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Abstract

Extended Reality (XR) unlocks new opportunities for interacting with spatial content,

supporting both individual users and diverse collaborative settings. Different degrees of

virtuality like Augmented/Mixed Reality (AR/MR) and Virtual Reality (VR) as well as

different devices like head-mounted displays (HMDs) and handheld displays (HHDs) offer

distinct benefits for different use cases. Despite the immense interest XR has sparked

in numerous domains, it is rarely used in practice where scalability limitations outweigh

XR’s intrinsic potential. Since users are typically involved in multiple use cases, leveraging

technology-specific benefits requires switching between use cases and XR technologies.

However, existing user interfaces (UIs) impede these transitions because they are tailored

to specific use cases. Thus, this dissertation is concerned with the development of highly

scalable UIs which facilitate switching between XR applications that differ in technology

and number of users.

First, Scalable Extended Reality (XRS) is introduced as a novel concept for XR spaces

which scale across different devices, degrees of virtuality, and varying numbers of poten-

tially distributed users. A research agenda addressing the barriers to the realization of

XRS is established based on an extensive compilation of related research. As an initial

step towards XRS and as the basis for this dissertation the XRS framework is developed.

By sharing spatial content among collaborators, XR could overcome a key limitation

of conventional videoconferencing tools. However, collaboration support features face

scalability issues when different XR technologies are used in large groups. A particular

challenge concerns the accurate representation of HHD users. In response, the dissertation

presents new insights from a detailed study on how humans interact with HHDs across

different display sizes, display orientations, and body poses. Extending these results,

mechanisms for individually activating the visibility of awareness cues are designed to

reduce visual overload in large groups.

Next, interaction techniques scaling with devices and degrees of virtuality are presented.

Starting with MR-HHDs, a unified paradigm for object translation and rotation is de-

veloped and evaluated. By combining tablet movement and peripheral touch input its

minimalist design overcomes key issues of prior methods. Extending HMDs with a tablet

controller using this paradigm yields consistent interaction with MR-HHDs, MR-HMDs,

and VR-HMDs. In a comparative study, this solution outperformed state-of-the-art meth-

ods and revealed high scalability. Eventually, the novel UIs are implemented and evaluated

for robot control and factory layout planning, showcasing their practical applicability.
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Zusammenfassung

Extended Reality (XR) eröffnet neue Möglichkeiten, mit räumlichen Inhalten zu inter-

agieren und unterstützt sowohl einzelne Nutzerinnen und Nutzer als auch verschiedenste

kollaborative Umgebungen. Dabei bieten unterschiedliche Virtualitätsgrade wie Augmen-

ted/Mixed Reality (AR/MR) und Virtual Reality (VR) sowie Geräte wie Head-mounted

Displays (HMDs) und Handheld Displays (HHDs) spezifische Vorteile für verschiedene

Anwendungsfälle. Obwohl XR Technologien in zahlreichen Bereichen enormes Interesse

geweckt haben, finden sie bisher nur selten praktische Anwendung, weil die begrenzte

Skalierbarkeit das intrinsische Potenzial von XR relativiert. Da Nutzerinnen und Nut-

zer in der Regel in mehrere Anwendungsfälle involviert sind, erfordert die Ausschöpfung

der technologiespezifischen Stärken nicht nur den Wechsel zwischen Anwendungsfällen

sondern auch zwischen XR Technologien. Existierende User Interfaces (UIs) sind jedoch

meist auf spezielle Anwendungsfälle zugeschnitten und erschweren diese Übergänge. Die

vorliegende Dissertation befasst sich daher mit der Entwicklung hoch skalierbarer UIs, die

einen nahtlosen Wechsel zwischen XR Anwendungen ermöglichen – insbesondere dann,

wenn diese verschiedene Technologien einsetzen und von einer unterschiedlichen Anzahl

von Personen genutzt werden.

Zunächst führt die Dissertation Scalable Extended Reality (XRS) als neues Konzept für

XR Umgebungen ein, die hinsichtlich variierender Geräte, Virtualitätsgrade sowie der An-

zahl potenziell räumlich verteilter Nutzerinnen und Nutzer skalieren. Ausgehend von einer

umfassenden Analyse des bisherigen Forschungsstandes wird anschließend eine Agenda zur

Überwindung der Realisierungsbarrieren von XRS erstellt. Als erster Schritt in Richtung

XRS und als Grundlage dieser Dissertation wird das XRS Framework entwickelt.

Dank der Möglichkeit, kollaborativ mit räumlichen Inhalten zu interagieren, könnte

XR eine zentrale Schwäche herkömmlicher Videokonferenz-Tools schließen. Existieren-

de Lösungen zur Unterstützung von Kollaboration in XR unterliegen in großen Gruppen

und unter dem Einsatz verschiedener XR Technologien jedoch mangelnder Skalierbarkeit.

Eine besondere Herausforderung besteht hier in der akkuraten Repräsentation von HHD

Nutzerinnen und Nutzern. Die Dissertation befasst sich mit dieser Thematik im Rahmen

einer detaillierten Studie, welche neue Erkenntnisse über die Interaktion mit HHDs unter-

schiedlicher Bildschirmgrößen, Bildschirmorientierungen und Körperhaltungen liefert. Um

visuelle Überlastung in großen Gruppen zu vermeiden, werden ergänzend Mechanismen

zur individuellen Aktivierung von sogenannten Awareness Cues entworfen.

Anschließend werden Interaktionstechniken präsentiert, die mit verschiedenen Geräten

und Virtualitätsgraden skalieren. Beginnend mit MR-HHDs wird ein neues Interaktions-
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paradigma zur Objektverschiebung und -rotation entwickelt und evaluiert. Durch sein

minimalistisches Design, das Tabletbewegung und periphere Toucheingabe kombiniert,

werden zentrale Einschränkungen bisheriger Methoden überwunden. Die Ergänzung von

HMDs durch eine Tabletsteuerung, die das gleiche Paradigma einsetzt, ermöglicht eine

konsistente Interaktion über MR-HHDs, MR-HMDs und VR-HMDs hinweg. In einer ver-

gleichenden Studie übertraf diese Lösung State-of-the-Art-Methoden und zeigte eine hohe

Skalierbarkeit. Schließlich werden die neuen UIs für Robotersteuerung und Fabriklayout-

planung implementiert und evaluiert, um ihre praktische Anwendbarkeit zu demonstrie-

ren.
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Chapter 1

Introduction

1.1 Motivation

Extended Reality (XR) promises to transform the way humans interact with digital con-

tent and has sparked immense interest across diverse domains. Its technological vari-

ety encompasses both Virtual Reality (VR) which allows immersing users in entirely

computer-generated three-dimensional (3D) environments as well as Augmented/Mixed

Reality (AR/MR) which blends reality with virtual elements and thus allows simultaneous

interaction with physical and virtual elements. Users can access these environments with

different hardware including ubiquitous devices like handheld displays (HHDs) as well

as head-mounted displays (HMDs) which are specifically designed for XR applications.

The individual advantages offered by this variety of technologies open up a vast field of

potential XR applications.

For example, XR can support product design (e.g., in the automotive or aerospace indus-

try) as it allows stakeholders to interact with real-size 3D product models. Thereby, VR

environments can allow reviewing entirely virtual product models in early development

stages whereas in AR/MR physically existing parts of a product can be augmented with

virtual elements. Similarly, XR can deliver support in different planning and building

stages of private, public, and industrial properties.

By immersing users in virtual replicas of physically existing (or non-existing) environ-

ments, XR can enhance the availability of training conditions. Applications which can

benefit from minimized safety issues and supervision resources in such virtual environ-

ments include training maintenance, repair, or assembly tasks, as well as emergency pro-

1



Chapter 1

tocols, or surgical procedures.

Furthermore, remote assistance tasks have been identified to particularly benefit from XR.

Here, a local worker can receive assistance from a remote expert who is immersed in a

virtual replica of the local environment. The remote expert can then add visual augmen-

tations to the shared space to guide the local worker in completing a task. With this use

case, XR appears to be able to close a meaningful gap in existing collaboration-support

tools: The Covid-19 pandemic has increased the evolution and adoption of videoconferenc-

ing tools which have replaced many – yet not all – face-to-face meetings. While common

platforms enable the exchange of two-dimensional (2D) content via screen sharing, they

are not applicable to collaborative tasks which require sharing spatial data. Here, the

application of XR appears particularly promising.

The immense potential assigned to XR has fostered the development of novel hardware

as well as research in different areas such as enhanced interaction, scene generation, and

avatar representations. However, XR’s actual implementation in practical settings re-

mains limited. While the variety of XR technologies offers individual strengths from which

users can benefit in different use cases, this technological variety also poses challenges to

the development of appropriate user interfaces (UIs). To leverage technology-specific ben-

efits and allow users to choose XR technologies solely based on their preferences and the

specific use case, scalable UIs are needed which facilitate switching between VR and MR

environments as well as between HMDs and HHDs.

The lack of such scalable UIs for XR technologies potentially impedes their application

in the real world and motivates the research presented in this dissertation.

1.2 Contributions

The primary insight driving this dissertation is that different XR technologies offer

individual strengths from which users can benefit in different use cases, making seamless

switching between the technologies a key requirement. The current use case driven

development of XR applications results in UIs for specific hardware, tasks, and numbers

of users. As such, using XR technologies for multiple tasks requires temporal and

cognitive efforts to adapt to new systems. To leverage each technology’s potential across

different use cases while maintaining usability, this dissertation follows a comprehensive

approach to design UIs that stay consistent when switching between XR technologies
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independently of the number of potentially distributed users. The main contributions

can be summarized as follows:

Scalable Extended Reality. First, XRS is introduced as a concept for XR spaces that

provide scalability with respect to the degree of virtuality (MR/VR), devices

(HHDs/HMDs), and the number of users (single users, co-located and distributed

collaborators). Results from the identified related research fields are compiled and

current barriers to the realization of XRS are summarized in a research agenda.

As an initial step towards XRS, a corresponding framework is developed. To this

end, abstract use cases leveraging XR’s key benefits are derived from a review

of potential XR applications. Based on these abstract use cases, functional and

non-functional requirements are formulated and translated into the framework

which provides several scalability enhancements: Multiple on-site and off-site

users can access a joint XRS space through customized MR-UIs or VR-UIs and

then reference or manipulate real and virtual scene components. Thereby, the

integration of a robotic system is proposed to enable manipulation of distant,

large, heavy, or hazardous objects. The designed framework can be adapted to any

specific application which can be described by (combinations of) the abstract use

cases and builds the basis for the scalable UIs developed in this dissertation.

Scalable Collaboration Support Features. In collaborative XR settings, each user

should be provided with appropriate representations of the other collaborators and

their activities. However, scalability issues such as incorrect user representations

and visual overload can occur when existing collaboration support features are

applied across different XR technologies and varying group sizes. In contrast to

HMDs, it remains unclear how an HHD user’s viewing direction can be determined

precisely. Addressing this question, this dissertation presents new insights on how

users interact with HHDs which differ in the size and orientation of the display

and are used in different body poses. Investigations regarding the front camera’s

accessibility during interaction delivered positive results, indicating the potential to

integrate face tracking to enhance MR-HHD user representations in collaborative

settings. On top of that, it is shown that a ray originating from the device center

is, in general, an appropriate indicator for the user’s viewing direction, but its

accuracy is affected by device orientation, viewing direction, and distance. Based

on these findings, recommendations for HHD user representations are derived.
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Moreover, this dissertation presents the design of mechanisms for enabling and

disabling visual cues to prevent visual overload in large groups. To this end, diverse

co-located and distributed collaboration styles involving HMDs and HHDs were

taken into consideration. Based on natural cooperation paradigms, mechanisms

for automatically adapting the visibility of cues are designed. Thus, users can

individually enable and disable cues that display the other collaborators’ activities.

At the same time, they can draw attention to themselves and take influence on

their collaborators’ fields of view.

Scalable Interaction Techniques. A set of novel object manipulation techniques for

MR-HHDs, MR-HMDs, and VR-HMDs is presented. A central contribution here is

the design and development of Move’n’Hold an interaction technique for MR-HHDs

that applies the same paradigm for translating and rotating virtual objects and

addresses usability issues present in existing methods. It provides simplicity

through a manageable set of input modalities (i.e., device movement and peripheral

touch) and allows always holding the device with both hands to reduce fatigue

and occlusion issues. Move’n’Hold enables direct manipulation by mapping device

movement to virtual objects while touch is applied on the left display side. At the

same time, automated repetitions of these direct manipulations can be started or

stopped when touch is added or released on the right display side. In this way,

Move’n’Hold provides individual combinations of natural manipulation for small,

precise movements and continuous manipulation for large, coarse movements. The

conducted user studies revealed Move’n’Hold as an intuitive and easy-to-learn

spatial interaction technique that provides scalability in terms of the distance,

direction, complexity, and speed of manipulation. Furthermore, it supports different

user preferences and interaction styles. To maintain consistency when users have

to switch between XR technologies, the design of Move’n’Hold was extended for

MR-HMDs and VR-HMDs. Thereby, virtual objects seen through the HMD can be

manipulated with a tablet controller that implements the same interaction paradigm

as Move’n’Hold for MR-HHDs. The participants of a study who used Move’n’Hold

and state-of-the-art methods for object manipulation with MR-HHDs, MR-HMDs,

and VR-HMDs preferred Move’n’Hold and rated it to be easier to relearn. The re-

sults further show that it reduced workload, improved usability, and provided more

cross-device benefits, facilitating switching between devices and degrees of virtuality.
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Practical Applications. Through two practical examples, the dissertation demonstrates

the applicability of the developed UIs. Robot control is enabled through a MR-HHD-

UI that allows manipulating virtual replicas of physical objects and commanding a

robot to perform the same operation with the physical object. In a user study, the

proposed UI turned out to be a powerful tool that successfully combines the capa-

bilities of humans and robots. In the context of the XRS framework, this addresses

the robotic system for manipulating distant, large, heavy, or hazardous objects.

Furthermore, XRS is applied across different stages of a factory layout planning

process and evaluated in a pilot study. To this end, object manipulation based

on Move’n’Hold is implemented and evaluated for a multi-user MR-HHD applica-

tion where the arrangement of factory units can be optimized regarding criteria like

transportation intensity in the conceptual planning stage and a VR-HMD appli-

cation which allows optimizing single factory units for example regarding walking

distances and ergonomics in the detailed planning stage.

1.3 Structure

This dissertation is structured into seven chapters. Following the introduction, Chapter 2

introduces the relevant terminology and background information for this dissertation.

Thus, fundamentals on XR technologies, collaborative XR settings, and interaction in

XR are provided. Furthermore, it summarizes learnings drawn from research on user

acceptance models which influenced the research focus of this dissertation along with

fundamentals on cognitive load and usability.

Chapter 3 introduces the concept of XRS along with an overview of XR’s potential fields

of application and a summary of research relevant to the realization of XRS (i.e., col-

laboration support features, scene generation, and interaction techniques). Based on the

literature summarized, barriers to the realization of XRS are identified and translated into

a research agenda. Setting the stage for XRS, the second part of the chapter presents a

framework for XRS which serves as the basis for this dissertation.

Together, Chapter 2 and 3 provide information which is relevant across multiple of the

following chapters. Related research and aspects which are relevant to a specific chapter

are summarized in separate sections of Chapter 4, 5, and 6 respectively.

Chapter 4 is focused on collaboration support features scaling with different degrees of
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virtuality, devices, and group sizes. To address identified scalability issues, the behavior

of MR-HHD users is investigated as a foundation for enhanced user representations and

mechanisms are designed to individually adapt the visibility of awareness cues.

Chapter 5 presents scalable interaction techniques which stay consistent as users switch be-

tween different degrees of virtuality and devices. To this end a novel object manipulation

paradigm for MR-HHDs is presented and evaluated in a user study. Based on the insights

gained, the paradigm is then adapted and extended for MR-HMDs and VR-HMDs. In a

second user study, the novel set of consistent interaction techniques is compared to a set

of state-of-the-art techniques.

Chapter 6 presents two practical applications of the developed UIs. The first part of the

chapter shows how a robotic system can be controlled through a MR-HHD-UI in a pick

and place task. In the second part of the chapter, the developed scalable UIs are applied

across different stages of a factory layout planning process. To this end, a multi-user

MR-HHD application for the conceptual planning phase and a VR-HMD application for

the detailed planning phase are developed and evaluated in a pilot study.

Eventually, Chapter 7 provides a brief discussion of the results along with an outlook on

further applications and future research opportunities.

Parts of this dissertation present work which has been previously published and is based

on collaborations with other researchers and students who have either completed a the-

sis/project or worked in our lab under my supervision. At the end of each chapter, the

respective contributors are named as co-authors in the list of publications containing

presented material. In appreciation of my collaborators, I will use the academic we for

describing the research work presented in this dissertation.
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Background

In this chapter we introduce background information which is relevant to multiple of the

following chapters along with the terminology used in this dissertation. The chapter is

structured into four parts. First, an overview of Extended Reality (XR) technologies

including different degrees of virtuality and devices is given. Next, it is outlined how

different collaboration styles can benefit from XR and how information on scene under-

standing and user behavior can be shared among collaborators. This is followed by a

description on how users of XR technologies can interact with virtual elements. Thereby,

essential differences between non-spatial and spatial interaction are explained along with

examples of common interaction approaches. Finally, learnings from user acceptance

models which influenced the research focus of this dissertation are summarized together

with fundamentals on cognitive load and usability.

