A goal of our user study apart from evaluating the current state was to gather ideas
for improvements and additional features. Concerning overall scene related features the
following suggestions were made. One artist requested a feature to import models to
paint on. Two participants stated that an undo feature could be helpful for precise
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drawings. Two participants would like to have a preview mode to inspect emitted
particles without altering the piece of art. Two participants reported that it would be
nice to have different rendering options. One participant asked for a heads-up display
with status information about the scene. One participant requested a feature to save
individual parts of the sketch.

Regarding the brush, the following statements emerged. One participant reported that
occlusion problems with the Flystick were disturbing for small structures. Moreover, he
asked for more control on where the particles are emitted and suggested to include a
precise indicator for the particle emission location. One participant suggested to offer
different particle shapes besides the default billboard.

Several suggestions were made for additional color selection and modification features.
One participant asked for a feature to change the colors of the drawn fluid sketch.
She suggested two different ways of achieving this. First, to add a paint brush that
changes the color of existing particles. Second, to offer hue and saturation controls to
globally shift hue and change saturation to see the sketch in a different color range. One
participant stated that there should be an easier way to quickly change emission colors,
and suggested to add a button that switches to a new color.

Regarding the hand interaction, three participants mentioned that they would like to
use both hands for shaping the sketch.

These suggestions should be carefully considered for inclusion in future design iterations.
While most of the mentioned features can be realized with reasonable effort, adding an
undo feature imposes several difficulties due to the dynamic nature of our fluid simulation
system.

2.3.4.3 User Experience Questionnaire

The AttrakDiff questionnaire was used on a 7-point scale of semantic differentials with
scores ranging from -3 to 3. Fluid Sketching is presented as self-oriented in the AttrakDiff
portfolio with a mean of 0.43 for pragmatic quality and 1.50 for hedonic quality. The
mean rating of attractiveness is positive with 1.95.

Based on these results, in terms of hedonic quality, Fluid Sketching is clearly above aver-
age which means it awakens curiosity, motivates, and stimulates the users. Nevertheless,
the value of pragmatic quality is just above the average. Overall, the result indicates
that there is room for improvement in terms of usability.
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2.3.5 Conclusion

In this section, we presented a novel medium for creating 3D fluid artwork in IVEs. It
enables artists to draw fluid-like sketches using a 3D brushing tool and offers natural
interaction methods for shaping the drawn sketches. Procedural curl-noise was chosen
to animate the fluid, which gives a high degree of animator control while having low
requirements on memory and computation time. The fluid advection is performed by
a GPU-based particle system, into which spherical and conical external velocities were
integrated to realize direct hand and blowing interaction. To enable artists to perform
expressive brush strokes, the source-target modulation was included.

By performing a qualitative user study with VR experts and artists, we were able to
demonstrate the usefulness of our approach. Overall very positive feedback was obtained,
indicating that the goal of providing a novel authoring technique for the creation of 3D
fluid artwork was successfully achieved.

2.4 Fast and Precise Scene Authoring for Automated
Vehicle Testing

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

In the previous section, we explored immersive authoring techniques that enable users
to create and manipulate 3D fluid-like structures through procedural sketching. This
demonstrated how procedural methods can support creative workflows by combining
intuitive interaction with rule-based generation. In this section, we shift our focus to
high-level scene authoring, where users concentrate on the intent and structure of a
scene rather than on low-level details. This approach facilitates more efficient content
generation, particularly in complex domains that require extensive scenario design. One
such application is automated vehicle testing, where engineers must design and execute
controlled traffic scenarios.

Real-life testing and validation of automated and autonomous vehicles is a challenging
task regarding safety concerns and efficiency. Engineers have to consider unexpected
traffic, road, and weather conditions when preparing testing scenarios. Designing and
executing these scenarios may involve potential risks to the system itself, or the environ-
ment. Additional to these risks, the reproducibility of the scenarios is limited, and slow
development and testing cycles become expensive for automotive companies [Wachen-
feld and Winner, 2016]. To address these limitations, original equipment manufacturers
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employ simulators of virtual traffic scenarios. This enables much faster development
and testing cycles at reduced cost and without safety concerns. Recently, Nvidia intro-
duced the commercial Nvidia Drive Sim and Nvidia Drive Constellation platforms to
simulate testing of autonomous vehicles [NVIDIA, 2018]. They collaborate with rFpro
which provides photo-realistic rendering of traffic scenes. Furthermore, Siemens recently
announced their in-house autonomous driving performance validation and verification
solution [Siemens, 2019].

VR offers a number of potential benefits for examination of the simulated scenarios and
to perform system validation and verification [Mujber et al., 2004]. Immersive visual-
ization enables improved spatial perception, e.g. for the realistic judgment of driving
speeds and distances [Kemeny and Panerai, 2003|. Furthermore, efficient navigation in
the 3D environment is possible and the scenario can easily be observed from varying
perspectives. For instance, users can follow traffic movement from inside a vehicle and
seamlessly switch to a pedestrian’s perspective standing at a crossing.

An important building block of such virtual traffic simulations is the design of specific
testing scenarios, which includes the creation of road networks and behavioral properties
such as speed limits and traffic directions. These scenarios can be generated from real
public data sources such as geographic information systems (GIS) [Krajzewicz et al.,
2012], or by procedural generation [Galin et al., 2010]. In addition, user-controlled
interactive design of road networks and traffic scenarios can be performed to test vehicles
in custom environments [[PG-Automotive, 1999]. User-defined scenarios can be adapted
to specific requirements and provide increased flexibility in their design.

However, to create such scenarios, engineers are limited to 2D desktop-based domain-
specific tools for the design of road networks or common 3D modeling environments,
which require adequate knowledge of these expert tools. Even with expertise on such
tools, it is inefficient to perform a full design iteration including an evaluation of the
scenario in VR. If an intermediate modification of the road geometry is necessary while
being immersed, the user has to leave the VR environment and perform the modifications
with a desktop-based tool. The model then has to be re-imported and the user has to
re-enter the validation environment. This breaks the immersion and, more importantly,
slows down the design and evaluation cycle, which costs time and effort.

To overcome these limitations, this work investigates how an authoring technique can
be designed to enable control engineers to effectively create and modify road networks for
automated vehicle testing in VR?

To answer this question, we developed a VR-based authoring environment that enables
an iterative workflow of road network authoring and automated driving simulation inside
a single IVE. Users can create and modify road networks at run-time via free-hand
gestural interactions. Free-hand gestures are employed to support natural and intuitive
interactions. Design iterations with direct feedback become possible, which enables a
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Figure 2.12: The user authors a virtual traffic scenario via 3D interactions on a 2D
panel by using free-hand gestural inputs.

human-in-the-loop rapid evaluation and comparison of traffic scenarios.

Road network creation is an inherently 2D interaction task. To define a road network,
the start and end points of each road segment need to be defined. The height of the
terrain, however, is irrelevant for the resulting network topology. Therefore, we designed
a control widget that enables this 2D interaction task in a 3D environment by ortho-
graphic rendering of the terrain. It is used for road network manipulation as well as
an efficient means to navigate the scene. The 2D scene control panel is embedded into
the 3D environment and can be placed freely relative to the user. We devised a novel
3D interaction technique for indirect placement and selection of objects on the 2D ter-
rain surface. It is thus possible to perform manipulations of the road network, while
immediately observing the result in the 3D surrounding.

To show the effectiveness of our approach, we evaluated possible design alternatives
and performed a comparative user study. FExisting work on free-hand road network
creation in VR proposes a direct manipulation interface that transforms the scene via
two-handed gestural interactions [Coté and Beaulieu, 2019]. Objects are placed directly
onto a scaled-down version of the terrain, which is then scaled up again to perceive
the surrounding in real-world size. In contrast to their approach, we enable users to
do simultaneous manipulation and perception of the virtual environment via indirect
interaction techniques by utilizing a 2D scene control panel.

Besides quantitative data on precision and task completion time, we furthermore gath-
ered qualitative feedback on our overall system design from a heterogeneous group of
participants that included VR experts and control engineers. The insights we gath-
ered from the qualitative evaluation will serve as a basis for further improvement of the
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system.

In the following Section 2.4.1, we provide a detailed description of the proposed authoring
technique and its system. The user study is described in Section 2.4.2. The results of this
study are presented in Section 2.4.3, followed by a discussion in Section 2.4.4. Lastly,
the limitations of the proposed approach are discussed in Section 2.4.5.

2.4.1 System Description

To enable users to author road networks and driving scenarios, we developed an inter-
active VR-based authoring environment. The system will be used by novice users who
might lack considerable experience with 3D interfaces. We, therefore, designed a natural
user interface based on free-hand gestures to make the application as approachable and
intuitive as possible. See Section 2.4.2.2 for the technical setup of the system.

For the interactive creation of road networks, various operations need to be implemented.
Specific requirements were iteratively developed in close collaboration with control en-
gineering experts of Ford Motor Company. First, the system needs to enable users to
create, delete, and cut road segments, add crossings and bridges, and modify the prop-
erties of these elements, such as the curvature or slope of a road segment. The second
requirement is to define parameters for the later simulation. Thus, our system enables
users to change the traffic direction and add static objects, vehicles, and speed limits
while creating the virtual environment as well as during the testing phase. The third
requirement is that users need to efficiently navigate through the environment during
scene authoring. Therefore, users can navigate via flying, teleportation, or by using
a minimap technique. Further, our system enables saving and loading of the created
scenes, to continue the design at a later time or export the scenario for offline editing.
Moreover, to assist users in employing the system, video tutorials for each feature are
provided that can be watched inside the virtual environment. In the following, our
system is explained in detail.

System Menu and Control Interface

To enable novice users to interact with our system, a natural user interface based on
free-hand interactions is implemented. Gestures executed by the user serve as the system
input. Although gestures can be defined by the whole body of the user, we focus on using
hand, finger, and palm. We find that a sitting position is the right setup for interacting
with our system since authoring road networks in VR can be tiresome if the user has to
stand for hours [Bellgardt et al., 2017; Zielasko and Riecke, 2020]. In the following, we
describe the interaction with the Ul elements and the scene control panel.
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Figure 2.13: Adapted 2D menus. Left: Hovering over a menu button. Right: Grabbing
the menu handle.

Ul Elements Because we aim to address a large number of features, adapted 2D menus
are implemented, as suggested by Laviola et al. [LaViola Jr et al., 2017]. One of the
concerns about floating menus in VR is the occlusion with the environment. However,
we addressed this issue by enabling the placement of floating menus freely relative to the
user by dragging a sphere handle. Upon grabbing the handle, the attached floating menu
is minimized to provide an unobstructed view of the scene, and the semi-transparent
frame will be visible to guide the arrangement of the menus in the environment (see
Figure 2.13). Furthermore, the floating menus can be anchored to the user’s left hand.

Upon rotating the left palm towards the eyes, two menu items become visible. These
items can be detached by pulling them away from their anchor. To enable users to
interact in a fast manner, these handles snap to their anchor location when they are in
a defined range. This is visualized by interpolating the color of the handle from blue to
magenta. Furthermore, multi-modal cues, visual and auditory, are provided to substitute
for the lack of haptic feedback during interaction with the menu buttons [Bowman et al.,
2001].

Scene Control Panel The planning of real-world road networks by civil engineers typ-
ically starts from a 2D blueprint. To match this common workflow, we designed a 2D
interface that enables users to create road networks in VR (see Figure 2.14). The scene
control panel consists of a minimap, a navigation panel, and a tools menu that can
be placed freely in the virtual environment after detaching from its anchor. Via the
navigation panel, the user can activate teleportation, zoom in/out, and panning on the
minimap. The minimap, a 2D World in Miniature [Stoakley et al., 1995], shows an
orthographic projection of the scene, and users can add, select, and delete objects by
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interacting with it. Furthermore, altering the properties of objects is possible via the
property menus that can be enabled by a left pinch gesture. The property menu spawns
in front of the minimap and is drawn semi-transparently to enable users to observe the
changes during interaction.
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Figure 2.14: Interaction with the 2D scene control panel.

Travel

To address our requirement of efficiently navigating the scene, we implemented three
travel techniques that are in the category of steering-based and selection-based tech-
niques [LaViola Jr et al., 2017].

Flying [Robinett and Holloway, 1992] is realized via a multi-modal interaction technique
to improve the user experience [LaViola Jr et al., 2017]. It is enabled and disabled by
giving “fly” and “stop” voice commands, respectively. After enabling the technique,
the position of the user is continuously translated into the pointing direction of the
stretched right hand. Furthermore, flying speed can be manipulated by changing the
distance between the knuckle of the index finger and the thumb of the right hand.

Teleportation [Bozgeyikli et al., 2016] is realized by instantly changing the location of
the user to a position that is selected on the minimap. Furthermore, the view of the
minimap can be changed via the navigation widget that is located on the bottom right
of the scene control panel (see Figure 2.14). By dragging the sphere handle from its
resting position, zooming in/out and sideways panning can be performed.
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Object Selection and Manipulation

To address our first requirement, a user interface for the selection and manipulation of
objects in VR has to be provided. Therefore, we designed an interaction technique for
the selection and manipulation of objects via the minimap on the scene control panel.
It provides an efficient tool for 2D selection and placement of objects on the terrain.
The interaction is based on free-hand gestural input and illustrated in Figure 2.15. For
a better spatial perception of the manipulated objects, we furthermore enable users to
perform interactions in 3D space.
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Figure 2.15: Left: The ray, which is segmented into 3 regions (red, yellow and white
represent add, select and idle modes respectively), is drawn perpendicular to the 2D
panel. Right: Upon selection of an object.

The selection and placement of objects is performed based on motion of the right index
finger towards the minimap. The specific action that is triggered depends on the distance
of the fingertip to the 2D panel. A line that represents the pointing ray is drawn
perpendicular to the panel, and indicates the active range for the different actions to
the user. It is drawn as 3 colored segments and has a cursor, drawn as a red cross (see
Figure 2.15 Left). The colored segments represent the different actions that are triggered
when the tip of the index finger meets with the respective segment. White, yellow, and
red-colored regions on the line represent the idle, select, and add modes, respectively.

An object is added to the virtual environment when the tip of the index finger reaches
the red segment of the line and touches the cursor. After an add operation, the indicator
line becomes invisible, and the user needs to pull back his index finger to the distance
at which the idle mode is defined to perform further interactions. This push-pull gesture
is used to avoid accidental add operations.
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To select an object, the user moves the index finger into the yellow segment of the
indicator line (see Figure 2.15 Right). Selected objects are highlighted in a red color.
Different actions can then be performed on the selected objects via the control panel,
such as deleting, splitting or merging of road segments.

Figure 2.16: The flashlight pointing selection (Right) and manipulation of control
points via the widget (Left) in the system.

Apart from the indirect interactions via the scene control panel, all objects in the virtual
environment can furthermore be transformed via 3D selection and manipulation. For 3D
object selection, we use the flashlight pointing technique, which uses a conic selection
volume to select small and distant objects [LIANG and GREEN, 1994]. In our system,
the apex of the cone is located at the palm of the left hand, such that objects can be
selected by pointing the left palm towards an object.