2.1 Extended Reality Technologies

While concepts for virtually augmented and purely virtual environments date back to the

last century [45], a uniform terminology for such environments is still missing. The ter-

minology used in this dissertation is based on the so-called Reality-Virtuality-Continuum

which was introduced in the 1990s by Milgram et al. [115, 116]. The continuum ranges

from real physical environments to entirely computer-generated virtual environments,

which are today often referred to as Virtual Reality (VR). The continuum uses the term

Mixed Reality (MR) to describe environments which contain both real and virtual ele-

ments. As such, the term MR was originally introduced as an umbrella term for Aug-

mented Reality (AR) and Augmented Virtuality (AV). Thereby, AR refers to real environ-

7



Chapter 2

ments which are augmented with virtual elements and AV refers to virtual environments

that are augmented with real elements.

Since then, the environments encompassed by the Reality-Virtuality-Continuum have

been the subject of an increasing number of research projects. Compared to AR, consid-

erably less research has been conducted on AV such that the terms AR and MR are today

often used synonymously for virtually augmented real environments. When distinguishing

between the two, AR frequently refers to simple virtual overlays in physical environments,

while MR rather refers to virtual objects that are spatially integrated into the physical

environment. An umbrella term which has emerged and is now frequently used to refer

to the environments along the Reality-Virtuality Continuum is Extended Reality (XR)

(sometimes also Cross Reality).

Apart from this, the term Mediated Reality [106] was introduced to refer to the modi-

fication of our visual perception of reality, for example by augmenting, diminishing, or

altering it in other ways. In this context, term Diminished Reality has also emerged,

referring to environments in which physically existing components are removed from our

perception of reality [45].

This dissertation is focused on MR, VR, and XR as defined below:

Mixed Reality (MR) refers to environments which blend real and virtual content.

Thus, the user can see virtual elements which are seamlessly integrated into

a physical environment.

Virtual Reality (VR) refers to entirely computer-generated environments. Thus,

the user is immersed in a virtual scene in which the physical world is no

longer visible.

Extended Reality (XR) serves as an umbrella term for MR and VR. Thus, it

covers spaces which range from physical environments that integrate different

amounts of virtual elements to entirely virtual environments.

In the context of MR and VR, we also refer to different degrees of virtuality, i.e., MR

offers lower degrees of virtuality than VR.

MR and VR scenes can be accessed with head-mounted displays (HMDs) which project

stereoscopic images in front of the user’s eyes and update them according to the user’s

head movements. As such, today’s HMDs build up on pioneering work of Sutherland [163].
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Regarding HMDs for MR, it can be distinguished between optical see-through devices

and video see-through devices [45]. Optical see-through devices like the first and second

generation of Microsoft HoloLens have a transparent display such that the user can see

the physical world through the display and virtual augmentations are directly projected

in front of the user’s eyes. On the contrary, video see-through devices such as the Apple

Vision Pro are fully closed and provide the user with a live video stream of the physical

surroundings which is augmented with virtual elements. HMDs for VR such as the HTC

VIVE Pro are fully closed and designed for immersing the user in an entirely computer-

generated scene.

An alternative access to MR is offered by handheld displays (HHDs) such as smartphones

or tablets [45]. Such MR-HHDs work in a similar way as video see-through MR-HMDs.

Thereby, the MR-HHD displays the real environment as captured through the device’s

camera and augments it with virtual elements.

Both HMDs and HHDs offer different advantages and disadvantages. Compared to HMDs,

HHDs provide less immersion and screen space. On the contrary, HHDs provide greater

availability as they are cheaper and already widely used in both private and professional

contexts.

Beyond HHDs and HMDs, XR can also be realized through stationary projection-based

systems [45]. Powerwalls offer large displays onto which stereoscopic images are projected

to display 3D images or videos in stationary VR settings. CAVE systems [32] are based

on the same concept but combine multiple of these walls to create a more immersive

setup. In the context of MR settings, the term Spatial Augmented Reality (SAR) [45, 13]

refers to physical settings which are superimposed with virtual augmentations through

projectors. However, such stationary setups can be more expensive and are thus rather

considered for specialized than mainstream use.

This dissertation is focused on three types of XR technologies (i.e, MR-HHDs, MR-HMDs,

and VR-HMDs) as defined below.

Mixed Reality Handheld Displays (MR-HHDs) are smartphones or tablets dis-

playing the real environment as captured through the device camera together

with virtual augmentations.

Mixed Reality Head-mounted Displays (MR-HMDs) are head-worn devices

which allow users to see virtual objects that augment the real environment,
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either through a transparent display (optical see-through) or through a live

video stream (video see-through).

Virtual Reality Head-mounted Displays (VR-HMDs) are head-worn devices

which immerse the user in a completely computer-generated scene.

When describing XR applications it is important to distinguish between the physical

existence of an object and its visual appearance. Regarding the physical existence of an

object, we use the terms real components (to refer to a physically existing object) and

virtual components (to refer to purely virtual objects). For example, an MR application

for reviewing a car design can extend the physically existing parts (real components) of

the car with virtual augmentations displaying the missing parts (virtual components). If

such a MR user is joined by a remote collaborator, this collaborator can be provided with

a corresponding VR application. The VR application then displays virtual replicas of the

real components and integrates them with the virtual components. In such distributed

settings, a real component has a different visual appearance for the MR user (physical

appearance) and the VR user (virtual appearance). However, when interacting with

this component both the MR user and the VR user are referring to the identical scene

component.

This distinction is crucial when referring to specific scene components in such collabo-

rative settings. In many other contexts, however, the physical existence of an object is

not relevant and we just want to express that the visual appearance of a component is

virtual. In these cases, we will use the term virtual element to refer to both purely virtual

components as well as to virtual replicas of real components.

Furthermore, we use the terms static and dynamic to indicate if scene components are

meant to change their position or orientation during runtime.

The corresponding terms as used in this dissertation are defined as follows.

Real components are physically existing objects.

Virtual components are exclusively virtual objects.

Virtual elements refer to the virtual appearance of these components; they en-

compass virtual components and virtual replicas of real components.

Static components are not meant to change their position or orientation while

using the XR application.

10



Chapter 2

Dynamic components can change their position or orientation while using the

XR application.

Furthermore, we distinguish between on-site and off-site users. We use the term on-site

users for those users who access the XR application from the actual working environment.

For example, the location of physically existing parts of a virtually augmented prototype.

On the contrary, we refer to users as off-site users if they are located at a site where no

real components exist. For example, they can access an XR application which includes

virtual replicas of items that physically exist elsewhere.

On-site users are located at the same site as real components which are part of

the XR application.

Off-site users are located at a site where no real components exist.

2.2 Collaboration in Extended Reality

Digital tools for supporting collaboration have been developed for a long time and are

being used in many workplaces. The Covid-19 pandemic has further boosted the consumer

interest [172] in these tools, their usage [38] as well as research in this area [36]. While

tools like Zoom and Microsoft Teams are well-suited for collaborative use cases in which

2D content is exchanged via screen sharing, options for sharing spatial content is limited.

In this context, applying XR seems predestined as it does not only allow displaying

but also sharing and thus collaboratively interacting with 3D content. In fact, it allows

sharing both 3D content which is available only in digital form as well as virtual 3D

replicas of content which is physically present elsewhere. Thus, XR can be of benefit for

both physically distributed and co-located collaborators.

Forms of collaboration can be categorized with respect to time and place [85]. The

collaborators can be at the same place (co-located) or at different places (distributed).

In each case, collaboration can either take place at the same time (synchronously) or at

different times (asynchronously). This dissertation is focused on synchronous settings of

XR-supported co-located or distributed collaboration. Thereby, different XR technologies

may be chosen depending on the collaborators’ locations and the specific use case.

Previous research has outlined that XR technologies can support diverse collaborative
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settings [134]. For example, MR-HHDs [184, 68] and MR-HMDs [193] have been employed

in co-located collaborative settings. Such MR settings allow collaboratively reviewing

spatial data while also seeing each other. In distributed settings, VR-HMDs are often

employed to immerse a remote collaborator in a virtual reconstruction of the physical

scene of a local user wearing an MR-HMD [5, 91, 92, 99, 138, 140, 167, 23, 136, 193].

On top of that, collaborative XR systems have been proposed which involve not only

different degrees of virtuality (i.e., VR and MR) but also different devices (i.e., HHDs

and HMDs) [133, 57, 96].

This dissertation considers nine different synchronous collaboration styles (see Fig. 2.1).

If two collaborators use different devices, two collaboration styles need to be considered

(e.g., MR-HHD user sees VR-HMD user and VR-HMD user sees MR-HHD user) which

pose different requirements to tracking and visualizing user behavior.

co-located
collaboration

distributed
collaboration

VR-HMD

MR-HMDMR-HHD

Figure 2.1: The nine arrows represent the nine collaboration styles which are considered
in this dissertation. For example, the arrow pointing from MR-HHD to VR-HMD serves
as a reference for describing how a MR-HHD user sees a VR-HMD user, the opposite
arrow refers to the way a VR-HMD user sees a MR-HHD user. Self-referencing arrows
describe how a collaborator sees another collaborator using the same XR technology.

Thereby, the term distributed collaboration is used for all kinds of interaction which take

place among a VR-HMD user and any other collaborator. This also includes collaboration

between two VR-HMD users. On the contrary, collaboration among MR technologies is

referred to as co-located collaboration.

Co-located collaboration takes place between collaborators who are physically

located at the same site and use MR technologies.

Distributed collaboration takes place when collaborators are physically dis-

tributed or when at least one collaborator uses a VR-HMD.

The terms co-located and distributed collaboration are used to refer to the collaboration

style of one pair of collaborators. That is, a collaborative setting is described by a set
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VR-HMD

VR-HMDVR-HMD

(a) Three distributed collab-
orators using VR-HMDs.

MR-HHD MR-HHD

MR-HMDMR-HMD

(b) Four co-located collabo-
rators using MR-HHDs and
MR-HMDs.

MR-HMD MR-HMD

MR-HHD

VR-HMDVR-HMD

(c) Three co-located collabo-
rators using MR-HMDs and
a MR-HHD are joined by
two remote collaborators us-
ing VR-HMDs.

Figure 2.2: Examples of collaborative settings involving different XR technologies.

of collaboration styles and the involved XR technologies. Three examples for such a

collaborative setting are illustrated in Fig. 2.2.

XR-supported collaboration tools consist of multiple components. Apart from suitable

networking solutions which synchronize data among the collaborators and handle access

control to scene components, a joint scene understanding in distributed settings requires

appropriate representations of the on-site environment. In this context, virtual replicas

of the on-site environment were generated with 360-degree [167, 193, 140, 99] or RGB-D

cameras [5, 103]. To enable effective collaboration, spatial information describing not

only the task domain but also user behavior must be conveyed among the collaborators in

an appropriate manner. In this context, it needs to be decided which information about

user behavior needs to be conveyed, how this information can be tracked, and which level

of realism is appropriate for the visualization. Such user representations often consist

of multiple so-called awareness cues. In this context, the report from Oulasvirta [131]

summarizes interesting background information. While the work is not specifically focused

on awareness cues for XR, it provides a very concise notion of awareness cues by defining

them as parts of a UI which are controlled through the activities of a remote user.

Relevant aspects about user behavior in XR settings include the user’s location and head-

orientation in space as well the user’s hand movements. This information can be captured

with different tracking technologies and then transferred into visual user representations

that allow the other collaborators to perceive the user’s activities.

The relevance of user embodiment, that is visualizing user behavior with body-like images,
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in collaborative settings has already been emphasized many years ago by Benford et

al. [10]. In more recent research, avatars [5, 133, 138, 140, 167, 57, 23, 136, 193, 144] have

been proposed to provide a visual representation of the user. In this context, a variety of

avatar visualizations has been considered [151]. Proposed approaches range from detailed

human-like avatars to abstract avatars which only represent parts of the user’s body by

mapping the user’s position and orientation in space to the avatar.

In 1998, Hindmarsh et al. [74] further pointed out the importance for collaborators to

know which part of a scene another collaborator is able to see or currently referencing.

Thus, a user’s location and orientation in the scene as well as scene components which

are being referenced or interacted with should ideally be visible at the same time. In this

context, further visual cues which augment the basic avatar bodies have been implemented

to convey user activities and aid communication among the collaborators. Sharing these

cues is important for all collaboration styles, especially in distributed settings including

remote assistance tasks as it allows collaborators to reference objects or locations in the

shared space. For example, the user’s current viewing direction can be further specified

with a frame [99, 167], a ray [5, 48], or a view frustum [5, 140, 136, 57]. The corresponding

data can thereby be obtained from the device orientation or eye-tracking. Furthermore,

the avatar’s hands can reflect the user’s hand movements. Depending on the exact setting,

either the movements of the user’s real hands [5, 91, 92, 99, 136, 57] or the controllers [140,

167, 193, 138, 144] can be tracked. In both cases, rays can be integrated which act as

laser-pointers [91, 138, 167, 57, 92, 193, 144].

2.3 Interaction in Extended Reality

XR applications can integrate different levels of interactivity. For example, in purely

passive XR applications remote users can follow a meeting or task performed on site.

Regarding interactive applications this dissertation distinguishes non-spatial and spatial

operations. With non-spatial operations we refer to interactions which are performed

within a defined 2D space in the XR environment. For example, non-spatial operations

concern the interaction with 2D menus which are placed in the 3D space. In contrast, we

use spatial operations to refer to operations such as the manipulation of a virtual object’s

position or orientation (i.e., translating or rotating objects) [68, 120, 109, 47, 87, 19, 94,

162] as well as an object’s scale (i.e., changing the size of objects) [68, 120, 47, 26, 94, 162].

Spatial operations also include scene navigation. Instead of the object’s position and
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orientation, here the viewpoint is manipulated. While virtual environments can be very

large, the physical room in which the user is located may be smaller than the virtual scene.

Thus, the user cannot naturally navigate (i.e., by walking around) to all parts of the scene

as the available physical space is limited. As a consequence, methods are required which

allow navigating in a virtual environment while performing minimal physical movement

(e.g., [180, 101]).

A very common modality for interacting with computer systems on 2D displays is offered

by WIMP interfaces whereby WIMP refers to Windows, Icons, Menus, and Pointers.

WIMP UIs allow selecting (i.e., pointing and confirming the choice) icons such as a folder

or menu items as well as interacting with windows. This can involve opening, closing,

moving, or resizing windows as well as adapting the content visible inside the window

for example through scrollbars. Thus, the pointing device plays a fundamental role when

interacting with WIMP UIs [42]. While WIMP offers well-established and standardized

interaction styles for non-XR computer systems, a comparable interaction paradigm for

XR is missing [45]. For non-spatial operations, out-of-the-box solutions often seek to map

interaction paradigms from WIMP interfaces to XR. For example, when interacting with

virtual 2D windows (e.g., menus), interactions can be performed in similar manners as

in common 2D applications. A native interaction approach for using HHDs in XR is to

apply the same touch gestures as used for non-XR applications (i.e., the user’s finger acts

as the WIMP-pointer). For HMDs, some manufacturers advertise the use of controllers

(e.g., for the HTC VIVE Pro) or hand gestures and gaze (e.g., for the Microsoft HoloLens

and Apple Vision Pro) as a pointer in WIMP-based UIs.

For spatial operations which require more degrees of freedom (DOFs), however, WIMP-

based interaction can become unsuitable. As explained by Dörner et al. [45] spatial object

manipulation tasks need to be divided in several subtasks if they are performed with 2D

UIs and thus require higher physical and cognitive efforts. Thus, a lot of research has

been conducted on the design of appropriate interaction techniques for XR [158, 73].

For HMDs, common methods to select and manipulate objects use gaze [14, 130, 97, 49,

185, 87], gestures [87, 20], controllers [130, 185], or secondary displays [145, 30, 162] which

act as advanced controllers. With appropriate tracking technology, a user can select an

object by looking at it or pointing at it with the hand or a controller. To manipulate

the object’s position or orientation, hand [87] or controller [19] movement can be mapped

to the object. Controllers based on smartphones or tablets offer touch as an additional

input modality [162, 94, 174]. When interacting with HHDs, objects can be manipulated
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via touch [68, 120, 109], in-air gestures [16, 90], or device movement [68, 120, 109, 161].

Objects can be selected by touching them directly on the screen, by grabbing them with

a gesture, or by hovering over them with the device. Manipulation can then be performed

through touch-gestures performed on the display, hand gestures performed in the air, or

by mapping the device’s movement to the object. Further input modalities which have

been explored for interaction in XR include voice [185], foot movement [121, 190], or

brain-computer interfaces [156].