To perform accurate manipulation of an object’s position, we employ a transformation
widget instead of a direct mapping to the user’s hand motion (see Figure 2.16). By
dragging the widget via the axis arrows, the position of the selected object can be
manipulated.

Road Network Authoring

Our system enables users to author road networks and traffic scenarios via placement
and manipulation of objects in the virtual environment. This addresses our primary
requirement for interactive road network creation. Objects can be roads, crossings,
bridges, speed limit signs, static scene objects and vehicles.

Regarding road geometry, the default shape of a road segment is a Catmull-Rom spline,
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which is defined by adding control points onto the terrain. The user can add a continuous
sequence of control points to create connected road segments. By adding the last control
point close to the starting point of the road, closed-loop road tracks can be created. The
creation of a new, separate road segment can be activated via the tools menu. To enable
users to create road segments with zero curvature, an underlying grid is implemented
onto which the added control points will snap. The size of the grid can be altered and
its visibility can be toggled via the scene control panel.

Our system enables users to interact with the road network control points by means
of translating, deleting, adding onto the road segment, or changing the type of control
point via the properties menu. Altering the control type has an effect on the shape of
the road segment which is generated between the selected markers and the next one.
Besides splines, arc segments with constant curvature, as well as straight-line segments
can be generated.

To define a road network, the creation of different types of crossings is needed. In our
system, the user can add crossings and bridges onto the terrain or onto a road segment.
When added onto a road segment, the road will divide into two separate segments that
are connected to this crossing. If the added crossing object is close to the beginning
or end of an existing road segment, it will snap to the control point and get connected
automatically. Road segments that originate from the crossings can be generated. To
achieve this, the user first selects the crossing and then adds the road control points. The
default crossing shape is an “X” crossing to which 4 separate roads can be connected.
It can be switched to a “T” crossing via the crossing properties menu.

For further editing of the created road, the system enables users to cut the road into
two separate segments via the minimap. Moreover, separated tracks can be connected
by first selecting one of the tracks and then adding a control point close to another
road segment. Possible connections are indicated by a floating “Connect” text and by
highlighting the target control point. Thereby, the user will have an understanding of
his actions. Connections can be created between two separate road tracks, two crossings,
or between a crossing or bridge and a road track.

The user furthermore can add speed limit signs at a desired world position via the
minimap. Upon adding a speed sign, a small widget will spawn to set the limit (see
Figure 2.17). Via this widget, the user can increase or decrease the limit in steps of
ten. After confirming the limit, a speed sign with the chosen limit becomes visible on
both sides of the road. Undesired speed signs can be selected and deleted via the control
panel.

Our system enables users to change the traffic direction of a generated road segment while
authoring the environment, or even during the testing phase, which is not possible with
existing simulation tools [I[PG-Automotive, 1999; Intuition, 1990]. The traffic direction
is visualized as an arrow on each lane of the road and can be altered between right-hand,
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Figure 2.17: Left: The speed limit user interface. Right: Traffic direction setting via
the property menu.

left-hand, and one-way traffic. Currently, the user can create roads with two lanes, and
the direction of these can be changed via the road properties menu (see Figure 2.17).

In the simulation, the system needs to identify dead ends and grant a right or left turn
at intersections. Therefore, the underlying road network topology is represented as a
directed multi-graph [Bollobés, 2013]. Crossings are defined as vertices and each lane of
the road is expressed as a directed edge. By using this underlying multi-graph represen-
tation, an automated vehicle can perform route planning during the simulation.

Vehicles can be placed onto a lane via the minimap. The orientation of the vehicle
is adapted based on the traffic direction. Furthermore, the user can add static scene
objects such as rocks onto the scene. This enables testing scenarios in which the vehicle
encounters an unexpected object on the road while the simulation is running.

2.4.2 User Study

Since our goal is to provide a tool that can be used by domain experts in a professional
environment, we seek to provide an interface for road network authoring that is fast and
efficient. Furthermore, the precise placement of objects and road network control points
is required for the creation of testing environments for automated driving. At the same
time, the system needs to be approachable by novice users and provide a good user
experience. Therefore, we consider speed, accuracy, and usability as the three major
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relevant aspects. To this end, we compared our indirect interaction technique to an
existing approach based on direct free-hand interaction. In addition, we are interested
in general feedback on the usability of our system. Therefore, we conducted an empirical
evaluation in three parts.

In the first two parts, we focused on the comparison of the two techniques, where the
direct method is highly inspired by the VR tool described by Coté et. al [Coté and
Beaulieu, 2019]. This approach enables users to create roads by adding control points
into the virtual environment by directly touching the terrain. The comparative study
alms to investigate whether our indirect approach improves user performance.

Therefore, we investigate the following hypotheses:

H1: Regarding the task completion time, indirect interaction will be faster than direct
interaction.

H2: Regarding the precision, indirect target selection will be more accurate than direct
selection.

H3: Users will have a higher preference to use the 2D panel for road network creation
in VR.

H3.1: A top-down view alongside the 3D scene rendering improves the spatial under-
standing of the scenario.

Considering previous findings in the original work and based on our preliminary dis-
cussion, we assume that the direct method is more suitable for adding objects to the
environment. Thus, we further hypothesize:

H4: Direct interaction will be more preferable by the users to add objects into the VR
environment.

In the third part of the study, we gathered qualitative feedback on the overall func-
tionality of our system. This part serves as a guideline for further improvements of
the interface concepts, refinement of the usability, and the implementation of additional
features.

2.4.2.1 Study Design and Tasks

To test H1 to H4, we created a one-factorial within-subject design where our two condi-
tions (Indirect and Direct) were implemented. For both conditions, two scenarios were
designed. In the first scenario, we measure task completion, selection, and navigation
time, while the second scenario measures precision only.

The experimental conditions were carefully designed to be as comparable as possible.
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The order of the Indirect and Direct conditions was counterbalanced across the par-
ticipants, while the specific target sequence was kept identical. Regarding navigation,
we applied the same scaling factors to match the effective distances the user’s hands
need to travel. Thereby, the measured effects, which are described below, are due to the
interaction technique, and the influence of other variables is minimized.

Regarding task completion time (see H1), the task is to add a sequence of control points
onto predefined target locations, while being as fast as possible. To achieve this, both
selection and navigation have to be performed. To make the user employ the travel
technique for zooming in on a target, we disabled target placement as long as the view
is zoomed out too far. Participants first have to navigate to the target location that is
indicated with 2 circles with different colors and size (see Figure 2.18). While the size of
the outer circle is animated in a repeated manner, the inner circle has a static size. The
participants could only add a control point to the target location as soon as the inner
circle became visible based on the zoom or scale level. Task completion time is counted
after the first control point has been added to the target location.

Regarding the precision tasks (see H2), participants were instructed to be as precise
as possible while adding the sequence of control points without time restriction. We
disabled the zoom-in/out features so that the target sizes and distances are identical
for both conditions, and the precision values are not affected by any other factors. The
target location is rendered with an animated circle and an “X” icon. The participants
were instructed to add a control point to the center of the “X” icon.

NAVIGATE

Figure 2.18: Task completion time (Left) and precision tasks (Right) for the Indirect
condition.

In the condition Indirect, the participants employed the minimap on the 2D scene con-
trol panel to add control points, and the navigation widget to navigate on the minimap
(see Section 2.4.1). In the training phase, we instructed the participants to position the
navigation widget wherever it feels comfortable by performing a pinch gesture at the
desired location. This location then stays fixed throughout the task.

In the condition Direct, adding objects is achieved by touching the indicator, attached
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Figure 2.19: Direct interaction hands for selection (Top-Left) and navigation (Top-
Right).Task completion time (Bottom-Left) and precision tasks (Bottom-Right) for the
Direct condition.

to the right index finger tip, onto the terrain (see Figure 2.19). Navigation is performed
by using two-handed gestural input. It is enabled when the user performs a grab gesture
with both hands. This is indicated by changing the color of the hands to blue. Panning
in the virtual environment is realized by dragging the virtual world into the desired
direction. Moving the grabbed hands apart executes zoom-in and moving towards each
other zooms out.

Regarding H3 and H4, a subjective questionnaire was designed to be ranked by the
participants after each of the Indirect and Direct conditions was completed.

Finally, for the qualitative study, we designed a set of guided tasks in which the par-
ticipants had to create and manipulate a road network, along with performing dynamic
changes in the scene while the simulation is running. To validate our hypothesis H3.1,
another subjective questionnaire (see Table 2.1) was prepared to be ranked after the
qualitative study.
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2.4.2.2 Apparatus

The study took place in our lab and was conducted in a seated position. The HTC
Vive and HTC Vive Pro HMDs were employed, and both of them tracked with two
tripod-mounted Lighthouse 1.0 base stations. To track the user’s hand, we employed
the Leap Motion Controller (LMC) using the 4.0.0 version of the Leap Motion SDK. The
LMC was mounted onto the VR headset. The experimental platform was developed in
Unity 2018.2.14f1, running Windows 10 on a 3.50GHz Intel Xeon E5-1650 with NVIDIA
GeForce GTX 1080 GPU.

2.4.2.3 Procedure

We conducted our study during the Covid-19 pandemic and prepared the study with
health considerations by following the guideline presented by Steed et al. [Steed et al.,
2020]. Since varying tracking stations and frame rates would cause inconsistency in our
measured data, we used a uniform tracking station and a desktop PC. Furthermore,
since the disinfection of headsets using wipes is not a safe solution, each participant
used a headset that is not shared by anyone else on the same day. Therefore, we waited
72 hours, as suggested by the current study [Van Doremalen et al., 2020], to use the
respective headset again for the next participant besides cleaning it with disinfectant
wipes.

The rest of the study procedure is described in detail in the following. After the par-
ticipants signed a consent form, they had to answer pre-study questionnaires regarding
demographics, prior experience with 3D User Interfaces (3DUIs), video games, VR, and
free-hand interaction in AR/VR, as well as a Simulator Sickness Questionnaire (SSQ)
[Kennedy et al., 1993].

At the beginning of both Indirect and Direct conditions, instruction videos were shown
that explain the steps and how to interact with the environment. Afterwards, a training
phase was performed. This phase was unrestricted in time and trials and lasted until
the participant felt comfortable with the respective technique. Then, participants ex-
ecuted 4 runs of task completion time and 4 runs of precision tasks. For each run, 5
target locations are defined for the completion time task, and 4 for the precision task,
respectively.

To avoid fatigue, each condition was designed to last under 10 minutes and took about
8 minutes on average. After each condition, the participants took off the HMD and
answered a System Usability Scale (SUS) questionnaire [Brooke et al., 1996] and a 7-point
Likert scale questionnaire to give subjective feedback on the used technique. Afterwards,
the participants performed a set of guided tasks to create a road network and evaluate the
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Table 2.1: Subjective questionnaire for the overall system.

Q1 T would use this system to create a road network in VR.

Q2 The 2D scene control panel with free-hand interaction allows me to create
a road network in VR fast and efficiently.

Q3 The 2D scene control panel with free-hand interaction allows me to create
a road network in VR with high precision.

Q4 The 2D scene control panel with free-hand interaction allows me to create
a road network in VR with low effort.

Q5 I find panning and zooming the 2D scene control panel using the navi-
gation widget efficient.

Q6 I find panning and zooming the 2D scene control panel using the navi-
gation widget intuitive.

Q7 Having a top-down view alongside the 3D scene improves my understand-
ing of the scenario.

Q8 Dynamic changes to the traffic scenario (tempo limits, lane directions)
while the simulation is running enables me to evaluate different scenarios
more efficiently.

Q9 I find changing the slope of the road using the manipulation widget con-
venient.

functionality of our system. These tasks consisted of adding and connecting crossings,
bridges, and road segments, adding a vehicle onto a road, running the simulation, and
adding speed limits while the simulation is running.

After the guided tasks, the participants could try out the functionality of the system
freely. In the guided and free exploration phase, the participants were instructed to
think-aloud and comment freely on the system so that the observer could transcribe
the comments. Lastly, the participants were instructed to answer a 7-point Likert scale
questionnaire (see Table 2.1) related to the overall system and a second SSQ. Overall,
the study took about 60 min.

2.4.2.4 Participants

16 subjects (1 female and 15 male, mean age = 31.3 years old, SD=6.45) voluntarily
participated in the study. Among the participants, 4 were professional control engi-
neers, 8 were VR experts and 4 were students. All participants were right-handed and
reported normal or corrected-to-normal vision. Regarding their prior experience with
3D user interfaces as well as VR, 10 participants reported regular usage and 6 used it
at least once before. For the video gaming experience, this distribution was 12 to 4.
Furthermore, concerning the experience on the free-handed interaction in VR/AR, 3
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Task Completion  Navigation Selection

Time [s] Time [s] Time [s] Precision [m] SUS

Indirect 3049 (£ 7.43)  26.37 (£ 6.01) 4.12 (+1.87) 0.53 (£ 0.31) 80.31 (£ 11.72)

Direct A7.00 (£ 19.18)  42.99 (+ 18.53) 4.91 (£ 1.96) 0.93 (+ 0.45) 57.96 (£ 27.78)

Table 2.2: Mean and standard deviation of task completion time, navigation time,
selection time, precision and the SUS score are presented for Indirect and Direct
conditions.

participants reported regular usage, 9 used it at least once and 4 had no experience at
all. The SSQ reported an average score of 11.2 (SD=14.5) after the experiment and 1.1
(SD=10.3) as a difference score between before and after the experiment.

2.4.3 Results

We analyzed the scaled measures using a paired samples t-test since our study has a
repeated-measures design. To ensure the effectiveness of the presented result of the t-
test, we also reported the effect size by calculating Cohen’s d [Cohen, 2013]. Regarding
the effect size d, 0.2, 0.5 and 0.8 are considered small, medium and large respectively.
The subjective questionnaires for both conditions (Indirect and Direct) were analyzed
using a Wilcoxon Signed-Rank test. Due to a wrong assumption for evaluating error
selections, our results do not include error rates on the selection tasks. For all tests, we
assume a significance level of .05.

2.4.3.1 Time and Precision

For the condition Indirect and Direct, we recorded task completion time, navigation
time, selection time and precision per participants. The results are shown in Table
2.2. A paired t-test shows that Indirect significantly outperformed Direct regarding
Task Completion Time (7'(15) = 4.519,d = 1.13,p<.001), Navigation Time (7'(15) =
4.330,d = 1.08,p<.001), and Precision (7'(15) = 4.065,d = 1.01,p = .001). However,
regarding Selection Time, results show that there is no significant difference between the
techniques (7°(15) = 1.109,d = 0.27,p = .285).

2.4.3.2 Subjective Feedback

For the Indirect and Direct conditions, the participants were asked to answer a SUS
and a subjective questionnaire with 7-point Likert scale items. The SUS score for each
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Hindirect HMDirect

Score
D

Fatigue Preference Preference Performance Intuitiveness
(object (road creation)
placement)

Figure 2.20: Subjective feedback that is ranked for Indirect and Direct conditions.
Error bars represent the standard error of the mean.

condition is reported in Table 2.2. The 7-point Likert scale items are ranged from very
strongly disagree (1) to very strongly agree (7). The results are shown in Figure 2.20. A
Wilcoxon Signed-Rank test was conducted and shows a significant effect of the technique
on Preference (object placement) (Z = —2.523,p = .012), Preference (road creation)
(Z = —2.760,p = .006), Performance (Z = —2.452,p = .014), and Intuitiveness (Z =
—1.965,p = .049). However, no significant effect was found on Fatigue (Z = —0.988,p =
323).

Concerning the guided task-based condition and free-exploration phase in the main
application, the participants were asked to score another subjective questionnaire with
7-point Likert scale items (see Table 2.1). The results can be seen in Figure 2.21.

2.4.3.3 Qualitative Feedback

Overall, most of the participants liked the system. One of the participants stated, “It
is nice and fun” and one control engineer stated, “I think I can spend hours here, it
is really interesting”. Furthermore, three control engineers stated that configuration of
the virtual environment is very fast and easy compared to CarMaker [IPGAutomotive,
1999], a commercial software that is commonly used by automotive manufacturers. How-
ever, they also stated that CarMaker provides considerably more overall functionality
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Figure 2.21: Subjective feedback that is ranked for the system. Error bars represent
the standard error of the mean.

compared to our system. Furthermore, being able to save the scene in XML format,
which can be loaded into the system again, was appreciated by the control engineers,
since offline editing is possible.

Regarding the interaction with the 2D scene control panel, many participants appreci-
ated to be able to immediately see the creation in the virtual environment. One of them
stated, “Being able to manipulate in 2D and seeing it directly in the 3D environment
gives me good feedback, and you have a better understanding of the 3D environment”.
Furthermore, some of the participants found the interaction with the 2D panel “intu-
itive”.

Concerning the 2D scene control panel, four participants liked that the panel spawns
upright and facing towards the user. Furthermore, one control engineer appreciated that
he can position the menu items and the 2D panel freely in the environment. However,
being able to tilt the panel was requested by two participants.

Regarding menu button interactions, six participants stated that toggle functionality
should be employed for objects that are expected to be added multiple times into the
virtual environment.

Connecting crossings functionality was grasped easily and was intuitively performed
by most participants. Although our system provides textual feedback about possible
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connections, three VR experts reported that the snapping range was not evident and
proposed a visual indicator. However, after enabling the visibility of the underlying
grid, they reported that this gives more adequate feedback and helps to comprehend the
functionality easily. Furthermore, one VR expert suggested visualizing this zone with a
radius indicator.

While the translation of objects via the manipulation widget was liked by the partici-
pants, six of them reported that grabbing and moving the manipulation ball instead of
dragging the axis arrows was expected to interact with the widget.

Besides the comments given for the existing features, participants also suggested addi-
tional features concerning the overall system. One control engineer requested a feature
to enter digits for the curvature of the selected road since it would be important to be
precise on the curvature values for testing vehicles. Another control engineer stated that
it would be nice to see the current velocity of the vehicle and the coordinate information
of the objects in the scene. One participant asked for a feature to create tunnels and
sidewalks. Furthermore, another participant stated that it would be nice to have an
interactive walkthrough to guide novice users in the application.

2.4.4 Discussion

As stated in our first hypothesis H1, we expected that the participants would complete
the tasks faster by employing the indirect interaction techniques, compared to the direct
techniques. Based on the results, we found a significant difference in the task completion
time that shows Indirect outperformed Direct in terms of speed, thus we can accept
H1. To complete the tasks, participants had to utilize selection as well as travel tech-
niques. Therefore, we recorded the time that they spent on selection and navigation
individually. The results show no significant difference between the selection techniques,
while the travel technique in the Indirect condition significantly outperforms the tech-
nique in the Direct condition. This result indicates that the overall task completion
time is affected by the navigation rather than the selection technique.

One possible reason why the navigation was significantly less efficient in the Direct
condition is the larger travel distance of the two hands compared to the single-handed
Indirect navigation. Another reason could be the varying degree of experience with 3D
spatial transformations of our participants. During the study, we observed that some
of the participants had difficulties to perform the tasks in the Direct condition while
others grasped the technique quickly.

To investigate this further, we analyzed the relation between the expertise (usage of

free-hand interaction techniques in VR/AR) and the task completion time in the Di-
rect condition with a Pearson test. The result shows a strong correlation between the
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expertise and task completion time (r(16) = —.606, p = .013), and the participants who
employ free-hand interaction techniques frequently completed the tasks faster than the
others. As stated earlier, this could be due to a better spatial awareness inside the virtual
environment, which enables these participants to grasp a newly introduced interaction
and employ it with ease. Regarding the Indirect condition, we did not find a significant
correlation (r(16) = —.395,p = .130). An explanation might be the widespread expe-
rience with 2D interfaces that are commonly used in everyday life. This indicates that
our technique can be employed comfortably by users with a varied range of expertise on
free-hand interaction techniques in VR/AR.

Orthographic projection is commonly used by engineers to create accurate drawings of
models. Thus, as stated by our hypothesis H2, we expected that the participants would
be more precise on the selection tasks using our indirect interaction on the 2D panel,
compared to the direct selection. The result of our study supports this hypothesis by
showing that Indirect significantly outperformed Direct in the precision tasks. One
possible reason for this could be the posture of the arm. For the direct selection, the
arm has to be extended further away from the body, while the indirect selection allows
to rest the elbow comfortably close to the body. Another reason could be related to
the DOFs of the interaction techniques. The indirect selection uses fewer degrees of
freedom compared to the direct technique, for which previous work has shown higher
performance in a Fitts’ law task [Arsenault and Ware, 2004; Teather and Stuerzlinger,
2013; Luo et al., 2020].

Since road network design is a 2D interaction task by nature, our hypothesis H3 stated
that the participants would prefer to employ the 2D panel over direct interactions. The
results show a significant difference between the techniques, and Indirect is preferred for
road creation which confirms our hypothesis. Regarding H3.1, we were able to support
our hypothesis based on the score of the subjective question (QT7), which is ranked
quite high by the participants (see Section 2.4.3.2). During the guided task phase, one
participant stated that he had a better mental model of the scene while employing the
2D panel view alongside the 3D rendering of the scene.

Regarding H4, we expected that the participants would prefer to employ direct inter-
actions to add objects into the virtual environment. However, our results show that the
participants preferred the Indirect technique rather than Direct (see Section 2.4.3.2).
Thus, we can not confirm H4. The reason behind this might be the navigation aspect of
the direct interaction. Some users found traveling the scene via zooming in and out with
both hands to be less ergonomic than traveling via the minimap. One participant stated
that applying the technique “feels like doing a workout”. In the next iteration, we plan
to do further evaluation by omitting the travel techniques and evaluate this hypothesis
based on the selection techniques only.

Based on the comparative and qualitative results, our indirect free-hand selection and
manipulation technique has proven to be well-suited for precise and fast placement of
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objects onto a terrain surface. We believe that our interaction technique performed
particularly well due to its design that addresses the inherently 2D nature of the road
network problem. Thus, our system provides an adequate tool for the free-hand author-
ing of road networks and traffic scenarios that was preferred by the participants over
existing scene authoring techniques.

2.4.5 Limitations and Future Work

Our system is currently limited to create roads with two lanes. In future work, this
can be extended to enable users to create more complex road structures, such as roads
with varying number of lanes, widths, and the possibility to merge roads with a different
number of lanes.

Regarding our study, one limitation could be using different headsets. However, we
tried to minimize the potential confound by using the same tracking system (see Sec-
tion 2.4.2.2). Another possible limitation is that the results might be not generalizable
to a larger population since most participants were male. These limitations should be
considered in future iterations.

For further improvements on the system, the numerous valuable feedback we gathered
from our participants can be addressed in future work. Furthermore, regarding our
selection technique, future studies can explore the performance of our ray-based selection
technique when combined with two-handed interactions and other input modalities in a
Fitts’ law task.

2.4.6 Conclusion

In this section, we presented a system for VR-based authoring of virtual environments
for the testing and validation of automated vehicles. Our system enables users to create
road networks and traffic scenarios, and modify them at run-time based on free-hand
gestures. It provides an efficient way to perform design, testing, and validation cycles
since all steps are executed inside the application without a break of immersion.

Further, we devised a novel interaction technique that enables the user to add and select
objects on the terrain surface by using a 2D control panel that can be placed freely
in the 3D environment. 3D objects in the scene get projected onto the 2D panel, and
with our interaction technique, the user can employ multiple actions, e.g. selection and
addition of objects, based on the distance of the index finger to the control panel.

To evaluate the performance of our interaction technique, we conducted a user study
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in which we compared against an existing free-hand interaction method. Furthermore,
we gathered feedback for our system by means of a qualitative user study with domain
experts. The results show that our indirect technique outperforms direct interaction
methods in terms of speed and precision, as well as usability and intuitiveness.
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CHAPTER 3

AUTHORING DYNAMIC AND INTERACTIVE
CONTENT BEHAVIOR

In the previous chapter, we explored content generation and manipulation techniques
that enable users to construct virtual environments while being immersed. However,
building interactive virtual environments requires more than just creating static ob-
jects; scene elements must respond to user actions and other in-world events to provide
engagement and interactivity [Steuer et al., 1995; Norman, 2002; Zhang et al., 2019].
Defining content behavior is, therefore, a crucial aspect of virtual environment author-
ing, as it enables users to actively participate in the scenario rather than remain passive
observers.

As mentioned in Chapter 1, the traditional way to create object behavior is achieved
through programming, in which developers write scripts using programming languages
such as C# or C++ to define interactions. However, this approach breaks immersion
as it requires users to leave the VR environment to modify the code using external
development tools, and relaunch the application to test changes. To enable immersive
authoring, research has explored coding directly within VR, [Elliott et al., 2015; Fischer,
2016; Castillo et al., 2021]. They provided VR text editors to enable users to write
code using either a physical keyboard or an in-VR keyboard. However, despite these
efforts, text-based programming in VR remains impractical due to ergonomic challenges,
inefficient text entry, and hardware limitations [Dudley et al., 2019; Knierim et al., 2018|.
In addition to these constraints, programming is still inaccessible to non-technical users,
which limits the ability of designers and artists to author interactive behaviors.

More recently, Al-driven approaches that use Large Language Models (LLMs) have been
explored to generate behavior logic. Approaches such as DreamCodeVR [Giunchi et al.,
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2024] and LLMR [De La Torre et al., 2024 have demonstrated how Al can assist users in
defining interactive object behaviors through natural language prompts. While these ap-
proaches offer an exciting alternative to traditional scripting, they also introduce several
challenges that limit their effectiveness in content behavior authoring. LLM-generated
code is not always reliable [Giunchi et al., 2024]. This leads to users often need to man-
ually debug or refine the output for correctness, which introduce an additional layer of
complexity. Another challenge is that LLMs may not fully grasp the intended context
or structure of a scenario [De La Torre et al., 2024]. This can lead to unpredictable
behavior generation that is inconsistent with user expectations. Additionally, these
methods provide limited control over fine-grained behavior logic, which makes them less
approachable for projects that require precise, structured interactions [De La Torre et al.,
2024]. While Al-driven solutions show potential, they are not yet feasible for end-to-end
behavior authoring and still require manual intervention.

Another way to create content behavior that offers users more control over the creation
process, compared to Al-driven methods, while remaining accessible to non-programmers,
is Visual Programming Languages (VPLs). In the following sections, we provide detailed
insights into VPLs and investigate how visual programming paradigms can be adapted
within virtual environments to create content behavior while immersed.

3.1 Visual Programming Languages

Visual programming languages are an alternative to traditional text-based program-
ming. They provide graphical representation of programming elements and functions
and enable users to construct a program using these visual representations. They are
approachable by novices because they are found to be easier to read, compose, and rec-
ognize due to their respective shape and color-coded functionalities, which reduce the
need to memorize complex syntax and thus can support various cognitive aspects of the
programming activities [Weintrop and Wilensky, 2015].

However, VPLs can still be challenging to use for those who are not familiar with pro-
gramming concepts. Furthermore, they have been primarily designed for desktop-based
interfaces, where users interact with visual elements using a mouse and keyboard. In-
tegrating VPLs into VR presents unique challenges. We have to rethink how to design
programming interfaces, their positioning, and how users will interact with them while
immersed.

To tackle these challenges, we explore two primary visual programming paradigms—block-
based and dataflow-based—for object behavior authoring. Our selection of these paradigms
is based on the distinct advantages each offers for particular tasks. In the following sec-
tions, we present their strengths and challenges, review existing adaptations for VR,
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examine prior studies on spatial interface positioning, and outline our contributions to

this field.

3.1.1 Block-Based

Block-based VPLs represent the code structure using graphical blocks that are stacked
horizontally and vertically [Resnick et al., 2009]. Each block refers to programming ele-
ments such as variables, loops, conditions, or function calls. These blocks are pre-defined
and usually available in a palette, enabling users to select and assemble them logically
to create a program. The discrete, sequential arrangement of programming blocks in
this paradigm is particularly well-suited for linear scenario creation, which enables users
to construct step-by-step logic in an organized manner. Instead of memorizing syntax
or commands, users can recognize their function based on visual attributes.

This approach has been shown to reduce cognitive load, minimize errors, accelerate
the learning process, and make programming more accessible to novices [Weintrop and
Wilensky, 2015; Armoni et al., 2015]. Hence, it has been widely used in various domains,
with well known desktop-based tools like Alice [Cooper et al., 2000], Scratch [Resnick
et al., 2009], Blockly [Google, 2012], MIT App Inventor [Wolber et al., 2011], and
Snap! [Harvey and Monig, 2010).

The adoption of block-based VPLs into VR has been also explored in contexts such as
teaching programming and creating interactive experiences. Several approaches, includ-
ing Cubely [Vincur et al., 2017], VWorld [Jin et al., 2020] and VR-ocks [Segura et al.,
2020] are primarily designed for educational purposes to introduce novice programmers
to basic programming concepts. A common feature among these approaches is the use
of gamification and the representation of programming elements as 3D cubes. However,
they differ in interaction techniques and spatial design.

In Cubely [Vincur et al., 2017], users engage in a Minecraft-themed virtual environment
where a game character is guided through various challenges by executing a correctly
structured programming elements. Users view the environment from a third-person per-
spective and interact with programming elements through direct manipulation. These
elements can be placed anywhere in the scene. Similarly, Segura et al. [2020] propose
a VR game in which students are tasked with guiding a character through a maze with
obstacles by constructing programming blocks. In contrast to Cubely, users interact with
the environment at a real-life scale. They use raycasting to select floating programming
elements and position them in a designated execution area. On the other hand, Jin
et al. [2020] with VWorld, enables children to interact with blocks using direct hand
interactions. It further provides WIM for object selection and navigation. In this ap-
proach, the blocks, including motion and audio actions, are located in a programming
panel and assigned to the control panel to construct a code sequence. While VWorld
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offers predefined action blocks (e.g. move forward, turn left, and turn right) similar
to Cubely and VR-ocks, it lacks functionalities for creating logical structures like if-else
statements or while conditions.