In this context, a relevant difference between HMDs and HHDs is that HMDs are specif-

ically designed for spatial applications whereas HHDs were originally developed for 2D

applications only. This does not only affect the availability of incorporated sensors and

out-of-the-box interaction paradigms but also the user’s attitude towards the device. Since

HMDs have not been used for other purposes before, spatial interaction methods for HMDs

do not interfere with previously learned interaction paradigms. In contrast, HHDs are

ubiquitous and are being used daily for non-XR purposes. Applying these devices to XR

settings poses different requirements to the interaction design. When using HHDs for

non-XR purposes (e.g., writing a text message, scrolling through a document, or zooming

into a picture) the device is usually held in a tilted position and almost parallel to the

floor. In XR, mainly in MR, the HHD is meant to serve as a window to the XR scene.

To this end, the device must be held in a higher position and rather orthogonal to the

floor. In these settings, existing well-established interaction methods may not be suitable

and must be unlearned by the user. For example, touch-based interaction is limited to

2D input and thus requires dividing 3D manipulation tasks in several substeps. As noted

in [62] input for HHDs which is based on touch and in-air gestures requires holding the

device with one hand which is prone to fatigue and occlusion.

To describe and compare the designs of previously proposed and the newly proposed

spatial interaction methods in this dissertation, the process of object manipulation is

divided in four steps (see Fig. 2.3). First, the object which the user wishes to manipulate

needs to be selected. In this context, theMidas Touch Problem must be taken into account

which describes the issue of unintendedly executed commands. For example, these issues

can occur when actions are triggered solely by the user’s gaze. On the one hand this

allows easy interactions while on the other hand it also means that the user is not able to

look around without triggering unintended actions [81]. In XR, this problem can occur

with several input modalities. For example, a ray based on gaze, gesture, or controller

input is likely to hover objects which the user does not want to select or manipulate.
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To prevent the Miday Touch Problem, the selection of objects should be divided in two

substeps. As illustrated in Fig. 2.3, the user should first I specify the desired object

and then II confirm the selection in a second step. Only the selected object should be

III manipulated in a third step. Thereby, the object’s position, orientation, or both can

be adapted. Eventually, the object needs to be IV released (i.e., input is decoupled from

the object’s movement).

Specify the
desired object

Confirm the
choice

Manipulate the
object

Release the
object

I II III IV

Figure 2.3: Object manipulation steps.

2.4 Further Related Aspects

This dissertation was motivated by the question of why XR technologies have seen limited

adoption in practical settings, despite the considerable potential which has been assigned

to them and the amount of research efforts dedicated to the topic. In this context, research

on user acceptance (UA) models helped shaping the focus of this dissertation. Human

Computer Interaction (HCI) research is focused on designing UIs that make it as easy as

possible for humans to interact with and thus leverage the potential of different computing

systems. While this includes the design of new system features that increase UA, UA is

not only determined by system design and often not measurable at early stages in the

development process. An important first step is therefore to understand the role of HCI

research on XR-UIs in the context of UA. To this end we take into account existing models

for UA.

Various models have been proposed that seek to explain UA and future utilization behav-

ior. A model that is very popular is the technology acceptance model (TAM) which was

introduced by Davis in 1986 [34]. According to TAM two core factors influence UA: the

perceived ease of use and the perceived usefulness. Reflecting on his TAM model in 2006

Davis [35] associates the perceived ease of use with the absence of effort and usefulness

with the expected performance increases while completing tasks with the system. Davis

further points out that usefulness is rather related to the functionalities provided by a

system while ease of use rather relates to the design of the interface. He further reports

results from a study that indicate that to express the perceived usefulness of a system,

users do not necessarily have to use the system. Instead, videos of the system features
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could be used. However, this does not hold for the perceived ease of use. Here, users need

to have interacted with the system to precisely report its perceived ease of use. Hence,

when developing new UIs for a system, they should undergo hands-on evaluation to be

able to evaluate its ease of use.

Ever since the introduction of TAM, various researchers have modified the model and

presented adapted versions. In 1999, Dishaw and Strong [41] presented a model which

extends TAM with task-technology fit (TTF) constructs. The TTF model was introduced

in 1995 by Goodhue and Thompson [66] who assumed that UA is highly influenced by

the degree to which a technology matches the demands of a task. Due to the different ac-

ceptance behavior aspects captured by the two models, Dishaw and Strong [41] suggested

their combination and found that integrating TTF in TAM explains a higher amount of

variance when predicting UA than either of them alone.

From these UA models we derived the following learnings:

• XR-UIs should be designed to be easy to use (i.e., reducing effort).

• Evaluating the absence of effort requires hands-on interaction.

• A thorough analysis of the capabilities of XR technologies and task characteristics

is crucial before designing UIs.

• A good UI design alone can contribute to but not guarantee increases in UA.

The UIs developed and presented in this dissertation seek to reduce different kinds of

effort: cognitive, temporal, and physical effort. While certain aspects of the UI design can

directly affect each type of effort, there is also a relation between them. When cognitive

effort decreases, users may be able to complete tasks faster such that less temporal and

physical effort is required too.

With temporal effort we refer to the time needed to accomplish a task with a given UI.

Regarding physical effort, we distinguish between effort caused by active movement of

different body parts and constant muscle activity which can lead to fatigue. Cognitive

load refers to the amount of cognitive resources that are required to perform a cognitive

task [63]. Its concept is complex and relates to fundamentals from cognitive psychology

which are summarized below.
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In the context of the Cognitive Load Theory [165] the terms intrinsic, extraneous, and

germane are used to refer to different types of cognitive load and resources. The intrinsic

cognitive load is imposed by the nature of the task whereas the extraneous cognitive load

is imposed by the instructional design. The cognitive resources dedicated to intrinsic

cognitive load are referred to as germane resources whereas the resources dedicated to

the extraneous cognitive load are referred to as extraneous resources. As cognitive re-

sources are limited, the extraneous resources required to perform a task determine the

remaining germane resources which are used for processing and learning the information

presented. As such, an optimized instructional design can reduce extraneous resources and

thus increase the resources which can be dedicated to the intrinsic load. To acquire new

knowledge, such as for example learning how to use a UI, information must be processed

in the working memory, linked and stored with knowledge from the long-term memory.

In this context, element interactivity describes the amount of elements which must be

processed simultaneously in the working memory. Element interactivity can be associ-

ated with both intrinsic and extraneous load and is affected by previously established

knowledge. So-called schemas structure previously gained information in an abstract way

in the long-term memory and can be treated as a single element in the working mem-

ory. As such, retrieving information from the long-term memory which is structured as a

schema reduces element interactivity and thus the amount of cognitive resources needed

to process the elements.

Based on this knowledge, we add the following two learnings:

• The design of an UI is particularly relevant when intrinsic cognitive load is high.

• Cognitive resources required to perform a task can be reduced if they can be mapped

to previously established schemas.

Reducing the effort (i.e., the resources) needed to perform a task enhances efficiency

and thus Usability of an UI which is defined by its effectiveness (i.e., the accuracy and

completeness with which tasks are accomplished), efficiency (i.e., the resources used to

accomplish tasks), and satisfaction (i.e., the degree to which a user’s cognitive, emotional,

and physical response from using a system match the needs and expectations) according

to ISO 9241-11 [39]. Interaction principles which are relevant to the design and evalua-

tion of interactive systems are presented in ISO 9241-110 [40] along with general design

recommendations. The principles state that the interactive system should support the
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user in completing a task, offering functions which are suited to the requirements of the

task and avoiding unnecessary steps which can be executed automatically by the system

(suitability for the user’s task). Furthermore, the system’s functionalities should be made

obvious to the user (self-descriptiveness) and the system’s behavior should be predictable

(conformity with user expectations). Thereby, the system should minimize efforts re-

quired to learn how to use it (learnability) and allow the user to retain control of the UI

(controllability). Eventually, it should support the user in avoiding and recovering from

errors (user error robustness) and encourage the user to keep using it (user engagement).
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Lecture Notes in Computer Science, vol. 13198, pp. 443–452. Springer, Cham. doi:

10.1007/978-3-030-98388-8 40.

V. M. Memmesheimer and A. Ebert (2023): A Human-Centered Framework for Scal-

able Extended Reality Spaces. In J. C. Aurich, C. Garth, and B. S. Linke (Eds.) Proceed-

ings of the 3rd Conference on Physical Modeling for Virtual Manufacturing Systems and
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Cues Scaling with Group Size and Extended Reality Devices. In J. Y. C. Chen and G.
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XRS – Scalable Extended Reality

XR technologies allow inspecting and interacting with 3D virtual elements in physical

or entirely virtual environments. Previous research has unveiled considerable potential

for their application in various domains including manufacturing industries, architecture,

healthcare as well as co-located and distributed collaboration in general. Even within

each of these domains, XR technologies can support multiple use cases. For example, in

the automotive industry, XR can be applied in (collaborative) design reviews of virtual

prototypes as well as in the training of machine operation, or for providing support through

remote experts. Thereby, different use cases can benefit from different XR technologies

by leveraging their specific strengths.

While the field of potential applications of XR is vast, its actual implementation in real-

world settings is still limited. The current use case driven development of XR applications

results in solutions which are tailored to specific hardware, supported operations, and

numbers of users. As such, using XR technologies for multiple use cases requires additional

efforts to adapt to new systems. To exploit each technology’s potential across different use

cases while maintaining usability, these efforts need to be kept as low as possible. Thus,

scalable UIs which stay consistent when switching between different XR technologies

are required. In this chapter we address this gap through the introduction of Scalable

Extended Reality (XRS) spaces which provide scalability between different degrees of

virtuality, different devices, and different numbers of users.

The chapter is structured as follows. First, an overview of promising fields for XR ap-

plications and research results from fields related to the development of XRS is given.

These concern the design of collaboration support features, the generation of consistent

and accessible scenes, and the implementation of appropriate interaction techniques. Ad-
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dressing the limited scalability of existing XR solutions, we present our vision of highly

scalable XR environments named XRS in the second part of this chapter. Based on the

literature reviewed and the presented XRS concept, barriers to the realization of XRS are

identified and translated into a research agenda. To set the stage for XRS and as the

basis for this dissertation, the third part of this chapter presents a framework for XRS

spaces. To do so, abstract use cases exploiting XR’s key benefits are defined. Based on

them, requirements are formulated and translated into the framework. Eventually, two

exemplary walkthroughs are given to explain how the framework can be applied to specific

use cases which can be described by (combinations of) the abstract use cases.

3.1 Related Research and Aspects

This section provides an overview of fields in which the application of XR technologies is

deemed promising and summarizes research which is related to XRS such as collaboration

support features, scene generation, and interaction techniques.

3.1.1 XR Applications

Research on potential applications of XR technologies has revealed promising use cases

in various fields. They have been assigned considerable potential to support design and

engineering reviews in many domains as XR technologies allow to intuitively inspect and

interact with spatial content. For example, Kaluza et al. [86] integrated visual ana-

lytics methods to an MR application to support decision-making in automotive life cy-

cle engineering, Gong et al. [65] developed a multi-user VR application for cooperation

among globally distributed users during an automotive design review task, and Wolfarts-

berger [188] developed and evaluated a VR application for design review of power units.

Another potential use case which is relevant across many industries is factory layout plan-

ning. In this context, the VR system from Gong et al. [64] seeks to facilitate the modeling

process and to improve decision-making through more accessible visual representations.

XR technologies can be applied in a similar way for interior design such as for example

presented by Vazquez et al. [177]. Their MR tool integrates scale-accurate furniture as

virtual augmentations.

On top of that, XR can be applied in the context of construction, for example for perform-

22



Chapter 3

ing safety training in VR such as presented by Wu et al. [189] or for supporting monitoring

and documentation tasks with virtual augmentations such as presented by Zollmann et

al. [197].

The work of Pirker [135] provides an overview of potential applications of VR technolo-

gies in aerospace. These include training in simulations, teleoperating remote machines,

testing, design reviews, collaboration, and remote assistance.

Apart from this, further interesting fields of application for XR can be found in healthcare.

Here, the literature review from Sadeghi et al. [148] presents interesting applications of XR

in the context of cardiothoracic surgery, including surgical planning, training in virtual

simulators, and intraoperative guidance. For example, information which are visually

augmenting the surgeon’s field of view can be scaled and placed according to the surgeon’s

personal preferences [3]. In a similar way, maintenance tasks can benefit from XR by

integrating relevant information directly into the worker’s field of view [157].

Such visual instructions can either be provided automatically by the system or by a remote

collaborator. XR technologies cannot only support co-located collaborators but are also

predestined for sharing spatial information among distributed collaborators. For example,

the system presented by Bai et al. [5] allows sharing a local working space with a remote

collaborator who can provide support through visual cues that augment the local worker’s

field of view.

3.1.2 Collaboration Support Features

XR-supported collaboration can be very different from face-to-face collaboration and nat-

ural communication. Addressing these barriers, previous research proposed several solu-

tions for collaboration in co-located [184, 68, 193] and distributed [5, 91, 92, 99, 37, 133,

138, 140, 167, 193, 176, 23, 136, 170, 144] scenarios, using HHDs [184, 68, 176], HMDs [5,

91, 92, 99, 37, 138, 140, 136, 170, 167, 23, 193, 144], or both [57, 133, 107, 96, 56, 175, 44].

3.1.2.1 Avatars

As described in Chapter 2.2, collaborative XR systems commonly use avatars to represent

user behavior. In this context, previous research considered different approaches for track-

ing and visualization. Thereby, generating full-body avatars requires advanced methods.
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For example, Yu et al. [192] tracked HMD users based on their shadow to create the

corresponding avatar in real time. Further approaches use inverse kinematics to generate

avatars of HMD users [138, 193, 43, 144]. Inverse kinematics algorithms allow comput-

ing avatar postures that cause the avatar’s head and hands to attain a predefined (e.g.,

obtained from tracking) position and orientation [45]. Inverse kinematics have also been

applied for generating avatars for HHD users [122, 105, 2]. Here, tracking the user’s head

orientation is not as straightforward as for HMD users. Thus, less data is available which

describes the user’s actual pose which makes the generation of appropriate user repre-

sentation more challenging. Another approach for tracking HHD user poses in co-located

settings was presented by Ahuja et al. [1] who estimated body postures by combining the

views of multiple co-located users’ HHD cameras.

In a second step, the tracked user’s pose then needs to be transferred to an appropriate

visualization. In this context, different degrees of realism have been proposed ranging from

human-like avatars [138, 140, 193] to more abstract user representations [133, 57, 5, 167]

which include virtual visualizations of the respective XR device or generic objects such

as a sphere with a view frustum.

Researching the ideal design of avatars also requires overcoming the so-called uncanny

valley – a term which refers to Mori’s work on the perception of humanoid robots [119] and

describes the phenomenon that an almost but not perfectly realistic visual representation

of a human is perceived as uncanny. More specifically, affinity for the visual representation

does not monotonically increase with but drops at a certain level of human-likeness.

Apart from this, it has been pointed out that life-size avatars may not be suitable in all

situations as they can occupy a large part of the field of view. Thus, the usage of miniature

avatars has been explored. Addressing this issue, Piumsomboon et al. [138] propose a

miniature avatar which represents an off-site collaborator by mimicking the respective gaze

direction and gestures. More specifically, a miniature of the life-size avatar representing

the off-site collaborator is created. It is equipped with a pointer and represented the

body movements of the corresponding remote collaborator. Thereby, the location of

the miniature avatar was updated according to the current field of view of the local

worker while a ring at the miniature’s feet indicates the off-site user’s and life-size avatar’s

location.
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3.1.2.2 Visualizing Viewing Directions

To make a user’s viewing direction visible for other collaborators, avatars have been

augmented with additional cues. Frequently applied techniques for capturing the user’s

viewing direction are head tracking [136, 5] and eye tracking [48, 136, 5]. In addition,

research is being conducted on the comparison of different tracking methods [183, 181].

Previous research has considered different visualizations for conveying a user’s viewing

direction. For example, Bai et al. [5] used a generic sphere to represent an absent collab-

orator’s head. The basic orientation of the user was indicated through a view frustum.

Additionally, a ray emerging from the sphere indicated the user’s gaze direction. View

frustums were also used by Garćıa-Pereira et al. [57] and combined with a visual repre-

sentation of the respective device to represent an HMD, HHD, and desktop user. Instead

of rendering frustums, Bovo et al. [17] visualize a user’s viewing direction through the

intersection of a user’s cone of vision on 2D surfaces.

Lee et al. [99] found that augmenting a collaborator’s view with a rectangle to represent

the other collaborator’s current viewing direction, failed when using HMDs whose fields

of view differed in size. As a solution, the size of the rectangles was reduced according to

the size of the output device’s field of view. Similar issues were reported in [136].

To indicate the remote collaborator’s viewing direction, the miniature avatar’s face from

Piumsomboon et al. [138] was always directed in the viewing direction of the user who was

represented by the avatar. In another work from Piumsomboon et al. [140] a miniature

avatar was augmented with a view frustum whereby the view frustum included a video

stream of the respective user’s current view. Similarly, Teo et al. [167] combined a live

video with a more abstract avatar representation.

3.1.2.3 Visualizing Hand Movements

Apart from a user’s position, orientation, and viewing direction, the user’s hand move-

ments are commonly shared among collaborators. Depending on the specific setup, pre-

vious work sometimes only captured the off-site collaborator’s hands, as the hands of

the on-site collaborator are often captured within the virtual replica of the MR space.