Some approaches incorporate a 2D editor into VR for block-based programming. For
instance, Sun et al. [2021] introduce a Scratch-like 2D code editor within a VR environ-
ment, where users add code blocks from a hand-oriented pie menu and numeric input are
provided using a virtual keyboard below the editor, and interactions are performed using
a ray. Similarly, Horizon Worlds [Meta, 2021] by Meta features a block-based scripting
within a 2D editor in VR. Users interact with blocks using a ray, but compared to Sun
et al. approach the system offers a more fundamental set of programming elements for
constructing complex behavior.

Other approaches build on Blockly’s interface, supporting horizontal and vertical block
nesting while representing blocks as 3D objects. For example, LearnloT VR, proposed by
Zhu et al. [2023], teaches Internet-of-Things (IoT) concepts through block-based visual
programming in VR. It categorizes blocks into two types: universal blocks (e.g., loops,
conditionals), organized in a floating toolbox, and IoT-specific blocks (e.g., SetPin()),
placed above IoT components. Users interact with these blocks using a ray. Similarly,
Hedlund et al. [2023] propose Blockly VR, which investigates the constraints and potential
of using block-based programming within a large interactive space compared to the
desktop-based 2D block editor. The authors provide bigger blocks and enable users to
use controllers with short ray for selection, which requires them to move to the respective
blocks physically. They found that the performance was not affected compared to the
2D Blockly. However, some participants reported challenges with spatial distribution,
block size, and navigation in BlocklyVR. They mentioned losing objects often behind
them, finding blocks too large for clear code interpretation, and experiencing difficulties
in fetching new blocks.

Building on these insights, we investigated the use of the block-based VPL interface for
creating dynamic driving scenarios to test automated vehicles. We chose this type of
interface since the sequential arrangement of the blocks aligns well with the linear na-
ture of driving scenarios. To this end, we introduce VRScenarioBuilder, which enables
users to create dynamic driving scenarios using free-hand interactions in VR. Similar to
previous works, we represent blocks as 3D objects. However, we simplify the program-
ming process by offering predefined condition and action blocks instead of basic building
blocks. Our approach features a natural user interface that enables users to create sce-
narios quickly and intuitively using a drag-and-drop mechanism. We further provide
a WIM interface for scene navigation, entity selection (e.g., vehicles, pedestrians), and
observer positioning during scenario playback. Interfaces are positioned in front of the
user and within arm’s reach to enable comfortable interaction with the objects while
seated. While the blocks are stacked vertically, additional parameter adjustments are
made using intuitive inputs like button presses, numeric sliders, and demonstration via
direct interaction (e.g., defining an entity’s trajectory).
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Further details on our approach, study findings, and future research directions, including
spatial arrangement and managing lengthy blocks, can be found in Section 3.2.

3.1.2 Dataflow-Based

Dataflow-based VPL represents the code structure as a directed graph, containing nodes
connected by directed edges [Johnston et al., 2004]. Each node, along with its input
and/or output ports, may represent a fundamental programming element or a function.
The visual representation of a directed graph aligns closely with how individuals nat-
urally conceptualize processes [Tversky, 2013]. Thereby, this can enhance both under-
standing and manipulation of programs in certain scenarios. For example, Altendeitering
and Schimmler [2022] compared the effectiveness of block-based and dataflow VPLs for
creating smart spaces scenarios. Their study revealed that users perceived dataflow
programming as more visually appealing, easier to understand, and felt more confident
when completing tasks.

However, it is important to note that dataflow VPLs can become structurally intri-
cate, particularly in complex scenarios where numerous tangled connections between
nodes may arise. Such complexity can pose challenges to program interpretation [Sousa,
2012]. Nevertheless, several well-known 2D desktop-based tools, such as Unreal En-
gine’s Blueprints [Epic Games, 2014], Unity Visual Scripting [Unity Technologies, 2021},
LabVIEW [National Instruments, 1986], and TouchDesigner [Derivative, 2008|, demon-
strate the effectiveness of using a dataflow-based interface in handling complex tasks
across diverse domains.

Expanding on desktop-based tools, several immersive VPL approaches [Steed and Slater,
1996; Lee et al., 2004; Ens et al., 2017; Zhang and Oney, 2019; Kao et al., 2020; Zhang and
Oney, 2020] have adopted the dataflow paradigm. A pioneering example by Steed and
Slater [1996] introduced a system with a dataflow-based interface consisting of three node
types: source, filter, and receptor. The system enables users to define object behavior
by connecting these nodes within a virtual environment, where source nodes generate
input streams, filter nodes process them, and receptor nodes translate the output into
visible actions, such as turning on a light.

Another notable approach is Ivy by [Ens et al., 2017], an immersive authoring envi-
ronment based on the dataflow programming model. Ivy enables users to design IoT
programs by creating logical connections between virtual representations of real-world
sensors and actuators within a spatially situated interface. Their study revealed that
the process of connecting spatially situated programming elements was found to be intu-
itive and useful for debugging. However, users also reported challenges with raycasting
when selecting distant objects and issues with visual clutter. NeosVR [Solirax, 2018b],
a social VR platform, also employs a dataflow-based VPL approach through its LogiX
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VPL [Solirax, 2018a]. This system allows nodes to be freely positioned within the vir-
tual environment and attached directly to programming objects. While LogiX offers
comprehensive range of content creation options in a collaborative setting, it faces chal-
lenges related to visual clutter and usability [Genz et al., 2021]. FlowMatic [Zhang and
Oney, 2020] aims to mitigate these challenges by simplifying complexity through the use
of abstractions. This is achieved by introducing a set of domain-specific operators and
classifying input data into two types: signals, which represent continuous, time-varying
values, and event streams, which represent discrete events. The operators process these
inputs to either transform the dataflow or trigger actions, such as the creation or de-
struction of objects. In their system, instead of reaching out for objects in the scene,
users can bring them into the programming environment, where programming elements
can be arranged on a 2D panel. While this approach may help reduce clutter compared
to the nodes positioned freely in the scene, their resulting graph on the panel might
still become cluttered, even in relatively simple examples, as shown in Figure 5 of their
paper. Another approach proposed by Murray [2022], RealityFlow presents a multi-
user dataflow VPL that is compatible with desktop, mobile, and VR platforms. Unlike
previous approaches, programming nodes are not 3D objects but rather 2D widgets po-
sitioned on a 2D panel. All creation activities occur solely within this panel. However,

as the project is still a work in progress, an evaluation of the prototype has not yet been
published.

Building on these approaches, we present modulation mapping which is a simplified
visual programming technique that is inspired by dataflow VPL approach. In contrast
to previous work, our goal is to further simplify the authoring of reactive behavior
for a broader range of users. To achieve this, we propose preparing complex behavior
offline by programmers and exposing it to the authoring environment as high-level object
properties, following a similar approach proposed by Artizzu et al. [2022]. However,
instead of modeling behavior as discrete events and actions defined by logical conditions,
we model the immediate effects of continuously varying inputs on the target properties.
By introducing a special type of mapping, we enable the modeling of hybrid continuous-
discrete signal flows within a unified interface design concept (see Section 3.3.1.2)

As discussed in this and the previous section, previous work has explored different ways
to position VPL interface components within the scene; however, none have examined
the importance of positioning these elements when authoring in VR. Since our method
enables users to define reactive behavior for scene objects while immersed, there is an
inherent spatial relation between the programming elements and the objects. Further-
more, the findings of our previous study (see Section 3.2.4) emphasizes the importance
of how these elements are spatially arranged. This highlights that the spatial refer-
ence frame in which the programming elements are positioned is a crucial factor for
the applicability of our approach. To investigate this, we developed two interface lay-
outs: surround-referenced, where the programming elements are positioned relative to
the physical tracking space, and object-referenced, where they are positioned relative to
virtual scene objects. An empirical user study was conducted to compare these lay-
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outs.

In the following Section 3.1.3, we provide a detailed explanation of the terminology
associated with different reference frames for user interface layouts, along with a review
of previous studies that explored their impact in immersive environments. Further details
regarding our proposed technique, its evaluation with these interface layouts, and the
results can be found in Section 3.3.

3.1.3 Reference Frames for 3D Ul

The placement of 3D user interface components within the virtual environments is
crucial because it affects how accessible they are to users and the levels of occlusion
present [Bowman et al., 2004]. These spatial arrangements in the VE can be classified
according to reference frames to which they are positioned [Ha et al., 2006; Ens et al.,
2014b]. In the following, an overview of how reference frames have been classified and
evaluated in previous research are provided.

Feiner et al. [1993] pioneered the exploration of 2D window placement in augmented
reality (AR), introducing the concepts of world-fixed, display-fixed, and surround-fized
windows. In this context, world-fixed refers to windows anchored to specific locations
or objects in the 3D scene, while display-fixed windows are displayed at a fixed position
relative to the head-worn display, regardless of the user’s head orientation. Surround-
fixed windows, on the other hand, are located at a fixed position in the surroundings of
the user. Later, Bowman et al. [2004] adapted and extended the terminology for graph-
ical menu placement, introducing the categories of world-referenced, object-referenced,
head-referenced, body-referenced, and device-referenced. In their adaptation, Bowman
et al. [2004] differentiated Feiner et al. [1993]’s world-fixed windows into world-referenced
and object-referenced types, and referred to display-fixed windows as head-referenced
menus. Additionally, they introduced the term of body-referenced menus, which are
anchored to parts of the body (torso, hand, or arm) and device-referenced menus, which
refer to a physical display surface like workbenches or handheld AR systems.

Based on these definition, we adopt the surround- terminology originally introduced by
Feiner et al. [1993] to describe Uls positioned in the user’s surroundings, i.e., the physical
tracking space. However, in line with Bowman et al. [2004], we replace the term -fized
with -referenced to indicate that the interface can be repositioned freely within this
reference frame. In this regard, a surround-referenced interface appears static as the
user walks in the tracked area, similar to a world-referenced layout. However, if a travel
technique such as steering [Bowman et al., 2004] or teleportation [Bozgeyikli et al., 2016]
is employed, the interface moves along with the user. Consistent with Bowman et al.
[2004], we use the term object-referenced for Uls that are attached to scene objects.
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The influence of different reference frames for interface layouts has been previously stud-
ied in various contexts. For instance, Billinghurst et al. [1998] conducted an empirical
study to compare user task performance using head-fixed and body-fixed information
displays on a wearable computer. The study result revealed that body-fixed positioning
enabled for faster information retrieval and was perceived as easier to use and more
intuitive. Polys et al. [2005] further investigated the role of information layout (object-
referenced and head-referenced) with varying screen size, and field-of-view on user per-
formance in VEs. They found that the consistent visibility of the head-referenced layout
significantly outperformed object-referenced layout in terms of user performance (accu-
racy and time) and satisfaction. Similarly, Bernatchez and Robert [2007] found that 3D
floating menus are more effective when they are designed to follow the user’s position
and face towards them, compared to menus that remain static in the scene, follow the
user’s position only, or attached to the non-dominant hand.

Das and Borst [2010] further evaluated the performance of contextual (object-referenced)
versus world-referenced menus for projection-based VR systems. In their study, users
were tasked to select a highlighted object first, then select a target item from the menu
that appeared. The results showed that contextual menus enabled faster selections.
Ens et al. [2014b] compared world-referenced, body-referenced and referenced-referenced
virtual displays for selection tasks on head-worn AR displays. Their study revealed that
target selection was more accurate with the world-referenced display and the body-
referenced display resulted in higher selection errors due to reaching motion. Lediaeva
and LaViola [2020] later conducted a comprensive study to evaluate body-referenced
(arm, hand, and waist) and world-referenced menus with varying shapes and selection
techniques in VR. They found that participants preferred the world-referenced menus
the most, and found them to be less mentally and physically demanding. In contrast, the
arm-referenced menus were the least favored, being perceived as the most challenging
and physically demanding to use.

Compared to spatial virtual displays or menus, immersive authoring of reactive behavior
using dataflow VPL involves a graphically represented connecting lines between nodes.
This introduces additional information and interaction in 3D space that the user must
process and manage when authoring in VR. However, the literature has not yet explored
a comparison of reference frames for immersive dataflow VPL interfaces. This compara-
tive analysis is essential to understand the role of using different reference frames within
the dataflow VPL paradigm, and for designing effective authoring approaches based on
these insights. Building on previous work, we choose a surround-referenced layout that
travels with the users to ensure consistent visibility, which may enhance accessibility
and performance [Polys et al., 2005; Bernatchez and Robert, 2007]. We compare it to an
object-referenced layout that anchors interface elements to virtual objects in the scene,
which may support contextual and spatial awareness [Das and Borst, 2010] and improve
user experience [Lediaeva and LaViola, 2020; Ens et al., 2017].

In the context of immersive reactive behavior authoring, our research offers valuable
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insights into the design and optimization of immersive dataflow VPL interfaces by sys-
tematically evaluating the efficiency and overall user experience of these layouts. Further
details regarding the design of the interfaces and the evaluation can be found in Sec-
tion 3.3.

3.2 A Block-Based Approach for Linear Scenario Authoring

The contents of this section are based on — and taken in part from — work previously
published in [Eroglu et al., 2024b].

Change Speed

istance Condition )
Change Lane Time Atter Action )
Follow Trajectory AV = R{ Time after Start of Simulation )

3

Figure 3.1: VRScenarioBuilder to author scenarios for testing automated driving fea-
tures. Left: Block Editor for block-based assembly of dynamic traffic scenarios. Right:
World-in-Miniature interface to navigate the scene, add and select entities (e.g. vehicle
or pedestrian), and define the observer position during scenario playback.

Virtual Reality (VR) has gained increasing interest from the automotive industry, pri-
marily due to its ability to provide simulated environments where engineers can actively
participate and observe realistic driving scenarios. This enables engineers to test and
validate automated vehicles in varying traffic scenarios without endangering themselves,
vehicles, or the surrounding environment. By simulating environments and replicating
real-world driving conditions, provides a controlled space for quick adjustments and im-
provements to vehicle systems. This accelerates development and testing cycles, leading
to more efficient processes and reduced costs in the development of automated vehicle
technologies.

To create testing scenarios for automated driving systems, road networks and traffic
scenarios need to be defined. Real public data sources [Cai et al., 2020; Lopez et al.,
2018; Azevedo et al., 2017], procedural generation [Paranjape et al., 2020; Tan et al.,
2021], learning-based [Bergamini et al., 2021; Sun et al., 2022; Feng et al., 2023] or
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user-driven [OpenMSL, 2023; OpenDILab, 2021; Zhou et al., 2023] methods are used
to address these needs. User-driven methods offer a customizable approach that can
be adjusted to meet specific needs, allowing for flexibility in the design process. Once
a desired driving scenario has been identified, the user manually specifies parameters,
including coordinates, trajectories, velocities, and orientations using a domain-specific
language such as OpenSCENARIO [ASAM, 2024]. This is an open XML-based standard
describing dynamic content for virtual test drive simulations, containing the maneuvers
of traffic participants. These scenarios, utilized as input for simulators in testing auto-
mated driving functions, support reusability across tools and development stages. Thus,
engineers commonly use simulators like CARLA [Dosovitskiy et al., 2017], SVL [Rong
et al., 2020], CarMaker [IPG-Automotive, 1999], and DYNA4 [Vector, 2023].

However, these simulators do not enable users to modify the traffic scenarios interactively
while being immersed. Although previous works [Eroglu et al., 2021; C6té and Beaulieu,
2019] enable users to create and modify roads in an immersive environment, they do not
provide the ability to author dynamic traffic scenarios.

To overcome these shortcomings, this work investigates how an immersive scenario au-
thoring environment be designed to enable engineers to author dynamic traffic scenar-
108?

To address these shortcomings, we present VRScenarioBuilder, an immersive test en-
vironment that enables engineers to efficiently test and validate automated vehicles in
VR. To make interactions with the system as intuitive and approachable as possible,
we have designed a natural user interface. Our approach enables users to create and
modify dynamic traffic scenarios using free-hand gestures. To this end, we designed an
easy-to-use drag-and-drop interface that is inspired by block-based visual programming
languages. To evaluate our interface design decisions, we performed a user study with
n =9 VR experts. We gathered qualitative feedback to investigate potential difficulties
and improve the proposed approach in future iterations. Furthermore, we identify future
research directions based on the feedback and our observations.

3.2.1 VRScenarioBuilder

We developed our system based on the following requirements that are defined by control
engineering experts of an automotive company.

R1 The system should enable users to create, modify, and fine-tune dynamic traf-
fic scenarios that include driver actions such as changing a lane, overtaking or

following a defined trajectory.

R2 The system should enable users to observe and analyze scenarios from different
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perspectives for comprehensive testing.

R3 The system should facilitate offline editing and compatibility with widely used
standards like OpenSCENARIO.

To address each requirement, we designed an immersive authoring system with two
main user interface components: the World-in-Miniature (Section 3.2.1.1) and the Block
Editor (Section 3.2.1.2). In the following, we present our system in more detail.

3.2.1.1 World-in-Miniature

To enable users to efficiently interact with virtual objects within arm’s reach, we utilize
a World-in-Miniature (WIM) interface [Stoakley et al., 1995], a miniaturized replica of
the virtual environment. Upon opening the right hand with the palm facing upward,
the WIM interface becomes visible in front of the user. To enable users to interact
effectively with the virtual environment from various perspectives, the WIM can be
freely repositioned with a single hand and rotated around the vertical axis with both
hands. To change the scene inside of the WIM, we enable users to employ a swiping
gesture on the floor, similar to scrolling on a smartphone.

The first step in designing a traffic scenario (R1) is to add entities to the virtual envi-
ronment. Currently, our system provides two different entities: Vehicle and Pedestrian.
The miniature copies of these entities are located in their respective container on the
WIM interface (See Figure 3.1 - Right). These objects can be added to the scene by
grabbing and placing them in the WIM. After removing a copy from its container, a new
copy of that entity appears in its place.

The position and orientation of scene objects can be manipulated by moving them inside
the WIM. To reduce the authoring time, the position and the orientation of vehicles are
automatically adjusted to fit the nearest lane on release. Pedestrians, on the other hand,
can be positioned and oriented arbitrarily.

To address R2, the WIM interface incorporates a camera that enables users to define
their initial position and viewing direction for testing the scenario. During authoring
phase, the camera can be moved by grabbing it and rotated by manipulating the lens.
Via the preview screen of the camera, users can determine their perspective within the
scenario. The camera can also be used to follow a specific entity within the simulation.
This can be accomplished by dragging the camera onto the entity of interest and releasing
it. The camera will then “snap” to the entity and become smaller, indicating to the user
that it is now following that entity during the simulation.
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3.2.1.2 Block Editor
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Figure 3.2: This figure shows how each block changes in appearance once it has been
added to the programming area. This change in appearance causes the blocks to have
different parameters to specify the condition/action. These parameters are highlighted
black for the white Condition Blocks and white for the black Action Blocks.

In order to design an easy-to-use interface for authoring dynamic traffic scenarios, we
needed to simplify the complex hierarchy of elements in OpenSCENARIO, which can
require 258 lines of code to define a simple lane-cutting scenario [Lou et al., 2022]. To
achieve this simplicity, we drew inspiration from the block-based visual programming
paradigm. In this approach, code snippets are represented by blocks that can be dragged
together to create programs. This provides a simple way for program creation that
doesn’t demand extensive programming skills or knowledge. To this end, our Block
Editor user interface component enables users to author dynamic traffic scenarios by
dragging and dropping building blocks, namely condition and action blocks (R1).

The Block Editor can be brought into the virtual environment by turning the left hand
with the palm facing upwards. To enable users to comfortably interact with the interface,
it can further be repositioned freely by grabbing its handle, drawn as a sphere containing
3D arrows. Additionally, while positioning, the interface rotates in a way that directly
faces the user, to ensure optimal visibility and avoid additional interactions that could
potentially cause arm fatigue [Hansberger et al., 2017].

Assembling Blocks

The main UI elements of the Block Editor component are Condition Blocks and Action
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Action Blocks serving as function calls within these “if” statements. Once a condition
is met, the corresponding actions are executed. Currently, Condition Blocks can only
exist on the first level and Action Blocks on the second. This setup allows for multiple
dependent action blocks per condition block. However, each condition block is evaluated
independently of others on the first level during playback.

The Block Editor currently offers three types of Condition Blocks and three types of
Action Blocks. The functionalities of these are designed to create dynamic scenarios
— such as “Cut-In", “Double Lane Changer”, and “Overtaker” — as described in User
Guide [OpenSCENARIO, 2020], meeting the needs of system control engineers (R1).
To define these scenarios, we have designed the following blocks:

Condition Blocks:

e Distance is triggered when the distance between two selected entities becomes
greater or smaller than a defined threshold in meters.

o Time After Action is triggered when the defined time has passed after the execution
of a specified action.

o Time After Start is triggered when the defined time has passed after the simulation
started.

Action Blocks:
e Change Speed sets the desired speed of a selected vehicle to a specified one.

e Change Lane causes a selected vehicle to change its lane to a selected (right or
left) lane.

e Follow Trajectory make a chosen entity, a vehicle or a pedestrian, to follow a
defined trajectory.

To create a scenario, the blocks need to be positioned in input area, denoted by a white
dashed rectangle in the upper-middle part of the interface (See Figure 3.1 - Left). Upon
adding a block, all exiting blocks move upwards to maintain space in the input area for
the next condition or action block. Simultaneously, its appearance expands to display
adjustable parameters required for further specification (See Figure 3.2). To remove a
block from the scenario, the block can simply be grabbed and thrown away. The block
will fall and be deleted.
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Parameter Specification

To enable users to define parameters, our system offers 3D buttons and sliders. When
a button on the expanded block is pressed, the system performs a corresponding action
based on the parameter type. For numerical parameters, users can define the value by
interacting with a slider. For a precise definition of the values, +/- buttons can be
employed (See Figure 3.3). Additionally, we provide toggles for binary parameters that
are used in the Distance condition (“>” or “<”) and the Change Lane action blocks
(“left lane” or “right lane”).

The Change Lane and the Chance Speed blocks require the user to specify which vehicle
should execute the action. To perform this selection of a vehicle, the WIM interface
is employed. After pressing the “choose car” button, the Block Editor disappears and
the WIM appears in front of the user, and the vehicle can be selected by touching it
directly with the index finger. The Distance Condition and Follow Trajectory blocks
have a similar parameter, “entity”, allowing the selection of a pedestrian or a vehicle.
The Time After Action block incorporates a parameter defining which action triggers
this condition. To set this parameter, the user needs to press the button and then select
the desired action.

Lastly, as a parameter of Follow Trajectory, a trajectory can be defined. For this reason,
we enable users to draw a path by directly grabbing the object (a vehicle or a pedestrian)
and moving it in the WIM (See Figure 3.4). The resulting path is projected onto the
road and is visualized in white to provide visual feedback.

Playing Scenarios

After a scenario has been created by assembling condition and action blocks, simulation
can be initiated by interacting with the play button on the Block Editor interface. Upon
play, the position of the user will be set based on the miniature camera. The position of
the user will be updated to follow an entity if the camera is attached to that entity. Dur-
ing the simulation mode, the Scenario Builder is adapted to offer new input capabilities
to pause, resume, and stop the scenario. For clear observation of the simulation steps,
annotations are provided to indicate ongoing actions (See Figure 3.5). Their transfor-
mation dynamically updates based on the user’s position and they disappear after some
seconds.
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Figure 3.3: Depiction of VRScenarioBuilder’s Slider. The user clicked on the “5 sec”
button of the Time After Start condition block. The parameter can be set by moving
the slider with the index finger. The two buttons with “-” and “+” can be used for fine
adjustment.

Dynamic Editing of Scenarios

Our system further enables users to dynamically modify scenarios while the simulation is
running (R1). It’s a crucial feature for evaluating how individual entity behaviors affect
scenario outcomes at specific points in the simulation. To achieve this, the simulation
first needs to be paused and then desired action blocks can be added to the input area
of the Block Editor. Once the modifications have been made, the user can then resume
the simulation and observe the effects of the changes.

Saving and Loading of Scenarios

Another crucial feature requested by engineers is the ability to modify the scenarios
offline and share them for use in other testing environments (R3). For this reason, we
enable users to save scenarios in the XML format of OpenSCENARIO. It is commonly
employed in the automotive industry and compatible with various testing environments
such as CarMaker [IPG-Automotive, 1999] or CARLA [Dosovitskiy et al., 2017]. A
created scenario can be saved by selecting the save button on the Block Editor (see
Figure 3.1 - Left). The scenario file will be stored under the project folder. It can be
modified offline and, e.g., loaded into a desktop-based testing environment. The modified
file can then be loaded into VRScenarioBuilder to continue the workflow in VR.
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Figure 3.4: Creating a trajectory in the WIM: The user is moving the red car, creating
a trajectory to overtake the blue car.

3.2.2 User Study

To gather initial feedback on the interface components and free-hand interactions of
VRScenarioBuilder, we conducted a user study with VR experts. This study serves as
an initial guide for refining the interface concept, enhancing usability, and implementing
additional features.

3.2.2.1 Apparatus

The study was conducted in a seated position at our lab. We used the HTC Vive HMD
with two Lighthouse 1.0 base stations. In order to track the position and orientation of
the user‘s fingers and hands, we employed the Leap Motion Controller, mounted onto
the VR headset. The experimental platform was developed in Unity 2018.3.14f1 and ran
on a 3.50GHz Intel Xeon E5-1650 with NVIDIA GeForce GTX 1080 GPU, operating
Windows 10.
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Figure 3.5: Playback of a scenario: The Block Editor displays two buttons to pause
or stop the simulation. Over the simulated vehicle, an annotation indicates the red car
is changing to the left lane.

3.2.2.2 Procedure

The study procedure is composed of several sequential steps. First, participants signed
a consent form and filled out a pre-study demographic questionnaire. Then, an example
OpenSCENARIO file “Overtaker.xml” and the VRScenarioBuilder workflow were shown
and briefly explained.

Once equipped with the HMD, participants were instructed to think aloud and freely
comment on the system. After getting familiar with the system, the participants were
instructed to load the example file using the Block Editor and play this scenario.

In the next step, the participants had to create a new scenario based on the image
that is shown in VR (See Figure 3.6 - Top). Several features were utilized in this task,
including block assembly, parameter configuration, as well as creating a trajectory for
the pedestrian. Upon successful creation (See Figure 3.6 - Bottom), the participants
were instructed to play this scenario.

Once the pedestrian had crossed the street, the participants were instructed to use
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Figure 3.6: Top: The scenario depiction shown to users to recreate in the study: The
red car begins to drive at 15km/h, if the distance to the pedestrian is less than 10m,
the car stops and the pedestrian crosses the street. Bottom: The depiction of correctly
assembled blocks and set parameters for the scenario described above.

the dynamic editing feature to make the car continue driving. This involved pausing
the scenario, adding a Change Speed action, setting the “choose car” parameter, and
resuming playback.

After completing the tasks, participants put the HMD off and completed the System
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Usability Scale (SUS) [Brooke et al., 1996], a custom 5-point Likert scale questionnaire
(See Figure 3.7). Furthermore, semi-structured interviews were conducted with each
participant to gather feedback on system difficulties and suggestions for improvement.
The entire procedure took approximately 45 min.

3.2.2.3 Participants

9 persons participated in the study. They were between the ages of 22 and 33 (7 male
and 2 female). All participants had normal or corrected vision. None of them suffered
from color blindness, and all were right-handed. Additionally, all participants reported
having experience with VR and 3D user interfaces regularly, with 5 reporting previ-
ous experience with free-hand interaction in VR. All participants also reported having
regular programming experience.

3.2.3 Results and Discussion

Overall, we mainly received positive feedback from VR experts. They were able to solve
the tasks without major problems and rated the system’s usability as good, giving it
an average SUS score of 75. Furthermore, they found the interaction with the system
using free-hand gestures was not physically exhausting Q1 and functioned well Q10.
The further results of the custom 5-point Likert scale questionnaire can be seen in
Figure 3.7. The experts further provided valuable feedback on existing and suggested
additional features, which we present and discuss in the following.

3.2.3.1 Feedback on Existing Features

Concerning loading of scenarios, several participants commented positively on the sce-
nario representation using blocks as being easy to understand. Upon playing the loaded
scenario, one participant stated that the annotations could sometimes cover important
elements of the scenario. To address this, we plan to implement an automated an-
notation positioning approach to prevent interference with important elements of the
scenario, similar to previous work [Pick et al., 2010; Tatzgern et al., 2014].

Regarding scenario creation, users expressed confidence in using the system and ap-
preciated the block assembly concept for its intuitiveness. These positive responses
are further supported by the ratings of Q2 and Q7 in the custom questionnaire (See
Figure 3.7). Two participants, however, experienced issues when attempting to insert
a block into the programming area. The block would sometimes fall down accidentally
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Q1: The tasks exhausted me physically.

Q2: | was able to solve the tasks well.

Q3: It was fun to solve the tasks.

Q4: | found the interface intrusive.

Q5: The WIM interface was well suited for adding vehicles into the scene.

Q6: The creating trajectories in WIM worked well.

Q7: | found creating scenarios with condition and action blocks in VR intuitive.

Q8: | found creating scenarios with condition and action blocks in VR fast and efficient.

Q9: Changing scenarios on the fly enabled me to try out different scenarios efficiently.

Q10: Operating the system using free-hand interaction worked well.

Il strongly disagree neither agree nor disagree I strongly agree
disagree agree

Figure 3.7: Histogram of answers to a custom 5-point Likert scale questionnaire.

when released too early. To solve this issue, we plan to provide improved visual feedback
to indicate when it is safe to release the block. In addition, we also plan to implement
an undo/redo feature to enable users to correct accidental actions.

In terms of parameter specification, several participants gave positive feedback on the
ease of using the Ul elements of the Block Editor to set numerical parameters. However,
one participant stated that the transition from the Block Editor and the WIM was some-
times confusing when selecting a “entity” parameter. To improve the user experience,
we plan to evaluate different approaches for transitioning between the interfaces.
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3.2.3.2 Ideas for Additional Features

We received valuable insights for improving the functionality of VRScenarioBuilder. One
notable suggestion is to enable the combination of multiple conditions using a logical
“and” by nesting consecutive Condition Blocks directly below one another. Another
suggestion from two participants was to have a [list of scenario entities that can be
selected if the WIM becomes crowded. Furthermore, regarding the playback of scenarios,
one participant suggested a feature to “scroll in time” during playback to enable users
to revisit specific moments in a scenario. As part of future design iterations, we will
carefully consider these suggestions.