For tracking the off-site user’s hands, previous research considered directly tracking the

hand through a sensor attached to the HMD [5, 91, 92, 99, 136, 57] as well as tracking a

controller held in the hand [140, 167, 193, 138, 144].
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The tracked data is then transferred to animate an avatar’s hands [5, 91, 92, 193, 136]

and to generate a laser pointer [91, 92, 138, 167, 193, 96, 57, 144]. In some ap-

proaches [193, 136], the visualization of hand gestures from remote collaborators was

limited to predefined gestures such that if one of the predefined gestures was detected,

the avatar’s hand was adapted accordingly. Concerning the pointer visualization, in some

approaches the pointer is always on [193, 144] whereas in others it can be activated with

specific user input [91, 92, 57, 138, 167].

For example, Piumsomboon et al. [138] activate the ray when the trigger button of the

controller is pressed. On the contrary, Kim et al. [92, 91] activate the ray upon the

detection of a pointing gesture. A similar approach was provided by Garćıa-Pereira et

al. [57] for HMD users. For HHD users, their system includes a virtual tablet and a virtual

hand which appears along with a ray when touch input is registered. Similar rays for HHDs

were also proposed in [107, 176]. In the system by Kostov and Wolfartsberger [96] the

HMD user’s pointer emerged from the controller whereas for the HHD it emerged from the

camera’s center. In the collaborative HHD setting from Grandi et al. [68] rays connecting

the HHD and the currently selected object are integrated into the MR scene. In addition,

they integrated icons that indicate the specific manipulation a user is currently performing

with the selected object. Thereby, different colors are used to distinguish between users.

The approach from Ibayashi et al. [79] allows collaboration among an HMD user and

a tabletop display user. Tabletop users can point at specific locations on the tabletop

display which shows the virtual space from the top. The HMD user will then see large

virtual hands pointing at the respective location. At the same time, the HMD user could

point at certain locations by applying touch on an HHD which is mounted in front of the

HMD. The tabletop users will then see an avatar pointing in this direction.

Further approaches [91, 92, 193] allow the off-site collaborator to draw virtual sketches into

the shared environment. An alternative to sketching for remote instruction was presented

by Tian et al. [170]. The method involved virtual replicas of physical objects which are

manipulated by the remote collaborator to provide instructions to a local user.

3.1.2.4 Visualizing Out-Of-View Elements

Since collaborators may have different viewpoints in the shared space, visualizing elements

which are outside a collaborator’s field of view motivates further research.
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In the approach presented by Lee et al. [99] a virtual hand is augmented with a glowing

effect such that it is easier for the other collaborator to find the virtual hand if it is outside

the current field of view. This design relates to Halo [8], a technique for visualizing off-

screen elements which was originally developed for 2D applications. A similar glowing

effect was added to the miniature avatar proposed in [138].

Another approach for attracting a remote collaborator’s attention was proposed in [140]

where the off-site user was given the option to attract the on-site collaborator’s attention

through a virtually burning torch. Furthermore, virtual arrows pointing to the location

of remote collaborators or their viewing direction have been integrated to XR environ-

ments [5, 99].

3.1.2.5 Access Control

Apart from user representations, collaborative XR settings require appropriate solutions

for handling access control. Since many of the proposed collaborative XR systems focus

on remote instruction scenarios where the off-site user solely guides the on-site user with

visual cues, object manipulation is often only possible by the on-site user and thus access

control was not relevant in these contexts.

Research papers which involve collaborative object manipulation considered different ap-

proaches for this. For example, Grandi et al. [68, 67] allowed co-located collaborators to

simultaneously manipulate an object by multiplying each transformation matrix with the

one of the virtual object. Wieland et al. [186] compared three different ways of merging

interactions of HHD collaborators: separating translation and rotation among collabora-

tors, allowing the users to only perform the same manipulation operation simultaneously,

and a hybrid approach allowing both users to perform the same or different manipulations

simultaneously. Based on the results of their comparative study, they recommend the sep-

aration approach in time-critical scenarios and hybrid if the main goal is to enhance user

experience. On the contrary, Wells and Houben [184] allowed object manipulation only

by one of the co-located collaborators at a time. During manipulation, the object was

locked for the other users as indicated by a colored border around the screen of the HHD.

In the approach of Pereira et al. [133] a master client was supposed to give ownership to

the other clients.
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3.1.3 Scene Generation

For effective collaboration among distributed collaborators, off-site users should be pro-

vided with a virtual reconstruction of the on-site environment. This virtual reconstruction

must remain consistent with the on-site environment, meaning that changes in the physi-

cal environment need to be adapted in the virtual scene as well. Additionally, the virtual

reconstruction must be accessible, allowing off-site collaborators to reference and interact

with scene components. Thus, to ensure that both on-site and off-site users have access

to the same information and options for interaction, virtually reconstructed scenes need

to be segmented semantically and adapted dynamically.

3.1.3.1 Virtual Reconstruction

Previous research used different approaches and technologies to capture the on-site envi-

ronment such as 360-degree cameras providing pictures [167] or videos [99, 140, 167], light

fields constructed out of pictures taken with a smartphone [118], multiple RGB-D [103]

cameras, as well as built-in spatial mapping [167, 166] to generate a mesh of the envi-

ronment. While in some approaches the on-site environment was captured prior to the

actual collaboration [118, 166], other approaches [99, 140, 103] allowed the virtual scene

to be updated in line with changes on-site. The virtual reconstructions could be accessed

via VR-HMDs [99, 133, 140, 167, 103, 166] or HHDs [118].

Ideally, the virtual replication of the physical scenes should provide high visual quality,

live updates, viewpoint independence, and bidirectional manipulation. Often, however,

trade-offs among visual quality and further quality criteria exist: For example, 360-degree

cameras deliver high visual quality but also restrict the off-site collaborator’s viewpoint

according to the camera’s position. In contrast to 360-degree pictures which are static,

360-degree videos can provide the off-site collaborator with a dynamic representation of

the physical scene. A common approach to achieve this is to mount the 360-degree camera

on the head of an user who is located on site and to then provide the off-site collaborator

with the corresponding video stream [99, 140]. As noted by Lee et al. [99], the orientation

of the 360-degree video will here, however, always depend on the on-site collaborator’s

head motion. To provide the remote collaborator with an independent view of the scene,

they tracked the head orientation of the on-site collaborator and adjusted the off-site

collaborator’s view accordingly.
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Another problem which occurs when users have different viewpoints, concerns the place-

ment of 2D annotations in the 3D scene [118, 58, 59, 60, 128, 129, 102]. Simple virtual

annotations which are not semantically anchored in space will become useless when the

collaborators have different viewpoints (i.e., when the collaborator seeing the annotation

has a different viewpoint than the one from which the annotation was added).

Apart from this, virtual scene reconstructions using 360-degree cameras usually prevent

bidirectional manipulation. Thus, off-site collaborators who are provided with the video

stream can see the entire scene but not manipulate scene components. Teo et al. [167, 168]

allowed off-site collaborators to choose between a 360-degree video stream for a dynamic,

high-quality visualizations and a static 3D mesh textured with a 360-degree picture to

explore the space independently of the on-site collaborator. In [169], they developed

this approach further by allowing off-site collaborators to retexture the static mesh with

different 360-degree pictures. However, they found that this approach is likely to produce

holes in the virtual scene at spots where objects in the picture occlude each other.

Using depth cameras to obtain geometric reconstructions of physical scenes can enhance

the off-site collaborator’s spatial awareness of the scene and allow exploring the space

independently of the on-site collaborator’s location. In some approaches sensors incor-

porated in the Microsoft HoloLens captured a static reconstruction of the scene prior to

the actual collaboration [167, 166, 168, 169]. However, the integration of live updates is

challenging, as only those parts in space can be updated which are captured by the depth

camera.

Lindlbauer and Wilson [103] presented an approach for providing live updates indepen-

dently of the user’s position and orientation. This, however, requires a more complex

setup involving several RGB-D cameras which provide a geometric live reconstruction of

a physical room. Their approach allows the user to perform detailed interaction with

real-world objects. To this end, interactions were performed on a voxel grid (i.e., a vol-

umetric representation of the reconstructed space where each voxel held information on

possible manipulations). However, Mohr et al. [118], note that the visual quality of such

approaches may be impaired by shiny and transparent surfaces. These surfaces are com-

mon in industrial environments – a field in which the application of XR technologies is

deemed particularly promising. Addressing this issue, they proposed to provide the off-site

collaborators with a light field: a high-quality, yet static visualization of the workspace.

Therefore, the on-site collaborator used an HHD to take pictures of the scene which were

stored along with the HHD’s position and orientation. The off-site collaborator could

29



Chapter 3

then add 3D annotations to the generated light field.

While increased visual quality and accessibility is expected to enhance collaboration, it will

also increase the amount of data that needs to be processed. This can cause latency which

could impede communication among collaborators. Hence, another relevant research topic

concerns the optimization of data processing. In this context, Stotko et al. [160] presented

a framework for sharing reconstructed static scenes based on RGB-D images with multiple

clients in real time. Moreover, the amount of visual data which needs to be processed may

be minimized by the incorporation of digital twins. Physical objects whose appearance

can be described by a digital twin would not have to be tracked visually. Instead, the

virtual appearance of the object could be rendered according to its digital twin’s current

state. This might also allow the manipulation of real components through the off-site

collaborator. For instance, Jeršov and Tepljakov [82] presented a system which allowed

altering the water levels of a physical multi-tank system by manipulating the system’s

digital twin in a virtual environment.

3.1.3.2 Semantic Segmentation

To support bidirectional interaction in XRS, off-site collaborators should further be able

to access and reference objects in the joint space. A semantic segmentation of the recon-

structed space would allow storing additional information as well as predefined manipula-

tion behavior in semantically segmented objects and is hence expected to accelerate object

selection and to facilitate interaction. Schütt et al. [155] presented an approach that al-

lows to semantically segment physical spaces while using an MR application. Thereby, a

mesh captured by the Microsoft HoloLens is semantically annotated and back-projected

onto the physical scene such that real-world objects could be highlighted, offering object-

specific manipulation options upon selection. Automated annotation of 3D scenes could

further benefit from deep learning. Dai et al. [33] note that in this context labeled training

data is often missing. Addressing this issue, they present a system that allows capturing

3D scenes via RGB-D scans and annotating the corresponding 3D meshes. As such, they

were able to collect a large data set of labeled 3D scenes. Huang et al. [75] took use of this

data set for semantically segmenting a 3D space described by supervoxels in real time.

30



Chapter 3

3.1.4 Interaction Techniques

This section provides an overview of the variety of interaction methods explored in pre-

vious research. In line with the steps of manipulation described in Chapter 2.3 we first

summarize selection methods and then manipulation methods. While some of the respec-

tive papers focus solely on selection, others primarily focus on manipulation, and some

address both.

3.1.4.1 Object Selection

Regarding the selection of virtual items, previous research has considered different ap-

proaches for HHDs and HMDs.

For HHDs objects can be selected similar as for non-XR applications by touching the

object directly on the screen [186, 120, 90]. In this case, the two steps of selection (i.e.,

specifying the object and confirming the choice) are performed together. Various touch-

based methods for selecting small potentially occluded objects seen through MR-HHDs

have been investigated by Yin et al. [191].

Apart from touch, in-air gestures were developed which allow MR-HHD users to point

at objects [16]. Less commonly, tangible selection was considered. For example, Wacker

et al. [182] provided a tangible input modality for MR-HHDs. A 3D-printed pen with

visual markers could be used to select virtual objects. Thereby, small spheres or rays

represented the pen’s position and buttons could be used for selection confirmation.

However, these selection paradigms require holding the HHD with one hand which is

deemed unfavorable [62]. Alternatively, objects can be selected with a screen-centered

cursor [15]. Such an approach would allow holding the HHD with both hands while it

also requires a second modality (e.g., pressing a button) for confirming the choice.

A similar selection paradigm is frequently considered for HMDs. Here, users can either

specify objects by controlling a cursor through head or eye movements. These methods

have been compared in multiple studies [14, 97, 142] which delivered mixed results. The-

oretically, eye-tracking technology can capture a user’s viewing direction more precisely

whereas the head orientation is only a proxy for the user’s viewing direction. However,

Jacob and Stellmach [80] note that unconscious eye movements can impede interaction

based on eye movements. Furthermore, they note that a user’s eyes are not solely used for
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specific input but also for perceiving the environment. These eye movements can interfere

with those for selecting objects. The same issue can also occur for selection based on head

movement and refers to the midas touch problem. Thus, an appropriate method is needed

for confirming a potentially selected object.

For this, previous work considered different modalities such as dwell time (i.e., selection is

automatically confirmed after the cursor hit the target for a defined time) [14, 49, 130, 77],

hitting an additional confirmation flag with gaze [117], using gestures (e.g., performing a

circle [49] or a tap gesture [97, 87]), performing a click with a button on the HMD [49] or an

external device [49, 97, 130, 30], as well as voice [49, 185]. Piumsomboon et al. [137] point

out the time constraints in dwell-based confirmation. Seeking to prevent waiting times if

dwell times are too long and unintended selection if dwell times are too short, they present

more advanced confirmation options which are based on natural eye movements. On top

of that, Kytö et al. [97] allow refining the selection based on eye or head movement through

different options before confirming the selection. For this second step the placement of

the selection cursor can be further adjusted by rotating a controller, performing in-air

gestures, and moving the head.

Apart from gaze-based selection, hand tracking was employed for selecting objects. Pre-

vious work has attached an additional sensor to the HMD which captures the user’s hand.

This approach was also followed by Kang et al. [87] who allow users to directly grab ob-

jects. While hand tracking through sensors incorporated in the device reduces the setup

complexity and enhances mobility, users need to make sure that the hand is always placed

in a trackable position. Previously, an alternative approach for tracking the user’s hand

and arm movements was to place markers to the user’s arm and body which are tracked

by multiple cameras [154]. Seeking to reduce fatigue, which is likely to arise if the hand

needs to be held up high to be captured by the device sensors, Brasier et al. [20] used

the Leap Motion controller to create a virtual plane at the user’s waist, thigh, or wrist.

Users could point at targets by moving the hand to the respective position in the virtual

plane and keeping the cursor at the point of interest confirmed the choice. In this way,

a more comfortable input position for small-scale hand movements to control a cursor in

MR was offered.

Instead of pointing with the hands this can also be done with external devices. In this

context both, conventional controllers [130, 185] as well as smart devices [145, 30, 89, 196,

162, 143] have been considered. A common approach here is to transform the smart device

into a laser pointer [145, 30, 196]. At the same time, the touch interface of the smart
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device serves as an additional input modality for further interactions, e.g., confirming the

selection.

In this context, Chen et al. [30] considered both smartphones and smartwatches as laser

pointers. The cursor could thereby either be controlled only with the smart device (i.e.,

the cursor could leave the field of view) or with a hybrid approach (i.e., the cursor always

stayed within the field of view such that large-scale movements could be performed by

moving the head and small-scale movements inside the current field of view could be

performed with the smart device). Selections could be confirmed either by tapping on the

touch interface or by wrist rotation (smartwatch). Furthermore, they considered using

the touch surface of the smart device as a trackpad to control the cursor. Here, however,

the smartwatch display turned out to be too small. Another approach involving a tablet

for controlling a cursor in an area specified by the user’s head orientation was presented

by Biener et al. [12]. Apart from this, Lee et al. [100] proposed different (force) touch

gestures to navigate a cursor to the starting point of a text section. Selections could

be confirmed through circular touch gestures or by selecting the end point. A similar

approach to [30] was followed by Le et al. [98] who mapped the user’s current focus area

(determined by head movement) on a large display to a tablet. The hand interacting

with the tablet was captured by a camera and mirrored to the large display seen through

the HMD. Thus, the user could directly select objects by touching the respective part of

the display. Kari and Holz [89] allow users to move virtual hands in 3D by combining

input based on device movement and touch gestures. Furthermore, grabbing metaphors

have been implemented which allow picking up virtual objects by touching them with the

device [143, 162] as well as touching the object directly on the screen.

Apart from this, previous work has considered using the user’s feet to select items. Xu et

al. [190] propose a motion-based approach for selection. Thus, to select a menu item the

user has to step in the direction representing the menu item. Other interaction designs

which could reduce arm fatigue during selection rely on input via gaze and feet. For

example, Müller et al. [121], proposed an interaction for users wearing an MR-HMD via

tapping on the floor. The foot is optically tracked and can be used to select items which

are either projected on the floor or in mid-air.

Another method for spatial selection was presented by Besançon et al. [11]. Therefore,

a shape drawn on the touch interface could be used to brush through a 3D data space

(i.e., by physically moving the HHD). Furthermore, tangible interaction modalities allow

selecting (i.e., adjusting) the data seen through an HMD by interacting with sliders on

33



Chapter 3

the custom tangible device [31] or by moving the tangible to the desired item [47].

3.1.4.2 Object Manipulation

The selection of the object can, but does not necessarily have to, be followed by its ma-

nipulation. Therefore, suitable modalities are required that enable adapting the object’s

position, orientation, or size – each with 3 degrees of freedom (DOFs).