3.2.4 Lessons Learned and Future Research Directions

Several key lessons have emerged from our observations and the feedback that we gath-
ered.

e Extension to Multimodal Cues: We have observed that our system is lacking some
important visual cues within the user interface such as indicating where to safely add
blocks. In addition to visual cues, carefully selected auditory cues can also be used
to further enhance the user experience [Schliinsen et al., 2019]. In order to improve
user understanding, reduce confusion, and simplify interaction with the system, the
incorporation of auditory and more prominent visual cues should be considered in
future iterations.

e Investigating the Layout of the Interfaces: When specifying entities as param-
eters, the WIM interface appears and the Block Editor disappears until an entity has
been selected. This design decision was made to avoid potential clutter in the user’s
view. However, based on feedback we have received, the transition between the Block
Editor and the WIM interface can be confusing. This can potentially lead to acciden-
tal selection of the wrong entity, especially when the WIM is crowded. Simultaneously
displaying the Block Editor and the WIM interfaces may introduce challenges related
to visual clutter and optimal positioning within the interaction range of the user. To
tackle this issue, we investigate the following research question:

RQ1: How can the spatial positioning and the visibility of user interface elements be
designed to minimize visual clutter and improve the user experience during scenario
creation in VR?

To address this question, we designed two interface layouts (see Section 3.3) and

evaluated them regarding several aspects, including visual clutter, cognitive load, task
completion time, and overall usability. The results are presented in Section 3.3.3.
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To further investigate this, future research could incorporate additional quantitative
measures besides task completion time and cognitive load. For instance, applying the
dual-task paradigm [Wickens, 1981] would enable us to measure cognitive load during
the use of the user interface. This will help us gain a deeper understanding of which
elements of the user interface affect cognitive load in particular. In this way, it could
be possible to examine in more depth how spatial design affects the user experience
while creating immersive scenarios.

e Lengthy Scenario Code Blocks: We observed that as the number of blocks in-
creases in the Block Editor interface, there could be a possible challenge in terms
of navigation, readability, and efficient management. To handle this complexity, we
propose the following solutions:

Implementing a hierarchical structure that organises blocks into categories could sim-
plify the navigation process. This way users can collapse or expand sections, allowing
for a more focused and efficient exploration of scenario blocks. Additionally, search
and filter functionalities can be added to the interface to enable users to quickly locate
specific blocks. This feature may allow users to manage extensive lists more easily by
providing targeted access based on naming or functional attributes. Offering users the
ability to create custom groupings within the interface could be another solution. This
would allow users to organise scenario blocks based on their preferences and workflow,
which could result in an experience that is intuitive and easy to use. Building upon
these proposed solutions, we have developed the following research question:

RQ2: How can an interface be designed to manage and navigate an extensive list of
scenario code blocks efficiently in VR?

3.2.5 Conclusion

In this section, we presented VRScenarioBuilder as a novel solution to address the lim-
itations imposed by 2D desktop-based tools in designing and testing dynamic driving
scenarios for automated vehicles in VR. Our approach enables users to create dynamic
traffic scenarios and modify them at run-time based on free-hand gestures. By perform-
ing design and evaluation steps within the application without a break of immersion,
it offers an efficient workflow for testing automated driving features. We designed an
intuitive drag-and-drop scenario builder interface, drawing inspiration from block-based
visual programming languages for user-friendly interaction.

To evaluate our interface design choices, we conducted a user study with VR experts.
Furthermore, we gathered qualitative feedback to find potential challenges and refine
our approach in future iterations. The results show the intuitiveness of design decisions
for creating dynamic scenarios with free-hand interactions, with the participants rating
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the system’s usability as good, thereby validating the effectiveness of our approach. In
addition, we identified future research directions based on feedback and our observa-
tions. These aim to enhance the interface and further contribute to the improvement of
immersive scenario authoring for testing automated driving features in VR.

3.3 A Dataflow-Based Approach for Behavior Authoring
Using Surround and Object-Referenced Spatial Frames

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

In the previous section, we explored the adaptation of the block-based visual program-
ming paradigm to create dynamic driving scenarios in VR. While the linear and hi-
erarchical arrangement of programming blocks in this paradigm is well fitting for the
creation of the driving scenarios, a dataflow-based interface can be more suitable for
creating other types of scenarios [Altendeitering and Schimmler, 2022]. The integration
of dataflow-based VPLs for immersive authoring have been previously investigated and
found to be intuitive [Ens et al., 2017; Zhang and Oney, 2020]. However, as discussed
in Section 3.1.1, they may still pose usability challenges due to wide range of functions
they offer [Solirax, 2018a] and the potential for visual clutter [Ens et al., 2017; Zhang
and Oney, 2020].

To overcome these issues, we further investigate how to adapt the dataflow-based paradigm
into VE to author object behavior. To this end, we present modulation mapping, an
approach inspired by dataflow VPLs that simplifies the process of creating reactive be-
havior while immersed. Our method defines a workflow, in which a developer prepares
application-specific degrees of freedom to control object behavior, exposed as object
properties. In the VE, the user interactively maps input sources to these predefined
properties by drawing connections. Input sources can be user input, the progression
of time, properties of other objects, or spatial relations between objects. To make the
technique approachable by novices, we only allow direct connections from sources to
target properties. To retain expressiveness, behaviors can be interactively customized
using visually represented mapping functions chosen from a set of templates.

Possible use cases for modulation mapping include teaching scenarios, where instructors
may define cause-and-effect relations between objects to illustrate processes in, e.g.,
mechanics or chemistry. In scientific visualization, domain experts may explore data by
mapping user interactions, such as joystick movements to visualization parameters. In
game design and virtual storytelling, creators may enrich the scene by adding interactive
elements. Specific examples are presented later in this article (see Table 3.1).
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Figure 3.8: A user creates reactive behavior by modulation mapping. Surround-
referenced layout (left): menu elements are located on a panel that travels with the
user. Object-referenced layout (right): menu elements are attached directly to scene
objects.

Because our method enables users to define reactive behavior for objects that are located
within the virtual scene, there is an inherent spatial relation between the programming
elements and the objects. Therefore, an important factor for our approach’s applicability
is the spatial reference frame in which the programming elements are positioned. While
the role of reference frames in information visualization [Feiner et al., 1993; Billinghurst
et al., 1998; Ens et al., 2014a] and menu interactions [Lediaeva and LaViola, 2020; Das
and Borst, 2010] has been explored, the impact on the immersive authoring of reactive
behavior through visual programming remains uninvestigated.

To support the design of immersive authoring techniques, our research further investi-
gates the role of reference frames on the applicability of modulation mapping for creating
reactive behavior. Therefore, we designed a surround-referenced and an object-referenced
interface layout, previously used by other immersive authoring environments [Ens et al.,
2017; Solirax, 2018b; Chauvergne et al., 2023] (see Section 3.1.3 for more detailed termi-
nology). In a study (n = 34), we compared these layouts, revealing a significant effect
of reference frame choice on the technique’s applicability. From our findings, we derive
initial interface design recommendations to guide future research on interface layouts for
immersive creation of reactive behaviors.

In the following, first, we present the design considerations on which our technique
is based. Then, we outline the details of the technique and the user interface layouts
(surround-referenced and object-referenced). Afterward, in Section 3.3.2, we describe our
empirical study in which we evaluated our technique and the role of reference frames. The
results are presented in Section 3.3.3, followed by a discussion and design considerations
in Section 3.3.4.
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3.3.1 Technique Design

Our goal is to design an immersive authoring technique for creating reactive behavior
that is easily accessible to a wide range of users. To achieve this, we drew inspiration
from dataflow VPL, which represent programs as networks of nodes and connections
that naturally depict data and control flow. This visual representation aligns well with
how humans conceptualize processes [Tversky, 2013], making it easier to understand the
transformation of data, and is thus considered intuitive and end-user friendly [Zhang
and Oney, 2019]. To devise our technique, we developed the following design consider-
ations:

D1 Structural Simplicity: Dataflow VPL programs can become structurally com-
plex with numerous tangled connections between nodes, making interpretation
difficult [Sousa, 2012]. Therefore, our technique should enable users to define re-
active behavior without the structural complexity of VPL.

D2 Effortless Customization: Users can have difficulty to understand low-level
primitives and compose them into high-level behavior [Pane and Myers, 1996]. To
make the technique approachable, customizing the influence on a target property
should be possible without using explicit mathematical operators.

D3 Unified Mechanism: VPL that offer multiple concepts to choose from can neg-
atively impact the ability to solve problems easily [Bell et al., 1991]. Thus, for
conceptual simplicity, the same mechanism used to customize mappings should
enable modeling of conditional and stateful behaviors.

D4 Spatial Reference Frame: As the nodes are closely related to scene objects,
it is crucial to investigate their placement relative to the objects or the user’s
position [Polys et al., 2005; Das and Borst, 2010]. The positioning of the interface
elements should provide a good user experience in terms of efficiency, cognitive
load, and user-friendliness when creating reactive behavior while being immersed.

Based on these considerations, the following sections explain our conceptual decisions
and UI designs.

3.3.1.1 Modulation Mapping

To achieve a low structural complexity that is more approachable to novice users (D1),
we propose to restrict the mapping between source and target properties to direct point-
to-point connections. To customize the influence (D2), a mapping function can be
applied to each connection to create non-linear effects, discontinuous transitions, or to
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model conditional and stateful behavior (D3) (see Section 3.3.1.2). In our workflow,
non-trivial behavioral logic is prepared by a programmer and its parameters are exposed
to the content author as object properties. The method thus shifts the level of abstrac-
tion towards the authoring of scenarios based on ready-to-use template functionality, in
contrast to programming by the composition of basic building blocks. Novice users are
not required to learn a modeling language but benefit from the high level of abstraction
of the provided templates.

We propose three types of source properties: Object Property, Time, and Relation. To
achieve conceptual simplicity while being easily extensible, we choose to model most
inputs as object properties. To create temporal and context-aware behaviors, two addi-
tional types of sources are necessary: Time sources expose additional playback controls,
and Relation sources can reference multiple objects.

e Time: Progression of time as a continuous input enables modeling of tempo-
ral dynamics, e.g., changing object properties over time or controlling previously
recorded animations.

e Relation: Spatial relations between scene objects, such as the distance or angle,
can express contextually responsive behaviors. A virtual agent might, e.g., change
its mood (anxious, angry, or scared) whenever the user looks directly at it.

e Object Property: Any other scalar-valued input that can influence the scenario.
This can, e.g., include universal properties of objects in the scene (scale, movement
speed), attributes specific to a class of object (rotation speed of a fan, battery
charging status), scene properties (music loudness, sunlight intensity), or external
input sources (user interaction, network input).

As an example of external input sources, we enable user input by introducing an avatar
as a proxy object, carrying the left- and right-hand controllers. It can be placed into the
scene by dragging a body-referenced miniature avatar attached to the user’s chest. This
way, the user’s position, controller positions, and additional controller inputs (buttons,
joysticks) can be used as input sources like any other object in the scene. It further
enables to observe effects from a third-person perspective, e.g., by moving the avatar
closer or farther away from an affected object (see Figure 3.13b).

Target properties can similarly be defined as any scalar-valued parameter that affects
an individual object’s behavior (virtual agent mood, crowd simulation parameter) or
visual appearance (scale, transparency), or global scene properties (sky color tint, rain
intensity). Each target property is influenced by a single source property. To combine
multiple inputs, an operator (add, multiply, average) could have been utilized. This
would, however, introduce another layer of structural complexity. To keep the method
easily approachable by novices, we chose to offer only a single input per target.
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User Interface Designs

To choose a suitable spatial layout for our user interface elements (D4), we reviewed
previous work and found the impact of reference frames on immersive authoring through
visual programming not addressed in the literature. Therefore, we developed two inter-
face designs for creating modulation mappings using a surround-referenced and an object-
referenced layout that we evaluate in a comparative user study (see Section 3.3.2).

Both Uls utilize the same menu elements to represent source and target properties.
We chose adapted 2D menus as a familiar interface to improve the overall user expe-
rience [Bowman et al., 2004]. The Time element contains a draggable input field for
duration, a play button, and a looping toggle. The Relation element has two input fields
for selecting objects (see Figure 3.8). The Object Property element contains an input
field for object selection and a button (4) to add properties. Interaction is realized by
a ray-based selection technique. Object selection can be performed by pointing (long
range), grabbing (close range), or via a drop-down menu. The latter enables to select
objects without graphical representation (e.g. scene lighting or background music). To
create mappings, the user drags connecting lines between the ports of the respective
properties.

Surround-Referenced Layout: Our motivation for the surround-referenced layout was
to ensure that users can interact with minimal effort [Polys et al., 2005] and no travel
is necessary to draw connections. We designed an interface on a panel comprising two
distinct columns: the left for source properties and the right for target properties (see
Figure 3.9a). The objective of the two-column view was to facilitate point-to-point
connections that can be traced with minimal cognitive effort. Since all modulation
mappings are co-located on a single panel, the interface needs to be kept within the
user’s reach. Therefore, the interface is anchored relative to the user’s surrounding (i.e.
the tracking space), such that it follows the user when traveling.

To create modulation mappings, the desired source and target properties have to be
added to the respective column. Pressing + on the source panel opens a drop-down
list in which Time, Relation, or Object Property can be selected. After selection, a
corresponding menu element is created on the panel. Pressing 4+ on the target panel
creates a menu element and initiates object selection.

Object-Referenced Layout: Our motivation for the object-referenced layout, used in
previous works [Ens et al., 2017; Solirax, 2018b; Chauvergne et al., 2023], was to main-
tain the spatial relationship between the programming elements and the scene objects.
Interacting spatially by reaching into the scene to draw connections was found intuitive
in similar use cases and could improve the overall user experience [Ens et al., 2017].
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Figure 3.9: Our surround-referenced and object-referenced interface designs to define
modulation mappings. All interface elements can be repositioned freely using a handle
(blue crossed arrows) relative to their respective frame of reference.

Each object has its own Object Property menu element that can be opened by selecting
the object. The element appears above the object and can be repositioned by dragging
its handle. Pressing 4+ opens a drop-down list for selecting source and target proper-
ties, visually distinguished by source properties having a port on the right, and target
properties on the left. For Time, Relation, and objects without graphical representa-
tion, we designed a hand-held menu that contains 3D buttons with corresponding icons.
Selecting an icon instantiates the corresponding menu element (see Figure 3.9b).

3.3.1.2 Mapping Functions

A mapping function can be applied to customize how the source property affects the
target property. To facilitate this, we designed a 2D graph interface (see Figure 3.10-
left). Hovering over a connecting line of a mapping displays a graph icon. Selecting this
icon opens the graph interface in front of the mapping panel for the surround-referenced
or the target object’s menu for the object-referenced case.
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Figure 3.10: The mapping function interface (left) can be used to choose a template
function, adjust the source and target ranges, enable or disable the mapping, and op-
tionally toggle the One-shot option. Examples of template functions (right) are Triangle
and Step.

We provide template functions with visual representations for users to customize modu-
lation mappings without overwhelming them, especially those with limited mathematical
knowledge (D2). Our templates include Linear Increase # and Decrease N\ for propor-
tional changes, Fxponential Increase 2 and Decrease ™ to create non-linear dynamic
behavior, and Triangle ¥ and Inverted Triangle A for cyclical patterns like oscillations
or repeating effects.

To realize discrete conditions and events (D3), we provide a Step & and its inverted L
function. The Step can be used to model conditional behavior, where the output value
switches depending on whether a threshold is exceeded. We offer custom draggable
handles for direct control of the threshold and target value (see Figure 3.10-right).

All functions can be toggled to act as a One-shot ~ function, disabling the mapping
after the threshold is reached to create stateful behavior. For example, a group of plants
could grow when the water level rises due to rain. Using a One-shot mapping, the plants
will retain their size after the rain stops. The user can design and test the effects of the
One-shot function while the graph view is open; once closed, the mapping triggers once
and deactivates when the threshold is crossed, until reactivated by the on/off switch.

The interface includes a graph view of the mapping function and draggable input fields
for the source value range [Sin, Smaz| and target value range [t,,in, tmaz|, depicted along
the X- and Y-axis, respectively. To compute the target value ¢, the source property s is
normalized to the interval [0, 1], transformed by the mapping function f : [0, 1] — [0, 1],
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and mapped to the target value range.

tmin lf S S Smin
t(s) = < tmaz if 8> Simae (3.1)
tmin + f(m) * (tmaa: - tmm) 8186

Smaz —Smin

The user can observe the current value via black arrowheads at both axes, as well as
numerical feedback in gray text boxes. These are continuously updated to reflect a
changing source value. This direct feedback enables users to understand how the source
value is translated to the target value. Thereby, the user can test the effects of the
mapping function on the scene while designing it in VR.

3.3.2 Empirical Evaluation

To provide an immersive authoring technique by visual programming that offers a good
user experience, it is important to use a suitable spatial layout for its programming ele-
ments (D4). Since previous work did not investigate the role of reference frames in this
context, our main research investigates the benefits and limitations of two interface lay-
outs regarding the applicability of modulation mapping. Therefore, we designed an em-
pirical user study to evaluate the surround-referenced (SR) and object-referenced (OR)
layouts in the context of immersive authoring of reactive behavior. We determine the
applicability of our technique by the efficiency, cognitive load, and user-friendliness. Our
study design was guided by the following hypotheses:

Regarding efficiency:
e The mean task completion time will be lower for SR (H1a).

e The differences in task completion times between SR and OR depend on the task
complexity (H1b).

Regarding cognitive load:
e The mean score for task load will be lower for SR (H2).

We operationalize user-friendlines based on the measures stated in the following hy-
potheses:

e We expect the mean reported clutter to be higher for OR (H3), because user in-
terface elements attached to scene objects can obstruct the user’s view [LaViola Jr
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et al., 2017].

e To gain insight into how users perceive the layouts, we formulate the following
undirected hypotheses. The mean scores for the six User Experience Questionnaire
(UEQ) scales (H4), ease of use (H5), ease of learning (H6), and preference (H7)
will be different based on the interface layout.

3.3.2.1 Study Design and Tasks

We devised a within-subject design with two subsequent parts to investigate our hy-
potheses regarding the object-referenced and surround-referenced layouts as two levels
of one factor. In the first part of the study (see Section 3.3.2.1), participants were asked
to create modulation mappings in abstract scenarios that contained only primitive ob-
jects with simple colors. The object properties were denoted with letters from A to F
(see Figure 3.12). Our motivation was to evaluate task completion times (H1), task
load (H2), and perceived clutter (H3) in a controlled setting without additional biases
induced by the semantics and visual complexity of real-world scenarios. We aimed to
get a clearer view of the interface design’s performance without too much influence by
the conducted task.

In the second part, participants were asked to create modulation mappings within a
realistic scenario (Section 3.3.2.1) without time constraints. This part of the study aimed
to resemble real-world use cases more closely, so that we could gain insight into both
interfaces’ practical applicability and gather empirical data with a higher level of external
validity compared to the first part of the study. Without time pressure, participants can
thoroughly evaluate the interfaces to provide feedback on their experience (H4), ease of
use (H5), ease of learning (H6), and overall preference (HT).

Abstract Scenarios

To test H1, we created a second factor that varies the complexity of the task. When
evaluating and assessing different testing scenarios, we found that the object arrange-
ment has a major influence on the task complexity. Therefore, while we use abstract
objects with a minimal appearance to avoid distractions, we choose their positioning to
resemble typical scene arrangements that can be encountered in immersive authoring.

Individual objects may, for example, be laid out next to each other and easily reachable,
be partially obstructed, or have different sizes. Objects may also be located at a distance
from each other, such that users have to change their field of view to understand their
spatial relation. We considered previous work [Steed, 2006] and went through an iterative
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a) Simple b) Partly Occluded
) Varying Scale ) Distant

Figure 3.11: Overview of part one of the study, showing the abstract scenes.

process in which we included VR experts from our lab with the goal of producing a set of
scenes with representative object arrangements. Eventually, we derived four scenes that
we denote as Simple, Partly Occluded, Varying Scale, and Distant (see Figure 3.11).

The specific objects involved in each task and the corresponding number of menu ele-
ments were chosen to reflect the quality of each scene. In the Simple scene, 4 objects are
laid out next to each other. To complete the task, 6 menu elements and 4 connections
have to be created. For the Partly Occluded scene, we arranged 9 objects such that the
menu elements partially occlude each other, and users have to create 9 menu elements
and 6 connections. The Varying Scale scene contains 15 objects, where small ones are
located in front of bigger ones to avoid the selection of fully occluded objects. The task
involves creating 9 menu elements and 5 connections between objects of different sizes.
Regarding Distant, there are 15 objects and participants have to create 8 menu elements
and 10 connections. The mappings were chosen such that connections need to be made
between far-apart objects, requiring participants to travel and repeatedly change their
field of view.
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(a) Partly Occluded, Surround-referenced (b) Partly Occluded, Object-referenced

Figure 3.12: Exemplary view of the abstract scenarios during the first part of the user
study.

Task 1 Modulate the scale of the two groups of flowers by the background
music loudness.

Task 2 Lower the bridge based on the distance of the avatar to the gate.

Task 3 Change the mood of the sky and the rain intensity based on the
distance of the avatar to the totem.

Task 4 Open the chest as the avatar approaches with the right controller.

Task 5 The treasure inside of the chest should fade in and out continuously.

Table 3.1: Task descriptions in the realistic scenario.

We used hand-based steering rather than teleportation to enable users to draw con-
nections while traveling. In all scenes, objects are placed within an area of 10 by
10 meters. Instructions are listed on a panel attached to the left controller, which
might read: GreenCube(A) — RedCube(D). The specific instructions that were used
in the study and a Unity package that contains the abstract scenarios can be found at
https://zenodo.org/records/10627368.

In this first part of the study, the mapping function interface (see Fig 3.10) was disabled.
Since the interface is identical for both layouts, it would introduce unnecessary variance
to the measured effects we investigate by H1 to H3. Regarding H2 and H3, we look
at the main effect caused by the layout, resulting in a one-factorial (layout) within-
subject design. Participants ranked questionnaires regarding task load and perceived
visual clutter after completing all four tasks for each respective interface layout.
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(a) Task 1, Object-referenced (b) Task 2, Surround-referenced

Figure 3.13: Exemplary view of the realistic scenarios during the second part of the
user study.

Realistic Scenarios

We created a virtual scenario for participants to perform five tasks (see Table 3.1) that
consisted of adding reactive behaviors to different scene objects. The tasks were designed
to cover the key functionalities of our presented technique. This includes the utilization
of object properties as sources and targets, distance relations between objects, time-
modulated behaviors, and custom mapping functions. All tasks were performed in the
same order to construct a coherent narrative. To validate our hypotheses H4 to H7,
we chose a one-factorial within-subject design, where participants ranked subjective
questionnaires after completing all five tasks in each condition.

3.3.2.2 Apparatus

The study took place in our lab, with participants seated on a rotatable chair. We used
a Valve Index HMD with its controllers, tracked by four Lighthouse 2.0 base stations.
The experimental platform was developed in Unity 2021.3.5f1, running on a Windows
10 with a 3.7GHz Intel Core i9-10900X CPU and an NVIDIA RTX 3090 GPU.

3.3.2.3 Procedure

Upon arrival, participants signed a written informed consent form and completed a
pre-study questionnaire about demographics and experience in VR, programming, and
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visual programming.

In part one of the study, participants went through a familiarization phase before exe-
cuting the tasks with each layout. They received instructions from a panel and watched
demonstration videos in VR. They practiced creating modulation mappings for up to 15
minutes. Participants then performed the tasks in the four scenes (see Section 3.3.2.1).
Once the first menu element had been instantiated, completion times were recorded and
the participant could start traveling. The order of the layouts and scenes was counter-
balanced using a Latin Square. After completing all four scenes for the given layout,
participants answered NASA-TLX [Hart, 2006] and a 7-point Likert scale custom ques-
tionnaire to rate visual clutter.

In part two of the study, participants first entered another familiarization phase to try
out the mapping function graph and learn to place the avatar into the scene. Afterward,
they were asked to create reactive behaviors in a realistic scenario (see Section 3.3.2.1).
After completing all tasks for a given layout, participants answered UEQ [Laugwitz
et al., 2008], a 7-point Likert scale questionnaire on preference, ease of learning and use,
and freely commented on the recently used layout. The layouts were assigned in the
same order as in part one.

Lastly, they provided free comments on the modulation mapping technique and answered
a 7T-point Likert scale questionnaire regarding its effectiveness and ease of learning the
mapping function graph interface. The entire procedure took approximately 90 min.

3.3.2.4 Participants

We recruited 36 participants on the university campus through various communication
channels, but we had to exclude two due to technical issues. The remaining 34 partic-
ipants (7 female, 26 male, 1 non-binary) were aged between 20 and 41 (M = 27 years
old, SD = 4.85), all right-handed with normal or corrected-to-normal vision. Their
experience levels in VR applications ranged from 2 novices, 6 beginners, 9 advanced, to
17 experts, in programming from 1, 1, 7, to 25, and in visual programming from 8, 14,
9, to 3.

3.3.3 Results

To determine statistically significant differences between the layouts for varying task
complexity, we analyzed the measurements using 2x4 factorial repeated-measures ANOVA.
We further computed a two-sided paired-sample t-test, concerning variables that were
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measured only once per condition without a second factor. When sphericity assump-
tions were not met, we carried out Mauchly’s tests and applied Greenhouse-Geisser
correction. Additionally, when we observed a statistically significant overall effect, we
conducted Bonferroni-corrected post-hoc tests for pairwise comparisons.

Effect sizes for ANOVA were assessed with 'r]i (thresholds: .01,.06, and .14 for small,
medium, and large effects), while t-test effect sizes were computed using Cohen’s d
(thresholds: .2,.5, and .8 for small, medium, and large effects) [Cohen, 2013]. For all
statistical tests, we assume a significance level of p < .05, marked as (*) in the figures.

Box plots show the median (-), mean (x) and interquartile range (/QR), with whiskers
indicating IQR * 1.5.

3.3.3.1 Objective Measures

250s - BN OR
2 SR 300s-
200s -
15081 —|_ 200s - Simple
X. PartiallyOccluded
100s - 1 VaryingScale*
< Distant*
50s - 100s -
Os- 1 1 1
TCT* OR SR

Figure 3.14: Mean task completion time (TCT): Box plots of the main effect (left).
Marginal means per condition show the interaction between layout and task (right),
whiskers indicate the 95% confidence interval.

Regarding task completion time, we observed a significant main effect of layout
(F(1,33) = 56,p < .001, 72 = .629), supporting Hla. We further observed a significant
interaction effect between layout and scene (F(1.47,48.44) = 40.1,p < .001,77 = .549).
Post-hoc tests revealed two significant differences between the layouts in Varying Scale
(p =.039,d = .598) and Distant (p < .001,d = 1.296), supporting H1b. To understand
the underlying factors, we recorded the time spent interacting with menus, dragging
connecting lines, traveling, and the amount of head rotation per task (See Figure 3.14).
Descriptive statistics are in Table 3.2.

Menu interaction time includes pressing buttons, scrolling, and repositioning menus.
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Task Travel Menu Drag Head
Time [s] Time [s] Time [s] Time [s] Movement [°]
g O] 612(1711) 201 (3.73) 317 (123) 6.0 (222)  1192.26 (442.95)
S| 587(13.39) 0.7 (0.76)  3.51 (1.59)  2.93 (1.16)  1013.34 (324.42)
po O] 109.66 (2474)  9.69 (838) 577 (34)  10.67 (3.96) 189161 (500.3)
S | 102.04 (22.45) 0.62 (1.82) 5.63 (1.79) 4.34 (1.48) 1842.16 (627.45)
vg O[11213 (2661) 876 (9.52) 615 (445) 11.88 (5.49) 203179 (692.79)
S| 99.01 (20.51) 0.26 (0.96) 574 (1.05)  4.07 (1.81)  1820.79 (661.57)
L O] 28171 (63.69) 50.9 (33.24) 1562 (3.33) 38.38 (17.64) 741398 (1911.4)
S | 207.08 (45.66) 1.24 (4.99) 1247 (5.78) 8.38 (2.94)  4299.45 (1350.3)

Table 3.2: Mean (standard deviation) for Simple (S), Partly Occluded (PO), Vary-
ing Scale (VS) and Distant (D) scenes using the object-referenced (O) and surround-
referenced (S) interface layouts. Significant differences are indicated in bold.

We observed no significant main effect of layout (F'(1,33) = 1.88,p = .180, 775 = .054).

Concerning drag time, we observed a significant main effect of layout (F'(1,33) =
149.8,p < .001, 77}2, = .819), and a significant interaction effect between layout and scene
(F(1.27,41.93) = 79.2,p < .001,7; = .706). Post-hoc tests revealed significant differ-
ences between layouts in all scenes (pa; < .001,dq; > 1.26).

For travel time, we observed a significant main effect of layout (F'(1,33) = 84.6,p <
001,72 = .719), and a significant interaction effect between layout and scene (F(1.20, 39.59) =
68.2,p < .001, T]IQ, = .674). Post-hoc tests revealed significant differences between layouts

in all scenes except Simple (Do simpte < -001, daip simpte > -903).

Regarding head rotation, we found a significant main effect of layout (F(1,33) =
60.9,p < .001,772 = .648), and a significant interaction effect between layout and scene
(F(1.46,48.07) = 104.8,p < .001,775 = .760). Post-hoc tests showed significant differ-
ences between layouts only in Distant (ppistant < -001, dpistant = 1.83).

3.3.3.2 Subjective Measures

We conducted a two-sided paired-sample t-test for the following variables since they
were measured only once per layout.