While touch input has proven to be a well-suited interaction modality for 2D HHD appli-

cations, transferring well-established (multi) touch gestures to spatial object manipulation

is not straightforward. The difficulty of mapping 2D touch-input to 6 DOF manipulations

(i.e., translation and rotation) was addressed by Fuvattanasilp et al. [55] who proposed an

approach which reduces the number of DOFs which can be manipulated at once. Their

technique for placing virtual objects involves first defining an initial 2D position using

touch. The depth can then be adjusted on a ray originating from this point. The orien-

tation of the object being manipulated is limited to rotations around its gravity vector.

Mossel et al. [120] implemented touch-based interaction which combines single touch input

with the HHD’s current pose. In this way, 2D translations on the screen are backprojected

to translate and rotate the object. Thereby, mode switching is enabled through buttons.

Similar implementations for translations in the xy-plane were used in [68, 109]. Grandi

et al. [68] enable z-axis translations by one-touch tapping and sliding, x- and y-axis rota-

tions via two-touch sliding, and z-axis rotations via two-touch rotations. Marzo et al. [109]

used the distance and angle between two touch points to handle z-axis translations and

rotations as well as their middle point to control an arcball rotation.

Apart from touch-based interaction, hand gestures were considered for manipulating ob-

jects. Botev et al. [16] presented an approach using one-handed gestures to grab and move

virtual objects seen through MR-HHDs. Kim and Lee [90] presented a hybrid approach

in which touch is only used for object selection and object manipulation is performed

via hand gestures. To this end, an external sensor which detects the hand gestures was

attached to the HHD. The AR-Pen presented by Wacker et al. [182] could be used for

moving virtual objects seen through a MR-HHD. After object selection, the object could

be dragged and dropped by pressing and releasing buttons on the physical pen.

As an alternative to these one-handed, and thus fatigue and occlusion prone [62], input

modalities it has been proposed to map the movements of an HHD (i.e., changes in

its position and orientation) to virtual objects [68, 120, 109, 161]. This device-based
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interaction allows holding the HHD with both hands.

For manipulating objects seen through HMDs, common interaction modalities involve

in-air gestures and controllers. Thus, the user’s hand movements can be mapped to the

object while a specific gesture is performed [87, 185, 26] or the controller movement can

be mapped to an object while a specific button is pressed [185, 19]. Such interaction

paradigms are common out-of-the box solutions for HMDs like the Microsoft HoloLens

and HTC VIVE Pro.

Apart from conventional controllers, interaction for HMDs was enabled through the inte-

gration of smart devices which act as advanced controllers. Here objects can be manipu-

lated through touch gestures (i.e., the smart device acts as a touchpad) [145, 94], through

device movements [104] (similar to conventional controllers) or both [174].

Furthermore, Kang et al. [87] implement object manipulation through a worlds in minia-

ture (WIM) – an interaction metaphor which was introduced in 1995 [159]. WIM allows

users to adapt (i.e., manipulate objects in) a virtual environment through a second view-

port, i.e., a miniature representation of the virtual environment. In this way, WIM seeks

to make it easier for users to interact with distant objects and provide a better overview

of the environment (i.e., which is not limited to the current field of view). When an ob-

ject is manipulated in WIM its counterpart in the life-size representation is also adapted

accordingly. In Kang et al.’s [87] approach users could manipulate objects by directly

grabbing and moving their miniature.

Further approaches considered voice for object manipulation. For example, the approach

from Whitlock et al. [185] translates objects in a 2D plane and rotates them to the

left/right at a constant speed based on detected voice input. During tangible interaction

virtual content seen through an HMD can be manipulated by manipulating the tangible

object such as a physical sphere in [47] or a cube in [19].

3.1.4.3 Further Operations

Apart from translating and rotating objects, methods for further interaction have been

developed.

Regarding adaptations of the object’s size, Kiss et al. [93] evaluated different zooming

techniques for MR-HMDs. For zooming in and out, users could either move one pinched

hand or an external controller along an imaginary axis, move two pinched hands towards
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or away from each other, or use voice commands (i.e., the keywords smaller or bigger).

For touch-based interaction on HHDs, the popular multi-touch zoom gesture was imple-

mented allowing users to scale objects on the HHD’s screen by pinching and spreading

two fingers [68, 120]. This gesture was also implemented for scaling objects seen through

HMDs through HHD-based controllers [94, 162]. A similar approach was also applied for

in-air gestures in [26] where users can scale objects by moving their pinched hands towards

or away from each other. Furthermore, Grandi et al. [68] allow users to scale objects by

performing a sliding gesture while objects are moved based on the HHD’s movements.

In [47] the tangible sphere can be rotated to scale an object seen through an HMD.

Another research topic which is particularly relevant in VR concerns the navigation inside

a scene. In this context, previous research has explored different modalities. For example,

von Willich et al. [180] considered different input techniques based on the position, pres-

sure, and orientation of a user’s feet for locomotion. Liang et al. [101] proposed navigation

in a scene seen through an HMD based on touch input and device movement of an HHD.

Another approach involving touch-gestures for scene navigation while wearing an HMD

was presented in [195]. Eventually, Satriadi et al. [150] propose enhanced in-air gestures

which seek to reduce fatigue while navigating on large maps.

3.2 The Vision: A Pathway to XRS

Despite the potential assigned to XR technologies and the ongoing research, the actual

implementation of XR in practical settings is still limited. Since different XR technologies

offer different strengths from which users can benefit in different use cases, the optimal

utilization of XR’s potential requires seamless switching between the technologies.

Addressing this requirement, the following section introduces the concept of Scalable

Extended Reality (XRS) spaces which provide multidimensional scalability enhancements.

In addition to the introduction of the general concept, scalability limitations of existing

solutions are identified, and a research agenda is established based on a compilation of

the related research summarized in the previous section.
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3.2.1 Introducing XRS

The current use case driven development of XR applications results in solutions that are

limited with respect to hardware, tasks, and numbers of users. This lack of scalability

forces users to re-adapt to systems when using XR for different tasks. Aiming to reduce

the temporal and cognitive efforts required when switching between different technologies

and to foster XR’s application in practical settings, we introduce the concept of Scal-

able Extended Reality (XRS) spaces which scale across different devices and degrees of

virtuality and can be entered by multiple potentially distributed users (see Fig. 3.1).

Scalable Extended Reality (XRS) spaces provide scalability across different

• degrees of virtuality (i.e., from entirely virtual environments to physical envi-

ronments that are augmented with many or few virtual components),

• devices (i.e., they are accessible via both HHDs and HMDs), and

• numbers of users (i.e., from single users to multiple collaborators who may be

located at different sites).

In this context, higher scalability is linked to more seamless switching between different

UIs when accessing an XRS space.

For example, XR-supported product development processes could benefit from XRS spaces

that scale from completely virtual prototypes to prototypes that combine single physi-

cally existing parts with virtual augmentations of the missing parts to almost physically

complete prototypes that are augmented with single virtual elements (i.e., the degree of

virtuality decreases as the product evolves). Similarly, degrees of virtuality could decrease

according to learning progress during XR-supported training or according to progress at

construction sites. Furthermore, teams of co-located collaborators operating in MR could

be joined by off-site collaborators who enter a virtual replica of the scene. Thereby, each

user could be provided with an HHD or HMD depending on the specific use case and

preferences. In XRS spaces, scalable UIs that increase memorability would allow users

to intuitively switch between HMDs and HHDs as well as between different degrees of

virtuality while keeping their focus on the actual task.

Depending on the target platform, the development of XR applications involves the combi-
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VIRTUALREAL

Figure 3.1: Conceptual description of XRS spaces which provide scalability across varying
degrees of virtuality, devices, and numbers of users.

nation of several tools. Seeking to reduce this fragmentation and facilitate cross-platform

development, several frameworks and packages have been proposed and integrated into

GameEngines like Unity. For example, the AR Foundation package in Unity provides in-

terfaces to the native SDK of the target platform such as Apple ARKit, Google ARCore,

or OpenXR which allows building to any XR device for which an OpenXR runtime exists.

As such AR Foundation seeks to facilitate accessing features such as for example device

tracking or plane detection. Furthermore, the XR Interaction Toolkit connects to native

SDKs and abstracts interactions into components which facilitate the implementation of

interactive experiences across platforms. Its AR features can be used by combining XR

Interaction Toolkit with the AR Foundation package.

While these solutions address scalability issues from the developer’s perspective, little

attention is being paid to enhance scalability from a user’s perspective. Commercial

solutions such as Microsoft Mesh, Meta Horizon, or NVIDIA Omniverse seek to reduce

entry barriers to (collaborative) XR. However, the landscape of collaborative XR solutions

remains fragmented with a part of existing solutions having a strong focus on social

experiences whereas others focus on more complex use cases (e.g., integrating digital

twins). Furthermore, even though the corresponding immersive environments can often

be accessed with different XR technologies, they still rely on device specific interaction

modalities. Apart from this, research on transitional interfaces [69, 83] is exploring how

users can be guided when transitioning between different interactive environments (e.g.,
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MR and VR) while preserving presence of a coherent experience. However, consensus

on the design of adequate user interfaces including collaboration support features and

interaction techniques is still missing.

While many research topics relevant to the realization for XRS have been investigated in

the past, these topics have rather been explored independently of each other and little

research has considered the integration of results from these research fields to enhance

scalability.

For example, Pereira et al. [133] propose a solution for collaborative interior design. Users

can access the presented application with VR-HMDs or MR-HHDs. Thereby, the users

are represented by different avatars depending on the device used. All users can highlight

parts of the scene and interact with virtual elements. To this end, device-specific inter-

action paradigms can be used (i.e., motion controllers for VR-HMDs and touch input for

MR-HHDs). Interaction with virtual replicas of physical objects is not provided.

Furthermore, a proof-of-concept application for collaboratively training engine construc-

tion was presented by Kostov and Wolfartsberger [96]. Thereby, access to the application

is possible via a VR-HMD, MR-HMD, MR-HHD, and a desktop PC. The virtual replica-

tion of physical scenes is not addressed in their approach. In contrast to [133], they point

out the challenges of device-specific input paradigms. To facilitate both the implemen-

tation and the usage of interaction paradigms, they implement the same button-based

interface for all devices. Users can then click the buttons with the device-specific in-

put modality to manipulate objects according to predefined increments. However, this

approach limits flexibility and controllability.

The system presented by Garćıa-Pereira et al. [57] provides the VR-HMD user with a

static virtual reconstruction of the previously scanned on-site environment. Further access

points are offered through a desktop PC and an HHD which can display both the VR and

an MR scene. Device-specific input modalities are provided for pointing at certain objects

or drawing annotations: An external sensor capturing hand gestures was connected to the

HMD, the HHD’s interface was based on touch, and the desktop application responded to

mouse clicks. Furthermore, different avatars were generated depending on the XR device.

Zaman et al. [193] use 360-degree video streaming to enable remote collaboration. By

accessing this virtual replica, VR-HMD users can follow the activities of MR-HMD users

who are located on site. Thereby, VR-HMD users are represented with personalized

avatars whereas the local users appear in the 360-degree video stream. A picture-in-picture
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window displays a user’s current perspective to the other collaborators. Communication

is enabled through spatial audio and visual cues. Using their controller, VR-HMD users

can draw annotations, point at targets, and perform hand gestures.

3.2.2 Defining a Research Agenda

Previous research has primarily focused on enhancing collaboration support features, scene

generation, and interaction techniques. However, little attention has been given to the

integration of research outcomes to enhance scalability such as proposed in XRS. Ad-

dressing this gap, we compile the results from previous research and summarize research

topics related to the realization of XRS spaces as well as expected contributions among

them in a research agenda (see Fig. 3.2).

TrackingHardwareXRS
Framework EvaluationUse Case

Analysis
User

Onboarding

Intuitive
Use

Interpreting
Device Data

Consistent Input
and Output

Scene
Updates

Reconstruction
Techniques

Bidirectional
Interaction

Access
Control

Multi-Viewpoint
Handling

Awareness
Cues

Figure 3.2: The agenda provides an overview of the research topics which are relevant to
the realization of XRS spaces: General research topics as well as research to enhance
scalability across varying degrees of virtuality, devices, and numbers of users.
The arrows depict expected contributions among the outcomes of the respective research.
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The agenda is structured into research topics concerning the general implementation of

XRS as well as research on scalability enhancements concerning different degrees of vir-

tuality, different XR devices, and different numbers of potentially distributed users.

3.2.2.1 General Research Topics

XRS Framework. The implementation of multi-dimensional scalability enhancements

such as proposed in XRS and the incorporation of different XR technologies in

a joint XRS space requires scalability enhancements from both the developer’s and

user’s perspective. Thus, a conceptual framework which formalizes user roles, in-

teractions with real and virtual components, as well as data tracking and sharing

among the entities is needed as a foundation for implementing XRS in practical

settings.

Hardware. Apart from the lack of scalable UIs, the design of XR hardware also heav-

ily influences its practical adoption. Hence, upgraded hardware is needed which

enhances ergonomic aspects (i.e., reducing weight), screen size, and quality.

Tracking. Precise tracking is relevant to several XR-related research areas. In collabo-

rative applications, user representations of other collaborators can only be as good

as the data provided by the tracking system. Apart from this, XRS requires precise

tracking of real scene components to provide off-site users with appropriate virtual

replicas. In previous research, hardware for tracking human body behavior as well

as the scene itself was often attached to the users. For example, hand-movements

were tracked by sensors attached to the HMD. In this way, tracking depends heavily

on the user’s hand and head movements. Similarly, tracking real scene components

with cameras attached to an on-site user is affected by their head movements and

position. In XRS the virtual replication of both collaborators and real scene com-

ponents should be independent of other user behavior and off-site users should be

able to explore the joint space independently.

Evaluation. The evaluation of XR applications and their features often leaves a large gap

to real-world use cases in terms of the abstraction of the tasks, the duration of the

study, and the involved participants. Tasks for which the features are implemented

and evaluated are often simplified and very different from their potential application.

Due to limited resources, long-term studies are rarely conducted, and collaborative

settings are rarely evaluated with more than two collaborators. This impedes the

41



Chapter 3

transferability of results. In some studies [138, 140], actors were employed who acted

as the second collaborator in the studies. While this enhances the comparability

of the results, it remains unclear how applicable the results are for real settings in

which two uninstructed persons will collaborate. Furthermore, the evaluation of

collaboration support features is usually limited to a user’s individual (instead of

the collaborative) experience. The actual purpose of collaboration support features

(i.e., enhancing collaboration), is rarely evaluated. A key issue here concerns the

definition and evaluation of good collaboration which is subject to its own research

field [112, 141, 152].

Use Case Analysis. Applying XR is deemed supportive in various scenarios which have

individual requirements but share certain tasks. XR’s potential will be leveraged

most efficiently if it can be used for different use case while allowing to perform

the same tasks in similar ways. Thus, it should be analyzed which tasks need to

be accomplished by which users in which use cases. The results of the use case

analysis can help to establish a task taxonomy and to assess the suitability of XR

technologies for a specific scenario. Furthermore, unveiling similarities across use

cases can help prioritizing future research efforts.

User Onboarding. XR technologies offer modalities for spatial interaction which is differ-

ent from both, natural interaction in the real world and interaction with common 2D

UIs. The effective usage of XR in practical settings thus requires novel interaction

paradigms but also appropriate onboarding methods. In contrast to HMDs which

are designed especially for XR and are unfamiliar to most users, HHDs are already

commonly used for non-XR purposes. Since existing well-established interaction

paradigms might not apply in XR, users do not only have to learn the new inter-

action paradigm but must also unlearn old interaction paradigms. In this context,

it needs to be investigated how HHDs can be used for non-XR and XR purposes

and how interaction paradigms can be trained appropriately. This may also involve

researching different training methods depending on the use case, technology and

level of expertise.

3.2.2.2 Scalability Across Different Devices

Intuitive Use. Users should be provided with visualization and interaction techniques

that are easy and intuitive to (re)learn. In this context it needs to be researched how
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interaction techniques can be mapped between 2D and 3D displays. This involves

investigations on whether and how intuitiveness is affected by previous experiences

and well-known interaction paradigms.

Interpreting Device Data. Collaboration support features rely on tracking human be-

havior through sensors incorporated in XR devices. For example, the device orien-

tation of HMD users can be used as a proxy for their head orientation and thus to

generate virtual user representations for remote collaborators. However, this fea-

ture might not be as easily transferrable to HHDs whose orientation does not always

correspond to the user’s actual gaze directions. To prevent misunderstandings, it

needs to be investigated how data obtained from XR devices has to be interpreted

in different settings.

Consistent Input and Output. Mapping input and output from HMDs to HHDs and

vice versa is not straightforward. When researching mapping strategies, newly

gained insights concerning intuitive use, the interpretation of device data, and use

case analysis should be taken into account. To enable seamless switching among

different devices, available input modalities should be leveraged in a way which al-

lows users to interact with virtual elements in a similar manner with both HHDs

and HMDs. When mapping output across devices, varying display sizes of HHDs

and HMDs should be taken into account. Multiple researchers have pointed out

the disadvantage of small displays which are prone to occlusion when large virtual

elements are rendered and impede the discoverability of virtual elements outside

their reduced field of view.

3.2.2.3 Scalability Across Different Degrees of Virtuality

Scene Updates. To maximize usability in XRS, trade-offs between visual quality and

latency need to be investigated while replicating real components. In particular, it

needs to be investigated which parts of a physical scene need to be reconstructed

and updated in which time intervals. For example, in large XRS environments, real-

time reconstruction might not be needed for the entire scene but only for specific

parts.