The mean task load is significantly lower for SR than OR (7(33) = 5.19,p < .001,d =

.891), supporting H2. To investigate the factors determining task load, we examine the
NASA TLX sub-scales (see Figure 3.15) and except Temporal Demand (7(33) = .96,p =

@’R\Nﬂ-l 99



CHAPTER 3. AUTHORING DYNAMIC AND INTERACTIVE CONTENT BEHAVIOR

L ITH I;%

Mental* PhyS|caI* Temporal Performance® Effort*  Frustration®
Demand Demand Demand B OR I3 SR

100-

Figure 3.15: Box plots of NASA-TLX sub-scores and total scores.

.343), we observed significant differences. SR is significantly lower in Mental Demand
(T'(33) = 3.94,p < .001,d = .68), Physical Demand (7'(33) = 2.51,p = .017,d = .43),
Effort (7'(33) = 4.39,p < .001,d = .75) and Frustration (7'(33) = 5.52,p < .001,d =
.947) and higher in Performance (7'(33) = 3.17,p = .003,d = .54) compared to OR.

Regarding user experience, significant differences were observed in five out of six
scales of the UEQ), except Stimulation, which partially supports H4. SR significantly
outperformed OR in Attractiveness, Perspicuity, Efficiency, and Dependability, while OR
significantly outperformed SR in Novelty. See Figure 3.16 for the distribution, statistical
test results, and descriptive statistics.

Concerning the subjective questionnaires, significant differences were found in Vi-
sual Clutter (T(33) = —6.80,p < .001,d = —1.165), Ease of Learning (7'(33) =
2.04,p = .049,d = .35), Ease of Use (7'(33) = 2.94,p = .006,d = .504), and Prefer-
ence (7'(33) = 2.32,p = .027,d = .398), supporting H3, H5, H6, H7. Participants also
rated the Effectiveness of the modulation mapping technique (M = 6.38,SD = 1.10)
and the Ease of Learning of the mapping function (M = 6.32,SD = .97). See Fig-
ure 3.17 for the results.

3.3.3.3 Qualitative Results

We analyzed the comments on layouts and modulation mapping using thematic analy-
sis [Braun and Clarke, 2012] and present the findings in this section.

Regarding object-referenced, 12 participants found it intuitive and engaging to inter-

act directly with objects in the scene to define behavior. P9 stated, “It is really intuitive
and feels immersive since I was able to place the mapping behavior directly to the ob-
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Statistics Mean (SD)
UEQ Scales t p d OR SR
Attractiveness 2.50 0.017 0.43 1.56 (1.08) 1.99 (0.56)
Perspicuity | 2.58 0014 044 | 1.74(0.82) 2.14(0.71)
Efficiency 4.73 <0.001 0.81 0.87 (1.30) 2.00 (0.68)
Dependability 4.15 <0.001 0.71 1.41 (0.85) 1.99 (0.68)
Stimulation 1.05 0.302 0.18 1.68 (1.02) 1.85(0.67)
Novelty -2.66 0.012 -0.46 1.46 (0.83) 0.94 (1.06)
+3-
+1-
o
0- o 5
_1 - O
-
-3 - 1 1 1 1 1 1
Attractiveness™ Perspicuity® Efficiency® Dependability* Stimulation  Novelty®
Il OR @ SR

Figure 3.16: UEQ sub-scales: Paired sample t-test statistics, mean (standard devia-
tion), and distributions for each layout.

jects”. Five participants (P12, P20, P25, P33, P34) stated that selecting properties
and connecting ports from a distance can be challenging, especially with objects far
apart. The layout was considered valuable for tasks like visual debugging (P9, P12,
P15, P26), however, some participants also noted potential issues with clutter (P15,
P24, P26, P33, P35) when dealing with a large number of connections. Moreover, P7
suggested automated Ul scale adjustment and layouting.

Regarding surround-referenced, eight participants (P2, P9, P15, P17, P20, P26, P31,
P33) appreciated the efficiency and ability to access the mappings without requir-
ing travel. However, seven participants (P1, P20, P21, P24, P26, P30, P33) stated
that with numerous mappings, the interface can become cluttered, making it harder
to navigate and maintain an overview. P31 stated, “The only downside is having to
scroll more for objects at the top and I can imagine that in more complex scenarios the
overview can get lost when you can’t see the mappings at once”. P1 and P19 suggested
grouping options for better list organization.

Regarding the modulation mapping technique, 15 participants found authoring reactive
behaviors by creating direct connections easy to use and intuitive. Some participants
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Figure 3.17: 7-point Likert questionnaire, with items ranging from very strongly dis-
agree(1) to very strongly agree(7). Comparison of the layouts (left), and evaluation of
the modulation mapping (MM) technique (right) regarding its effectiveness and the ease
of learning of the mapping function interface.

appreciated the real-time feedback and customization of behaviors via predefined map-
ping functions. P11 and P35 found the technique beneficial to expert programmers: VR
expert P11 stated, “not only novices but also experienced programmers can benefit from
the technique for quick testing of the behaviors without diving into the code or taking the
HMD off”.

Four participants (P19, P25, P32, P27) proposed combining elements of both lay-
outs. P26 stated, “I liked using surround-referenced, however, I was missing the con-
nection to the virtual environment from the mappings”. Some participants suggested
drawing indicator lines from the SR panel to the respective scene objects upon hover. In
addition, two VR experts (P27, P31) suggested to enable instantiating multiple mapping
panels that can be placed next to scene objects and summoned when needed.

3.3.4 Discussion

We found SR to outperform OR in terms of faster task completion. The results further
revealed an interaction effect between layout and scene. While we observed significant
differences in task completion time for Varying Scale and Distant scenes, there were no
significant differences for Stmple and Partly Occluded. Based on our secondary results, a
possible explanation could be that the OR layout requires additional interactions (travel,
head movement) or poses precision challenges when drawing connecting lines (drag time),

102



3.3. A DATAFLOW-BASED APPROACH FOR BEHAVIOR AUTHORING USING
SURROUND AND OBJECT-REFERENCED SPATIAL FRAMES

which is more evident when objects are at a distance or have varying scales.

Regarding task load, participants found creating modulation mappings using OR signif-
icantly more mentally and physically demanding, and frustrating compared to using SR.
We speculate that the increased head movement and travel for drawing connections be-
tween distant objects led to split attention, increasing the mental load compared to the
SR condition, where interactions could be performed co-located on the SR panel [Sweller
et al., 1998]. Participants expressed frustration when ray-casting precision issues caused
failed connections, requiring more physical effort. With SR, the interface elements are
often reachable in close proximity, thereby the mapping creation may be achieved with
lower effort.

Placement of menus can clutter a VE and occlude the user’s view [Bowman et al., 2004].
Since in the OR layout, menus are placed in the environment, we hypothesized that
OR clutters the scene more than SR. The results support our hypothesis, showing
that OR significantly cluttered the view more. This suggests that SR provided a more
streamlined interaction, contributing to better user experience and task performance.
These results are in line with previous work [Rosenholtz et al., 2007; Bacim et al., 2013;
Ragan et al., 2015] and our own findings regarding Hla and H4.

Concerning user experience, SR was rated higher than OR for attractiveness, perspicu-
ity, efficiency, and dependability. Furthermore, SR was found easier to learn, easier to
use, and preferable over OR. We believe that SR, by placing interface elements within
arm’s reach, provided better overview and easier access, thereby reducing mental and
physical load. This, in turn, improved the overall user experience. Our findings are in
line with previous work [Hu et al., 1999], showing that interfaces with lower cognitive
load lead to higher user satisfaction. When users find an interface easy to learn (H5),
easy to use (H6), and not mentally demanding (H2), they tend to have a more positive
overall perception of the interface (H4, HT).

Given the high ratings for our technique’s effectiveness, ease of learning the mapping
function, and overall positive feedback, modulation mapping shows potential for enabling
users to easily and effectively create reactive behavior in immersive environments. Our

technique appears to be a promising and valuable addition to existing immersive au-
thoring tools.

3.3.4.1 Design Implications

Based on our empirical results, we propose initial design implications regarding the choice
of reference frame for user interfaces in immersive authoring by visual programming.

We suggest to use surround-referenced interface layouts where efficiency and streamlined
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workflows are a priority, especially for scenes with a large number of objects. However,
consider to organize the property lists clearly by providing tools to navigate and maintain
an overview of connections. This type of interface would be most suitable for behaviors
that do not strongly rely on spatial relationships between objects. Additional visual
feedback, such as drawing indicator lines between mappings and the respective scene
objects upon hover, may further support the authoring process.

The object-referenced interface layout was found intuitive, engaging, and valuable for
visual debugging. However, it can become cluttered with numerous objects. Therefore,
use it for scenes with fewer objects and behaviors that strongly rely on their spatial
configuration. Consider (semi-)automatic layouting [Satriadi et al., 2020], grouping,
and hiding of objects to minimize clutter [Ens et al., 2017]. These could be guided, e.g.,
by estimating the cognitive load during task execution [Lindlbauer et al., 2019]. Consider
selection techniques that address the ray-casting precision issues [Kriiger et al., 2024] to
select properties and connect nodes at a distance.

Generally, we believe that a hybrid approach that combines elements of both surround-
and object-referenced layouts may leverage their respective strengths and mitigate their
weaknesses. We see interesting opportunities for future research in immersive reactive
behavior authoring that explores how both approaches can be linked in a synergistic
way.

3.3.5 Limitations and Future Work

Our study design considers task complexity as a factor influencing efficiency. To vary task
complexity, we altered the spatial arrangement of the objects alongside the number of
required interactions. We found both related factors relevant to achieve a representative
and diverse set of tasks, however, they can be investigated separately in future trials.
Further, we only explored static horizontal arrangements of objects. Future research
could examine authoring reactive behavior in scenes with moving, or vertically arranged
objects. In this initial design, we used ray-casting for selection and hand-directed steering
for travel. Since interaction techniques impact task performance and user experience, our
future research will evaluate different selection and travel techniques in this context.

While our participants completed all tasks successfully and provided overall positive
feedback on the modulation mapping technique, future research may conduct further
user studies regarding its effectiveness in different authoring scenarios and application
domains.
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3.3.6 Conclusion

In this section, we presented modulation mapping, a simplified approach for immersive
authoring of reactive behavior by dataflow visual programming. In a comparative user
study, we compared a surround- to an object-referenced interface layout regarding task
efficiency and user experience. From the results, we derived an initial set of interface
design implications for future research and development of similar immersive authoring
techniques. Participants found modulation mapping an intuitive and effective way of
authoring reactive behavior while immersed. At the same time, experts in VR and
programming found the technique a valuable addition to a developer’s workflow for
authoring immersive environments.
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CONCLUSION

In this thesis, we investigated how to enable users to build interactive virtual environ-
ments within VR. To address this, we devised and empirically evaluated user-friendly
immersive authoring techniques and interfaces that simplify the creation of both content
and interactivity. To this end, we divided our work into two parts.

The first part of the thesis focused on content authoring techniques for creating and
arranging 3D scene elements, which are essential for building virtual environments. In
this regard, we presented three novel authoring techniques at increasing levels of ab-
straction, each tailored to different use cases and interaction modalities to support a
range of authoring needs. First, we introduced an artistic workflow that enables users
to transform 2D paintings into expressive 3D artworks with minimal effort. This was
achieved via a novel 3D sculpting technique that supports intuitive shape manipulation.
With our approach, creative professionals can author 3D geometric content without the
need for prior knowledge in mesh processing or 3D modeling. Second, we developed
and evaluated a sketching-based procedural generation method for creating fluid-like
3D artworks. These can be further manipulated via a combination of mid-air gestures
and a novel blowing-based interaction. This approach supports expressive creation and
introduces an alternative input modality for shaping fluid-like content. Third, we devel-
oped a high-level scene authoring technique focused on efficient creation of simulation
scenarios. Specifically, we designed a VR environment for authoring road networks for
automated vehicle testing. We presented novel indirect free-hand interactions using a 2D
WIM for object placement and travel. A comparative user study showed that our tech-
nique improved precision, reduced task completion time, and was found to be intuitive
and preferred compared to direct free-hand interaction techniques. This chapter demon-
strates that effective and intuitive 3D content authoring begins with understanding user
needs. When creativity is prioritized, the techniques and workflows should enable users
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to expand creative boundaries; when efficiency is the focus, techniques should enable
fast creation, minimizing time and physical fatigue in VR.

In the second part, we focused on the immersive authoring of content behavior. Specifi-
cally, we investigated how to enable users to define dynamic behavior and interactivity,
which is an important factor in improving both realism and user engagement in VR.
In this context, we introduced two approaches based on visual programming paradigms
and investigated how to position programming interfaces within the scene to improve
the user experience. The first approach provided a simplified block-based interface that
enabled users to define interactive scenarios by arranging condition and action blocks in
a sequential structure via drag-and-drop free-hand interactions. This method supported
scenario creation in automated driving simulations and its effectiveness was demon-
strated through a user study. The findings also highlighted the importance of interface
positioning in improving user understanding and task execution. Following this, we in-
troduced another simplified approach for authoring object behavior inspired by dataflow
visual programming, allowing users to map input sources to predefined properties by
drawing connections. To examine the impact of programming interface positioning,
we developed two configurations: object-referenced (anchored to objects) and surround-
referenced (anchored to surrounding of the user). We evaluated them in abstract tasks
to get a clearer view of the performance, as well as in realistic scenarios in terms of
user experience and preference to gain insight into practical applicability. We found
that the surround-referenced interface was faster, less cognitively demanding, easier to
learn, and preferred by users. In contrast, the object-referenced layout was seen as more
intuitive and helpful for visual debugging. Based on the findings, we outlined design
implications for behavior authoring via visual programming and demonstrate that our
simplified approach supports intuitive and effective reactive behavior creation in VR.

Through these contributions, we made important progress toward addressing our main
research objective by developing and evaluating novel approaches that simplify content
and interactivity authoring. This work contributes valuable insights into the design of
immersive authoring techniques and VR interfaces that support a broad range of cre-
ators in building interactive virtual environments. While our contributions demonstrate
the effectiveness of the proposed approaches, we believe that immersive authoring still
holds considerable potential for further advancement. While several future directions
were outlined previously, we further identify the following possible research avenues.
One promising direction is the integration of generative Al into immersive authoring
workflows. Future work could investigate Al-driven approaches that support efficient
content creation while also providing users more control over the final outcome. An-
other direction is the development of intelligent, adaptive, context-aware user interfaces
that dynamically adjust their design or positioning based on user behavior, specific task
requirements, or changing scene environment. These may reduce the cognitive load and
the overall user experience in immersive content authoring. Lastly, content authoring
in a collaborative immersive environment is an important aspect that enables users to
co-create content, share ideas, and provide instant feedback. Future research should
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explore efficient ways to collaborate on the same task, including intelligent strategies for
managing conflicts that arise from simultaneous edits on objects or scenario creations.

Further advancing these research directions may contribute to a future in which users
can more easily become the creators of virtual environments. By reducing technical
complexity and improving support for creativity and task-oriented efficiency, immersive
authoring systems can enable a broad range of users to construct interactive virtual expe-
riences that reflect their individual goals, ideas, and imagination, ultimately positioning
users not only as consumers but as active creators within virtual spaces.
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