Reconstruction Techniques. Previously proposed techniques for virtually reconstructing

physical scenes offer different benefits and drawbacks. Applying XRS in practical

settings requires techniques that allow reconstructing physical scenes which might
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include different surface materials or lightning conditions. Thus, further research

should focus on developing reconstruction techniques that are applicable to a variety

of physical scenes.

Bidirectional Interaction. So far, research has focused rather separately on recon-

structing physical scenes and their semantic segmentation. To provide options

for bi-directional interaction (i.e., on-site and off-site users can reference and

manipulate scene components of the XRS space), future research should take

into account the integration of results in each of these research fields to generate

consistent and accessible scenes.

3.2.2.4 Scalability Across Different Numbers of Users

Access Control. Different approaches for handling access control in collaborative settings

have been proposed. These include simultaneous manipulation as well as locking

objects for other collaborators while one collaborator is manipulating the object. As

the number of collaborators increases, simultaneous manipulation could cause un-

intended actions (e.g., moving objects too far). Therefore, it should be investigated

for which numbers of collaborators and which use cases simultaneous manipulation

is feasible and in which ownership should rather be given to one user.

Multi-Viewpoint Handling. As the number of collaborators increases, users will no

longer be able to stand next to each other. Especially in co-located settings, users

may thus not have the same perspective to the XRS scene. Instead, they might

stand around virtual augmentations in circles and face virtual augmentations from

different viewpoints. To maintain collaboration support, it should be investigated

whether and how visualizations need to be adjusted.

Awareness Cues. Various kinds of awareness cues have been proposed which indicate

where collaborators are located and what they do. However, user studies in most

research papers on this topic are limited to two collaborators. However, as the

number of collaborators increases, simply adding the same awareness cues for all

collaborators may no longer be appropriate. Instead, each collaborator should be

provided with those awareness cues delivering the information relevant for this col-

laborator. Since tasks and cognitive load may vary among collaborators, individual

configurations of awareness cues should be taken into consideration.
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3.2.3 Topics Addressed in this Dissertation

In the course of this dissertation, many yet not all the research topics from the agenda

are addressed. The following part of this chapter presents the design of an XRS Frame-

work which builds up on the results of a Use Case Analysis. With respect to scalability

enhancements, this dissertation has a strong focus on the design of scalable collaboration

support features and interaction techniques. Chapter 4 addresses the design of Awareness

Cues for settings with diverse XR technologies and varying group sizes. In this context,

we also investigate the Interpretation of Device Data in a detailed study on HHD user

behavior. Chapter 5 is focused on the development of scalable interaction techniques

involving research on Intuitive Use and Consistent Input methods. Taking into account

the results from the Use Case Analysis, two practical applications are presented in Chap-

ter 6. Initial recommendations for User Onboarding and teaching the novel interaction

paradigms are derived from the results in the user studies conducted and summarized in

the corresponding chapters.

3.3 The Basis: A Framework for XRS

Laying the foundation for XRS, this section presents the design of a corresponding frame-

work. To this end, we first define a set of abstract use cases which leverage XR’s key

benefits and can be combined to describe specific XR applications. Next, functional and

non-functional requirements are defined, based on which the framework design solution

was developed. Eventually, theoretical walkthroughs demonstrate how the framework

could be applied in different use cases.

3.3.1 Deriving Abstract Use Cases

To understand and specify the context in which XRS is used, we abstract the specific use

cases of XR summarized in Chapter 3.1.1 and group them into five high-level use cases

that leverage XR’s key benefits (see Fig. 3.3). These abstract use cases serve as blueprints

for specific use cases for which the application of XR was deemed promising in previous

work. The XRS framework is designed based on the abstract use cases, such that it can

be adapted to any specific use case that can be described by one or a combination of

multiple blueprints.
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Figure 3.3: The arrows on the left side display how XR’s key benefits are leveraged by
the derived abstract use cases. Possible combinations of abstract use cases are depicted
by the connecting lines on the right side.

The first derived use case concerns the design and development of physical items. Such

physical items can differ in size and complexity and can be found in various domains.

For example, it can refer to product design in the automotive or aerospace industry.

These applications benefit from the digital nature of virtual prototypes which can be

modified quickly and thus allow savings in time and material costs. In later stages of

the development process physically existing parts of the prototype can be seamlessly

augmented with virtual elements of the missing parts. A similar principle can be applied

when planning new or restructuring existing facilities such as manufacturing sites but also

private residencies.

The second abstract use case concerns training scenarios which can range from surgery

to machine operation. Purely virtual training environments can be set up multiple times

allowing trainees to practice in parallel. In MR, the seamless integration of virtual ele-

ments into the real environment prevents trainees from having to shift their focus between

multiple sources and allow them to concentrate on the actual training task. Furthermore,

XR can improve the accessibility of training environments by integrating virtual simula-

tion and thereby reducing safety issues, enabling training without permanent supervision.

Thereby, fast modifications of the virtual augmentations allow adapting the level of in-

formation and reducing the degree of virtuality in correspondence with learning progress.

Furthermore, co-located collaboration and distributed collaboration are considered as ab-

stract use cases. Both benefit from the fast modifications of virtual elements enabling

customized accesses to the XR space which fits their responsibilities, experience, and
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personal preferences. Communication among the collaborators is supported by virtual

elements that display user activities. In co-located scenarios, these can be seamlessly in-

tegrated in each collaborator’s field of view whereas remote collaborators may be provided

with a virtual replica of the on-site environment.

Similarly, teleoperation can be enabled through XR interfaces, the fifth abstract use case.

Depending on the distance between the operator and the machine, a VR application (i.e.,

a virtual replica of the real machine and its environment) or a MR application (i.e., virtual

augmentations that are seamlessly integrated in the physical machine’s environment) may

be used. In both cases the XR UI allows reviewing effects of a command in virtual

simulations prior to execution.

The identified abstract use cases can also be combined with each other. For example,

product development can be performed by a single user, in collaboration with co-located

and/or distributed collaborators. Teleoperating machines can be subject to a training

scenario, or robotic arms can be teleoperated to allow remote collaborators in distributed

scenarios to manipulate physical objects on site. Collaboration can also be applied in

training scenarios such that the trainee can be supported by remote or co-located collab-

orators who supervise the trainee and may intervene if necessary.

3.3.2 Defining Requirements

Based on the abstract use cases identified in Chapter 3.3.1, we formulate the following

functional and non-functional requirements for the XRS framework. Thereby, we use the

terminology introduced in Chapter 2.1. Thus, we use the term virtual component to refer

to shared scene components which are exclusively virtual in both the on-site environment

and the off-site environment. The term real component is used to refer to shared scene

components which appear as physical objects to on-site users and as virtual replicas of

these physical objects to off-site users.

3.3.2.1 Functional Requirements

First, functional requirements for the XRS framework are specified that concern the hard-

ware and technology used to access the XRS space, the available interaction modalities,

and the visualization of user locations and activities as well as the visualization of the

real and virtual components.
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Access

REQ 1 On-site users can access the XRS space via a MR-HMD or a MR-HHD.

REQ 2 Off-site users can access the XRS space via a VR-HMD.

Interaction

REQ 3 On-site users can reference real components.

REQ 4 On-site users can reference virtual components.

REQ 5 On-site users can manipulate real components.

REQ 6 On-site users can manipulate virtual components.

REQ 7 Off-site users can reference real components.

REQ 8 Off-site users can reference virtual components.

REQ 9 Off-site users can manipulate real components.

REQ 10 Off-site users can manipulate virtual components.

Visualization

REQ 11 Each collaborator sees where the other collaborators are.

REQ 12 Each collaborator sees what the other collaborators do.

REQ 13 Off-site users are provided with a virtual replica of static real components.

REQ 14 Off-site users are provided with a virtual replica of dynamic real components.

REQ 15 On-site users are provided with visual representations of virtual components

that are seamlessly integrated into the physical scene.

REQ 16 Off-site users are provided with visual representations of virtual components

that are seamlessly integrated into the virtual scene.

3.3.2.2 Non-functional Requirements

To apply XRS spaces in the real world, usability must be maintained across different

system configurations. Therefore, the following non-functional requirements are defined.

REQ 17 Users can intuitively switch between devices.

REQ 18 Users can intuitively switch between degrees of virtuality.

REQ 19 Usability is maintained with an increasing number of collaborators.

REQ 20 The interaction techniques for manipulating and referencing real and virtual

components provide high usability.
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3.3.3 Designing a Solution

Based on the defined functional and non-functional requirements, a conceptual frame-

work for XRS spaces was developed (see Fig. 3.4) that incorporates the following system

features.

3.3.3.1 Access Points and Data – REQs 1, 2, 17, 18

The designed framework provides three access points to an XRS space: MR-HHDs, MR-

HMDs, and VR-HMDs. To this end, first a virtual replica of the static scene components

is generated which builds the basis for the VR environment in which off-site users access

the XRS space. Then, virtual replicas of dynamic real components as well as of on-site

and off-site users are generated and integrated into the VR scene. Similarly, the MR

scene is augmented with virtual replicas of off-site users. Purely virtual components are

integrated in both the MR and VR scene. Throughout a session, each collaborator’s

application reads and writes data from and to a database storing information about each

user, real component, and virtual component.

3.3.3.2 Subscribing to Collaborators – REQs 11, 12, 19

To enable effective task completion and collaboration, it is important to provide all users

with relevant information while avoiding information overload. Therefore, the users can

individually subscribe to receive information from other collaborators.

The database stores each user’s id, role (on-site or off-site user), activity (referencing or

manipulating an object), position and orientation, as well as their subscriptions to the

location and activities of other collaborators.

Depending on a collaborator’s subscription, the other collaborators’ locations are visu-

alized through avatars and their activities are represented by awareness cues. These

subscriptions can be configured before the start of the collaborative session and adjusted

individually during the session.

49



Chapter 3

sc
en

e 
co

m
po

ne
nt

s

up
da

te
up

da
te

up
da

te
up

da
te

ro
bo

tic
sy
st
em

re
fe
re
nc

e

m
an

ip
ul
at
e

on
-s

ite
us

er
s

of
f-s

ite
us

er
s

H
M

D

re
fe
re
nc

e

m
an

ip
ul
at
e

Vi
rt
ua

l
R
ea

lit
y

sc
en

e

M
ix
ed

R
ea

lit
y

sc
en

e

H
H

D
 / 

H
M

D

re
al

vi
rt
ua

l

vi
rt

ua
l

co
m

po
ne

nt
s

us
er

s

re
al

 c
om

po
ne

nt
s

up
da

te

up
da

te

st
at
ic

dy
na

m
ic

dy
na

m
ic

Figure 3.4: XRS framework.
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3.3.3.3 Visualizing Static Scene Components – REQ 13

Static scene components are not meant to change their position or orientation during

the session (e.g., the room in which the on-site collaborators are located). To enable full

scalability regarding different degrees of virtuality, off-site users must be provided with a

virtual replica of these static components. To this end, appropriate reconstruction tech-

niques must be selected in accordance with the required quality-latency trade-off. Static

components which require no updates during the session should be virtually replicated

with the highest quality. In this context, semantic segmentation of scene components also

becomes relevant if users should be able to reference single parts of it.

3.3.3.4 Visualizing Dynamic Scene Components – REQs 14, 15, 16

Dynamic scene components are manipulable and thus can require frequent updates during

the session. They include both purely virtual components and real components which

appear as physical objects to on-site users and as virtual replicas to off-site users. Users

are not classified as dynamic components and are treated separately as they possess more

properties that may change during the session than objects.

Physically existing components are only visualized for off-site users. In contrast to static

scene components, they pose different requirements to the quality-latency trade-off. Their

virtual counterpart must be updated more often such that low latency may be prioritized

over high quality. The choice of the reconstruction technique may also be influenced by

the object’s properties such as the surface material. If only the object’s position and

orientation will change during the session, it can be replicated in advance and integrated

into the off-site user’s environment. In this way, tracking during runtime is limited to the

object’s position and orientation. However, if the object’s appearance will change during

the session, this must be tracked and updated accordingly during runtime.

Visualizing dynamic virtual components (i.e., components which are purely virtual in both

the MR and VR scene) is less complex as their properties can be stored and updated in the

database based on user interactions. Then, clients can read the same information about

an object (e.g., position, orientation, size, status, or current owner) from the database.
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3.3.3.5 Visualizing User Location and Activity – REQs 11, 12

To support effective co-located and distributed collaboration, every user needs information

regarding their collaborators’ locations and activities. While in MR, collaborators can see

each other naturally, users that access the XRS space in VR need to be provided with

real-time virtual replicas of their collaborators. Similarly, on-site users in MR need virtual

replicas of their remote collaborators who are located off site.

Apart from information on a user’s location, both on-site and off-site users need to be

provided with cues which display the other collaborators’ current activities (e.g., refer-

encing or manipulating objects). The visual representation of the collaborators and their

activities is adapted in correspondence with each user’s individual subscriptions stored in

the database.

3.3.3.6 Referencing Scene Components – REQs 3, 4, 7, 8

Effective communication requires the option for users to reference scene components (e.g.,

pointing at them as common in face-to-face communication). In XR, a specific action

can be executed which highlights the referenced scene component for other collaborators

depending on their subscription. This can be implemented in different ways. For example,

by adapting the object’s visual representation (e.g., by changing the color of a virtual

component or of a real component’s virtual replica in VR or by adding virtual overlays

to a real component in MR) or by playing 3D audio. Users can also reference objects to

select and then manipulate them.

3.3.3.7 Manipulating Dynamic Scene Components – REQs 5, 6, 9, 10

Our framework integrates manipulation of real and virtual components in terms of trans-

lation and rotation for all access points of XRS. This scalability is crucial as users should

be able to switch between the access points without losing options for operation.

The manipulation of virtual components requires appropriate input techniques such that

the virtual component’s updated position and orientation can be computed, shared, and

its visual representation can be adapted accordingly.

Manipulating real components in the on-site environment is more complex. In this con-

52



Chapter 3

text, we propose the integration of a robotic system that allows users to remotely manip-

ulate real components on site. Off-site users can manipulate the virtual replica of a real

component. Then, they can command the robotic system to perform the same task in

the on-site environment. To this end, the new position and orientation of the object is

shared with the robotic system via the database.

Similarly, on-site users can benefit from the robotic system when manipulating large,

heavy, or hazardous real components. In this case, virtual overlays of the real com-

ponents could be manipulated to instruct the robot. In the case of a training session,

the connection with the robotic system could be disabled or enabled depending on the

trainee’s learning progress.

3.3.3.8 Scalable Interaction Techniques – REQs 17, 18, 20

To enable seamless switching between the three access points to XRS, the interaction

techniques for referencing and manipulating real and virtual components must stay con-

sistent between MR-HHDs, MR-HMDs, and VR-HMDs. Specifically, we refer to scalable

interaction techniques as those that prevent large overheads of cognitive and temporal

efforts to adapt to a new access point (i.e., switching between access points should be

as intuitive as possible). The full scalability regarding options of interaction between

on-site users and off-site users as implemented in our framework builds the basis for the

integration of such scalable interaction techniques.

3.3.4 Walkthrough

In the following, two potential applications of our framework are demonstrated through

theoretical walkthroughs. Both example use cases (i.e., collaborative prototyping and

training and teleoperation) can be described by a combination of the high-level use cases

introduced in Chapter 3.3.1.

3.3.4.1 Example 1: Collaborative Prototyping

Designing and developing physical items, such as cars or aircrafts, typically involves co-

located or distributed collaborators from different fields. Throughout the process, these

collaborators have different tasks and responsibilities which may require different levels of
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information. In this context, the presented framework can help providing the collaborators

with the required information exactly when and where it is needed.

During the ideation phase, i.e., the beginning of the development process, users may

be immersed in a completely virtual environment and develop a first prototype. As

long as no physical parts of the product (i.e., real components) exist, there is no on-site

environment and all users join the XRS space in a VR scene. Within this scene, dynamic

virtual components (i.e., the parts of the product being developed) can be referenced and

manipulated. Thereby, each collaborator may subscribe to other collaborators to receive

information on the other collaborators’ locations and activities. At the same time, data

on each user’s position, orientation, and activity is written to the corresponding database

and retrieved by the collaborators in accordance with their subscriptions.

As soon as the first physical parts of the product are available, collaborators who are

co-located on site may switch to a MR scene which integrates the physically existing real

components with virtual components representing the missing parts. This setting allows

reviewing different virtual configurations of the missing parts in iterative prototyping

stages. Thereby, decisions may be made based on key parameters which could be gen-

erated in real time by digital twins. On-site users can thereby reference and manipulate

the real and virtual components as described by the framework.

Collaborators who are located off site can join the XRS space through the same VR scene

as before. The basis of this VR scene is generated by a virtual replication of the static

real components. Furthermore, the properties of dynamic real components are tracked

such that their virtual replica can be integrated into the VR scene. These components

are updated together with the exclusively virtual components which are also continuously

tracked. Then, off-site users can reference and manipulate both virtual replicas of real

components as well as exclusively virtual components like described in the framework.

Similar to the exclusively virtual space at the beginning of the development process, both

on-site and off-site users may subscribe to receive information about each other’s location

and activities.

Throughout the iterative stages of the development process the degree of virtuality de-

creases until the physical prototype is only augmented with single virtual components.

Apart from this continuously changing degree of virtuality the degree of virtuality may

also change within a development stage if on-site users become off-site users or vice versa

depending on their location. Furthermore, in practice, one person can be involved in
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several design and development processes of different products at the same time. As the

current development status of these products may vary, this person may have to switch

between devices and degrees of virtuality several times a day. Our framework implements

multidimensional scalability enhancements to reduce the temporal and cognitive efforts

when users have to switch between these technologies while allowing them to keep focusing

on the actual task.

3.3.4.2 Example 2: Training and Teleoperation

To ensure the correct and safe execution of complex and hazardous tasks, employees must

complete appropriate training in advance. However, in practical settings, the relevant

machines may be in operation or occupied by other trainees, limiting training possibilities.

In addition, some tasks may require the supervision of experts whose availability is limited

as well.

The need for supervisors can be reduced by transferring training to virtual scenarios in

which safety-critical parts are eliminated. Furthermore, the replication of these virtual

training environments allows parallelizing the training of multiple trainees, provided there

is sufficient hardware available.

The application of the XRS framework can allow trainees to start in a VR scene which

provides them with a virtual replica of the actual working environment such that oper-

ations can be practiced by manipulating virtual replicas. In this case, interaction with

the virtual replicas of real components should not be executed in the real working envi-

ronment. As learning progresses, trainees may switch to MR scenarios in which they can

practice operations in the real working environment. At the same time, safety-critical

parts can still be virtualized. Thereby, scalable interaction techniques that rely on the

same interaction paradigms as in the VR scene, allow them to focus on the actual task

(i.e., the operation to be learned). When training is accomplished and they move on to

the operation in the real world, single virtual elements may still be integrated in the real

scene for initial assistance.

At the same time, a novice can request help from a remote expert. The remote expert

who is located off-site may join the XRS space in a VR scene which is based on a virtual

replica of static real components that is augmented with virtual replicas of dynamic real

components and exclusively virtual components in real time. Depending on the specific

task, the remote expert’s interactions with the virtual replicas may be executed on site
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through the robotic system. In this case, the remote experts can act as teleoperators.

The framework provides similar UIs for remote assistance and teleoperation tasks which

are likely to be performed by the same person.

Parts of this chapter have been previously published in:

V. M. Memmesheimer and A. Ebert (2022): Scalable Extended Reality: A Future Re-

search Agenda. Big Data and Cognitive Computing, 6(1):12. doi: 10.3390/bdcc6010012.

V. M. Memmesheimer and A. Ebert (2023): A Human-Centered Framework for Scal-

able Extended Reality Spaces. In J. C. Aurich, C. Garth, and B. S. Linke (Eds.) Proceed-

ings of the 3rd Conference on Physical Modeling for Virtual Manufacturing Systems and

Processes (IRTG 2023), pp. 111–128. Springer, Cham. doi: 10.1007/978-3-031-35779-

4 7.
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Scalable Collaboration Support

Features for Extended Reality

In the previous chapter we present a concept and a framework for XR spaces that inte-

grate scalability enhancements regarding different degrees of virtuality, different devices,

and different numbers of potentially distributed users. The realization of such XRS envi-

ronments requires further research in several areas. These include scalable collaboration

support features which will be in the focus of this chapter. More specifically, this chapter

deals with the design of visual cues which support collaboration in settings which involve

different XR technologies and varying group sizes.

After a summary of previous research and aspects related to the development of col-

laboration support features for XR settings in Chapter 4.1, we discuss the scalability of

existing collaboration support features in Chapter 4.2. To this end, we consider the nine

different collaboration styles introduced in Chapter 2.2 and define scalability objectives

based on related requirements of the XRS framework. Identified scalability limitations are

translated into two research questions. The first research question deals with the matter

of transferring data obtained from an HHD into a correct representation of its user’s ac-

tivities whereas the second research question focuses on the avoidance of visual overload

as the number of collaborators increases.

Addressing the first research question, Chapter 4.3 presents the results of a detailed

study on how different user poses, display sizes, and device orientations influence an HHD

user’s behavior and the obtained device data. The second research question is addressed

in Chapter 4.4, which presents the design of mechanisms for individually activating the

visibility of awareness cues. Chapter 4.5 provides a joint discussion of the results.
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4.1 Related Research and Aspects

While XR technologies are deemed supportive for collaboration they also pose challenges

regarding the conveyance of user behavior and activities among the collaborators. In this

context, a lot of research has been conducted on how communication and cooperation

among collaborators can be supported and made as similar as possible to face-to-face

collaboration. More specifically, avatars were augmented with further awareness cues to

make user activities inside XR environments and interactions with its components visible

for their collaborators.

Related research has considered and compared the combination of various cues for visual-

izing a user’s viewing direction. For example, Piumsomboon et al. [139] compared three

awareness cues (i.e., a field of view frustum, a field of view frustum combined with a ray

originating from the head, and a field of view frustum with a ray originating from the

eye) against a baseline (i.e., virtual head and hands without further cues) and found that

the combination of view frustum and head-ray was most useful.

Further research on gaze visualizations was presented by Jing et al. [84] who compared uni-

directional gaze (i.e., each user sees only the gaze visualizations of the other collaborator)

and bi-directional gaze (i.e., each user sees their own and the other collaborator’s gaze

visualization) combined with different visualizations displaying the current gaze behavior

state (i.e., browsing state, focus state, and joint state). They report that bi-directional

gaze including gaze behavior was the preferred condition. Similar findings were reported

by Bovo et al. [17] who compared different variants of visual cues which display a user’s

viewing direction on 2D surfaces based on average fixation maps. Their results show that

bi-directional cues, that is being able to see both the own and the collaborator’s view cue,

increases confidence in the cues and can reduce the need for checking the collaborator’s

avatar to understand the actions.

Kim et al. [91] compared the combination of different cues for conveying hand movements,

i.e., a remote user could provide instructions to a local user through a virtual hand only, a

virtual hand with pointer-ray, a virtual hand which can make virtual sketches in mid-air,

and a virtual hand with both a pointer-ray and the sketching option. The pointer and

sketch were automatically enabled if a specific hand gesture was detected. The remote

user then guided the local user in an assembly task whereby the remote user’s scene view

depended on the local user’s view. They report that participants preferred the sketch cue

which also improved the overall performance. Furthermore, they report that additional
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cues (i.e., pointer and sketch) increased mental effort. In a follow-up study [92] they

compared the cues in the dependent view setting to an independent view setting (i.e., the

remote user accesses the scene independently). It turned out that for the local user it was

much more difficult to correctly interpret the hand gesture of the remote user with the

independent view than with the dependent view setting. Similarly, the sketching option

was only considered useful with the dependent view. On the contrary, the pointer-ray

was considered more useful with the independent view setting than with the dependent

view. Furthermore, XR-supported collaboration systems which allow conveying infor-

mation about hand movements through laser pointers were deemed positive in previous

research [138, 144].

Bai et al. [5] compared awareness cues for conveying both hand gestures and viewing

direction of a remote user to a local worker. Three conditions of awareness cues were

compared: virtual hands which mimic the hands of the remote user, a gaze-ray displaying

a remote collaborator’s gaze direction, and the combination of hand and gaze-rays. In

the study, the cues augmented a simple avatar head with a view frustum. Additionally, a

virtual arrow was added to the scene which is pointing to the avatar to help users finding

each other. It was found that the majority of participants preferred the combination of

hand gestures and gaze rays over either of them alone. Similarly, Bovo et al. [17] note

that view cues and hand pointers complement each other. In fact, the view cue can be

used as a confirmation that the other collaborator is seeing the hand gesture (i.e., if it is

in the field of view). These findings are in line with the recommendation in the survey on

communication cues for remote guidance from Huang et al. [76]. They distinguish between

explicit and implicit communication cues. Explicit communication cues are grouped into

pointers, virtual annotations, hand gestures, or virtual models of known task objects.

Implicit communication cues refer to facial expressions, eye-tracking, or body posture.

They conclude that adding these implicit cues to the explicit cues effectively supports

communication among collaborators.

Previous research has a strong focus on the development of collaboration support fea-

tures for HMDs. While some research papers consider settings that involve both HHDs

and HMDs [57, 96, 133, 56, 107, 175, 44], they are rather focused on providing techni-

cal solutions for collaborative cross-device settings than on evaluating the scalability of

awareness cues. In the context of collaborative learning applications the guidelines from

Drey et al. [44] emphasize the importance of providing equivalent user representations

and options for interaction for all collaborators even when they use different devices.
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Regarding visual representations of HHD user behavior, it has been proposed to display

rays that emerge from the HHD upon touch input (e.g., [57, 176, 107]). However, touch

input is considered unfavorable for MR-HHDs [62] since this requires holding the device

with one hand and is thus prone to fatigue and scene occlusion. This is avoided if the ray

emerges from the device center such as in [96]. The system from Vanukuru et al. [176] for

remote collaboration of two HHD users integrated more advanced user representations.

Thereby, front facing depth cameras capturing the users were attached to the HHDs. In

this way, 3D holograms or spatial videos of remote collaborators could be integrated in

the shared space. Interestingly, it was reported that some of their participants found the

3D user holograms uncanny.

Outside the context of collaborative XR systems, research has further explored tracking

users through an HHD’s front camera [2, 4, 179, 111, 78, 124]. For example, Hueber et

al. [78] track an HHD user’s head rotation through the front camera to extend touch

input. Depending on the direction in which the head is rotated, specific actions can be

executed. Voelker et al. [179] use the cameras of HHDs for estimating the gaze direction

of collaborators in a non-XR setting. Ahuja et al. [2] used inverse kinematics to generate

an avatar of an HHD. Thereby, they also capture the user’s head through the front camera

to adapt the avatar accordingly. Furthermore, combing head tracking through the front

camera with world tracking through the rear camera was proposed to estimate at which

part of the real world the user is looking [111, 124] as well as for enhanced tracking of the

user’s hand, head, and body motion [4]

4.2 Objectives

Previous research mainly evaluated awareness cues in settings with only two collaborators

and has a strong focus on awareness cues for HMD users (e.g., [5, 84, 92, 139, 138, 140]).

XRS as introduced by us, however, seeks to enable collaboration in cross-device settings

which scale with increasing group sizes and involve VR and MR as well as HHDs and

HMDs.

Effective methods for capturing and visualizing each collaborator’s activities and location

in XR are required not only for distributed but also for co-located collaboration. While

co-located collaborators are usually able to see where the other collaborators are located,

it can be difficult for them to follow the other collaborators’ activities, for example when
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they reference or manipulate virtual components in the MR scene. Thus, the collaboration

support features designed in this chapter contribute to the following requirements of XRS

from Chapter 3.3.2.

• REQ 17 Users can intuitively switch between devices.

• REQ 18 Users can intuitively switch between degrees of virtuality.

• REQ 19 Usability is maintained with an increasing number of collaborators.

As an initial step towards appropriate collaboration support features for XRS these re-

quirements are specified in more detail, yielding the following set of objectives.

• Objective 1 Each collaborator can see the location and orientation of all other

collaborators.

• Objective 2 Each collaborator can see the activities of all other collaborators.

• Objective 3 The awareness cues represent each collaborator’s behavior correctly.

• Objective 4 All collaborators are equipped with the same set of awareness cues.

• Objective 5 All collaborators can intuitively control their own awareness cues.

• Objective 6 All collaborators can match all visible awareness cues to the corre-

sponding collaborator.

• Objective 7 All visible awareness cues support the collaborative work process.

In the following we discuss how common awareness cues align with these objectives un-

der the consideration of varying group sizes and the nine different collaboration styles

introduced in Chapter 2.2 (see Fig. 2.1). This involves synchronous co-located and dis-

tributed collaboration using three types of XR technologies (i.e., MR-HHDs, MR-HMDs,

and VR-HMDs). Regarding collaboration support features, we consider avatars which

are augmented with two popular awareness cues: head-rays (i.e., rays originating from

a user’s or avatar’s head) and hand-rays (i.e., rays originating from a user’s or avatar’s
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hand). As a default scenario for evaluating these cues, we assume that both head-rays

and hand-rays of all collaborators are permanently enabled.

Even when the group size of a collaborative setting increases, collaborators are – the-

oretically – still able to see the location and orientation (Objective 1) as well as the

activities (Objective 2) of the other collaborators based on the provided avatars and

awareness cues. While the correct representation of user behavior through these aware-

ness cues (Objective 3) is not affected by an increasing group size, it is heavily affected

in cross-device settings. In contrast to HMD users whose orientation in space can usually

be derived from the HMD’s orientation, an HHD’s orientation does not necessarily display

the actual orientation of the user at all times. Similarly, the awareness cues displaying the

user’s activities may be misleading if the HHD user is not interacting with the HHD while

awareness cues are still being generated. Hence, in cross-device settings collaborators can

see the awareness cues which display the other collaborators’ location and orientation

(Objective 1) as well as their activities (Objective 2) but they might not represent

user behavior correctly (Objective 3) and could thus fail to support the collaborative

work process (Objective 7).

Implementing head-rays and hand-rays for VR-HMDs, MR-HMDs, and MR-HHDs re-

quires knowledge about the position and orientation of each collaborator’s head and

hand. The generation of head-rays for HHD users is more challenging than for HMD

users and was not taken into account in [57, 96, 133]. As described in Chapter 3.1.2,

inverse kinematics have been used to adapt the pose of avatars for HHD users based on

the HHD’s orientation [122, 105, 2]. Outside of the context of XR-supported collabora-

tion, it has been considered to use the device’s front camera to capture an HHD user’s

face [2, 4, 179, 111, 78, 124]. However, this approach presupposes that the front camera

is accessible which might not always be the case.

Further challenges arise in the generation of hand-rays for HHD users. In [57] the HHD

user is represented by a basic avatar and a virtual tablet. When the user touches the

screen, a virtual hand appears on the virtual tablet on the position of the touchscreen

that corresponds to the touched point. They also consider the temporary integration of

a virtual ray originating from the tablet. Thus, the cues are only visualized upon user

input. While this prevents incorrect visualizations of user activities the approach may

lack implicit information about user activities. Moreover, holding the HHD with one

hand as in this scenario has been deemed unfavorable in the context of spatial interaction

with MR-HHDs [62] due to fatigue and occlusion issues. Here, laser pointers emerging
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from the device center, such as in [96], would allow holding the device with both hands.

For HMD users, the generation of hand-rays based on hand or controller tracking is more

straightforward [91, 92, 193, 144]. Here a major issue, restricted tracking areas, appears to

have been solved by novel HMDs such as the Apple Vision Pro which utilizes downward-

facing cameras to extend the tracked space.

Thus, depending on the involved XR technologies, providing all collaborators with the

same set of awareness cues (Objective 4) can be related to minor or major challenges in

cross-device settings.

The fact that user behavior is represented correctly (Objective 3) does not necessarily im-

ply that it is possible for users to intuitively control their own awareness cues (Objective

5). It is crucial for users to know based on which data the awareness cues are generated

and how this data is processed. The cognitive effort required to control the awareness

cues should be kept as low as possible. If a lot of cognitive resources are required to use

the device in a way that generates data for correct behavioral representations, there may

be insufficient cognitive resources for performing the actual task. This could impede the

collaborative work process rather than support it (Objective 7).

To enable seamless switching between MR-HHDs, MR-HMDs, and VR-HMDs while al-

lowing users to intuitively control their own awareness cues (Objective 5) the same user

behavior should result in the same awareness cues using all devices. In this way, users do

not have to adapt their behavior to control their own awareness cues when switching to an-

other technology. For example, when hand-rays are generated by tracking hands [91, 92]

or controllers [193, 144] for HMD users and based on the movement of the handheld

device [96] for HHD users, the same behavior (i.e., hand movement) is consistently trans-

ferred to the hand-ray visualization as long as controllers or the HHD are held in the

users hand. Consistent mapping of user behavior to head-ray visualizations requires re-

liable head tracking of both HMD and HHD users. While HMDs can serve as a proxy

for their user’s head orientation, this is not necessarily the case for HHDs and requires

further investigation. For example, estimating an HHD user’s viewing direction through

the front camera is only possible if the front camera is accessible which may require users

to adapt their behavior to ensure accurate cue generation.

Providing all collaborators with the same set of awareness cues (Objective 4) also poses

challenges in collaborative settings with large group sizes. Enabling all awareness cues

for all collaborators is likely to produce visual clutter when the number of collaborators

increases. Thus, always-on awareness cues are prone to visual overload as it becomes
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more difficult for the users to match the visible awareness cues to the correct collaborator

(Objective 6). This approach may thus rather impede the collaborative work process

than support it (Objective 7). This issue is also emphasized by the findings of Pereira

et al. [133] who considered larger group sizes during their evaluation and note that the

users had difficulties in identifying the source of highlight mechanisms. Hand-rays and

head-rays are particularly prone to this kind of visual clutter as they take up a large part

of the screen. Further occlusion issues may be evoked by the integration of avatars. In this

context, Piumsomboon et al. [140] point out that their miniature avatar has the advantage

of taking up less space on the screen. In addition, avatars can become superfluous in

co-located environments when users can see each other. However, if several co-located

collaborators are pointing at or looking at a virtual object, it may still be useful to display

the corresponding ray.

From this discussion the following two main research questions emerge which must be

addressed in the design of collaboration support features that scale between different XR

technologies and varying group sizes.

• Research Question 1: How can data obtained from the HHD be transferred into

correct representations of the HHD user’s activities?

• Research Question 2: How can visual overload be avoided when the number of

collaborators in a group increases?

In the following two sections, these research questions are addressed. First, a detailed

study is performed to investigate the behavior of HHD users in Chapter 4.3. Then, mech-

anisms for automated adaptations of visual cues are designed to prevent visual overload

in large groups in Chapter 4.4.

4.3 Investigating the Behavior of Handheld Display Users

While HHDs offer a cost-effective alternative to HMDs for accessing MR, the creation of

accurate user representations is challenging. Compared to HMDs, an HHD’s orientation

in space is more likely to deviate from its user’s actual viewing direction as a user may

not be holding device right in front of his or her face at all times.
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While equipping HHD users with additional hardware like eye-trackers worn on the head

could solve this issue and help generating more accurate head-rays, this approach invali-

dates the main benefits of HHDs, i.e., its ubiquity and easy setup.

Addressing Research Question 1 and as an initial step towards enhanced represen-

tations of MR-HHD users, a detailed study was conducted to explore how accurately a

ray (in the following referred to as HHD-ray) originating from the center of the device

determines the position of a virtual object while the user is looking at it. Moreover, the

accessibility of the front camera is evaluated through face detection.

4.3.1 Setup and Experimental Design

We explored how users interact with different MR-HHD devices in different display orien-

tations and body poses in an experiment with 20 participants (10 male/female, 11 wearing

glasses). To this end, we developed a MR-HHD application in Unity using AR Founda-

tion with ARKit and deployed it either to an Apple iPad Pro (11 inch, Gen. 3) or an

Apple iPhone 14 Pro. The application displayed virtual cubes at different positions and

collected data on device orientation and face detection in the background. During the

experiment, we asked the participants to find and then focus on these virtual cubes until

they disappeared.

We followed a within-subjects design in which we considered the MR-HHD configuration

device {tablet, phone} × orientation {landscape, portrait} × pose {standing, sitting} and

cube position (11 positions differing in direction and distance; see Fig. 4.1) as independent

variables. The experiment took into account a set of dependent variables. We were

specifically interested in how the HHD-ray’s accuracy as well as the accessibility of the

front camera were affected by the independent variables. Furthermore, we asked the

participants to rate the discomfort of each device × orientation configuration from 1

(very comfortable) to 5 (very uncomfortable) and took notes on the manner in which the

participants held the device.

At the beginning, the participants watched a video which introduced them to the overall

procedure followed in the experiment. In the video, the participants were also asked to not

walk around during the experiment and an explanation of the face detection feature was

given. As the experiment was supposed to investigate the participants’ unbiased, natural

behavior while interacting with different MR-HHD configurations, the participants were
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4 forward  (0, 0, 1.2)
5 up  (0, 0.2, 1)
6 down (0, -0.2, 1)
7 far right  (1.2, 0, 1)
8 far left (-1.2, 0, 1)
9 far forward  (0, 0, 2.2)
10 far up  (0, 1.2, 1)
11 far down  (0, -1.2, 1)

Figure 4.1: Cube positions based on the HHD’s starting position on a table (approx.
1.2m high, all values in meter)

not informed about the HHD-ray.

After watching the video, each participant completed the task set consisting of 11 cubes

in the 8 MR-HHD configurations (i.e., device × orientation × pose). In total, each

participant thus focused on 88 cubes. The order in which a participant used the different

configurations was as follows. Half of the participants performed all device × orientation

configurations while sitting before standing and vice versa. Within one pose configuration,

half of the participants performed the task sets with the phone before the tablet and vice

versa. And within one device × pose configuration tasks were performed in landscape

before portrait mode. Whenever the tablet or phone was used for the first time, a short

training session was performed to ensure that the participant understood the procedure.

Within one task set, the procedure was as follows. At the beginning a virtual capsule

appeared at the center of the scene. The capsule disappeared 2 seconds after it was

captured by the HHD’s camera. While the capsule was visible, participants were asked

to focus on the capsule. After the capsule disappeared, they had to search for the first

virtual cube (0.15m × 0.15m × 0.15m) and focus on the cube. 5 seconds after the cube

was captured by the device camera, it disappeared and the capsule appeared again in

the scene’s center. As before, the capsule appeared for 2 seconds after being captured

by the HHD’s camera. In this way, the participants had to return to a neutral position
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before the next cube appeared. This procedure was followed for all 11 cubes. Throughout

the experiment, the HHD’s front camera was always located at the top of the display in

portrait mode and at the left side in landscape mode.

To investigate how the accuracy of the HHD-ray is affected by the direction in which the

cube is located relative to the participant, the cubes were placed on the left/right side

of the user, above/below the user, and in front of the user. Furthermore, we wanted to

investigate whether the distance from the user to the cube affects the HHD-ray’s accuracy.

We therefore considered two cube positions in each of the directions (e.g., left and far

left). Cubes were not placed behind the user as these positions would be equivalent to the

positions in front of the user when he or she turns around. Based on the HHD’s starting

position on a table (approx. 1.2m high), the cubes were set to the 11 positions marked in

Fig. 4.1.

To evaluate the accuracy of the HHD-ray, we cast an invisible ray from the main camera

(i.e., the display’s center). In the background, the MR-HHD application then constantly

checked if the ray hit a semi-transparent plane which surrounded the currently visible

cube. The position of this plane (size: 1.5m × 1.5m) was always set to the same position

as the currently visible cube and the plane’s orientation was constantly adapted to match

the one of the HHD. In this way, the HHD-ray’s accuracy was assessed by the distance

between the center of the cube and the hit point of the ray on the plane. As such, the

HHD-ray was more accurate the closer the cube was to the center of the display.

As described above, an HHD’s front camera could also be used to enhance avatars and

collaboration support features. However, this presupposes that the HHD’s front camera is

accessible and users do not cover the front camera with their hands. Thus, the integration

of such features may affect the way a user holds the HHD. To this end, we integrated a

basic version of such a feature and constantly checked if ARFaces from Unity’s AR Foun-

dation could be detected. Red borders appeared on the screen whenever face detection

failed. Participants were informed about this feature before the experiment and asked to

adjust the way they held the device as soon as the red borders appeared.

4.3.2 Results

The data obtained for the HHD-ray’s hit points on the semi-transparent plane surrounding

the currently visible cube show that the HHD-ray hit the plane in more than 99% of the
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frames. Thus, the frames in which the HHD-ray did not hit the plane were omitted in

Figs. 4.2, 4.3, and 4.4.

Both the mean distances between the HHD-ray’s collision points on the semi-transparent

plane and the cube (see Figs. 4.2, 4.3, and 4.4) as well as the heatmap displaying the 2D

hit points around the center cube (see Fig. 4.5) show that the HHD-ray was particularly

accurate for the reference cube placed at the center position.

In general, the participants tended to center the cubes on the screen during our experi-

ments. However, there was also a tendency to stop moving the device towards the cube

earlier as the distance from the neutral position (i.e., the user’s and device’s position while

capturing the capsule) to the cube increased. In these cases, centering the cube in the

screen would require more physical effort.

For instance, if the cube appeared at the far left position, the participants tended to

move the device to the left and stopped when the cube appeared at the left side of the

display. Since the cube is then not located in the center of the display, the HHD-ray’s

accuracy decreases. This user behavior was observed for movements to the left and right

as well as upward and downward movements and is visible in the heatmaps displaying the

HHD-ray’s hit points on the semi-transparent plane surrounding the (far) left (Fig. 4.9),

(far) right (Fig. 4.10), (far) up (Fig. 4.7), and (far) down (Fig. 4.8) cubes.

These observations are also reflected in the way the device orientation affected the HHD-

ray’s accuracy (see Fig. 4.2). Compared to portrait mode, using the HHD in landscape

mode lead to higher inaccuracies of the HHD-ray when focusing on cubes that are placed at

the far left or far right position. On the contrary, using the HHD in portrait mode resulted

in higher inaccuracies of the HHD-ray (compared to landscape mode) when focusing on

cubes that are placed (far) up, (far) down, or (far) forward. These effects seem reasonable

as the distance between the device center (i.e., the HHD-ray) and the display’s left or right

side is larger in landscape mode. Analogously, the distance between the display’s center

and its upper or lower side is larger in portrait mode. This effect was particularly strong

for upward movements. This is plausible considering that these upward movements are

physically more demanding as they are directed against gravity.

A comparison of the HHD-ray’s accuracy between the devices, shows only slight differences

except for the far left and far up cubes where the phone performed worse (see Fig. 4.4).

This effect could be explained by the way the participants held the devices. While the

tablet was mostly held with both hands, the phone was often only held with one hand.

68



Chapter 4

cen
ter

for
ward

far
 fo

rw
ard lef

t
far

 le
ft

rig
ht

far
 rig

ht up
far

 up do
wn

far
 do

wn cube
position

0.00

0.05

0.10

0.15

0.20

0.25

0.30
distance [m]

landscape
portrait
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This makes upward movements even more demanding and likely to stop as soon as the

cube appears on the screen. Moving the HHD to the left is difficult if the device is held

with the right hand only. If the phone is held with the left hand only, the front camera

is likely being occluded in landscape mode where the front camera is located on the left

display side. Since 95% of our participants’ dominant hand was the right hand and it is

difficult to hold the phone in landscape mode with the left hand without occluding the

camera, movements to the left are likely to be stopped earlier too.

Furthermore, the HHD-ray’s inaccuracies were higher while standing in the (far) forward

task and for sitting in the far up task (see Fig. 4.3). An explanation for this effect could

be the given by the lower device position while the participants were sitting. In this way,

the device camera is likely to be exactly in front of the (far) forward cube such that the

HHD-ray is more accurate. The heatmap displaying the HHD-ray’s hit points on the plane

surrounding the (far) forward cube (see Fig. 4.6) shows that the HHD-ray often hit the

plane below the cube when participants were standing. We assume that this pattern was

caused by the fact that while standing the participants held the HHD in a slightly tilted

position such that the cube appeared at the upper part of the display and the HHD-ray

hit the plane below the cube. On the contrary, the far up cube is further away while

sitting. Thus, upward movements become even more demanding and device movement

stops earlier.

Regarding face detection, we found that ARFaces were detected in more than 96% of all

frames. Face detection performed worst for the far up cube (88%). For all the other

cubes, face detection was successful in more than 95% of the frames. The majority of

the frames in which face detection failed originated from tasks in landscape mode (79%)

and while the participants were standing (62%). This appears plausible as in landscape

mode the front camera is located at the left side of the display and thus more likely to

be occluded by a hand and standing offers more possibilities for movement which could

impede face detection.

At the end of the experiment, we asked the participants to rate the discomfort of each

device × orientation configuration. The obtained ratings show that there was no clear

preference for one of the configurations. Instead, it turned out that different participants

preferred different device × orientation configurations. On average, the phone in portrait

mode was rated most comfortable. This was followed by tablet in landscape mode. In

this context, it is important to note that these are the most familiar configurations for

both devices.
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Figure 4.5: 2D (x,y) hit points of the HHD-ray on the semi-transparent plane surrounding
the center cube.
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Figure 4.6: 2D (x,y) hit points of the HHD-ray on the semi-transparent plane surrounding
the forward cube (first row) and far forward cube (second row).
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Figure 4.7: 2D (x,y) hit points of the HHD-ray on the semi-transparent plane surrounding
the up cube (first row) and far up cube (second row).
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Figure 4.8: 2D (x,y) hit points of the HHD-ray on the semi-transparent plane surrounding
the down cube (first row) and far down cube (second row).
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Figure 4.9: 2D (x,y) hit points of the HHD-ray on the semi-transparent plane surrounding
the left cube (first row) and far left cube (second row).
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Figure 4.10: 2D (x,y) hit points of the HHD-ray on the semi-transparent plane surround-
ing the right cube (first row) and far right cube (second row).

Regarding the way the devices were held during the experiments, we observed that the

tablet was mostly held with two hands in both landscape and portrait mode whereas the

phone was held with one hand more often, especially in portrait mode.

4.4 Visual Cues for Diverse Extended Reality

Technologies and Group Sizes

Apart from challenges arising due to the incorporation of different XR devices, the de-

sign of collaboration support features is also challenged by the number of participating

collaborators. Addressing Research Question 2 which concerns the avoidance of visual

overload in large groups of participants, this section presents the design of mechanisms

which allow individual activations of awareness cues.

4.4.1 Concept and Design

Previous research stated that the permanent activation of awareness cues should be

avoided [71, 84] and raised the idea of adapting their visibility dynamically [139, 17].

Building on this, we designed four collaboration support features which allow individu-

ally activating awareness cues based on natural cooperation paradigms.

To this end, we consider the nine different collaboration styles presented in Fig. 2.1 and

73



Chapter 4

design the mechanisms for synchronous co-located and distributed collaboration involving

MR-HHDs, MR-HMDs, and VR-HMDs. As explained in Chapter 2.2, for pairs of different

devices, two collaboration styles need to be considered. For example, the two collaboration

styles MR-HHD user sees VR-HMD user and VR-HMD user sees MR-HHD user need

to be handled differently as they pose different requirements to the visualization of the

corresponding collaborator.

The designed mechanisms build up on a basic user representation which consists of avatars

which are further equipped with view frustums, head-rays, and hand-rays. We decided to

incorporate rays as we agree with Jing et al. [84], who note that rays can facilitate tracing

the clue back to its origin. Based on this generic user representation we suggest adap-

tations for specific collaboration styles. Since co-located collaborators can naturally see

each other, only distributed collaborators are provided with a visualization of each other’s

avatar. In co-located settings, we recommend the integration of an invisible avatar as this

allows the collaborators to interact with each other like with distributed collaborators

(e.g., pointing at the avatar’s or person’s body respectively).

Chapter 4.4 is based on those abstract avatar representations and does not further specify

tracking approaches for collecting the underlying data. Considerations on this are outlined

in Chapter 4.5 which also takes into account the results from Chapter 4.3.

The four mechanisms designed for individually activating awareness cues are called

GazeCollision, StareForCues, LookAtMe, and FreezeCues (see Fig. 4.11). To describe

their design, two exemplary collaborators UserA and UserB are used which serve as

blueprints for all the nine collaboration styles.

On default, the head-rays and hand-rays of all collaborators are invisible for a user while

a user’s own rays remain visible to him or her. As soon as the collaborative session starts,

the visibility of the awareness cues is then handled automatically by the four mechanisms.

In this context it has to be noted that while the rays might not be visible, their position

and orientation can be derived at all times to determine if a mechanism needs to be

executed or not.

The first mechanism GazeCollision is triggered when UserA and UserB look towards the

same area. This is the case when the collision points of their head-rays with scene compo-

nents are within a specified distance for a specified time. GazeCollision then automatically

activates the head-rays for UserA and UserB.
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Figure 4.11: Temporary and permanent visibility of cues activated by GazeCollision,
StareForCues, LookAtMe, and FreezeCues. Dotted lines indicate that the corresponding
ray is only visible for its own user. Solid lines indicate that the ray is visible for another
user: GazeCollision makes the head ray of UserA visible for UserB and vice versa, Stare-
ForCues makes UserB’s head-ray and hand-ray visible for UserA, and LookAtMe adds
arrows to the view of UserB. FreezeCues enables permanent activation of the head-ray
and hand-ray.
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If UserA wants to see the current activities of another UserB, StareForCues can be applied.

By staring at UserB such that UserA’s head-ray collides with UserB’s body or avatar for

a specified time, the head-rays and hand-rays of UserB become visible for UserA. As such,

StareForCues takes up the corresponding face-to-face cooperation paradigm which also

requires looking at someone to obtain information about this person’s current activities.

If UserB wishes to see UserA’s activities as well, UserB can apply StareForCues too.

Apart from this, users can draw attention to themselves and take influence on another

user’s field of view. To this end, LookAtMe can be applied. To get UserB’s attention,

UserA can perform a single tapping gesture while the hand-ray collides with UserB’s

body or avatar. In this way, LookAtMe corresponds to the natural interaction paradigm

of tapping on someone’s shoulder. After LookAtMe has been performed by UserA, UserB’s

field of view is temporarily augmented with arrows pointing towards UserA. In a next step,

UserA and UserB could then for example use StareForCues to activate each others’ cues.

The arrows, head-rays and hand-rays activated by GazeCollision, StareForCues, and

LookAtMe are disabled automatically after a specified time. The fourth mechanism Freeze-

Cues can be applied at any time to activate the hand-rays and head-rays permanently.

To this end, a double tap has to be performed while pointing at another user with the

hand-ray. Thereby, tapping has to be implemented individually for the corresponding XR

technology.

4.4.2 Considerations for Implementation

In the following we outline considerations for implementing the four mechanisms. Thereby,

we distinguish between users and collaborators. The term user is used to describe this

user’s individual view to the XR scene including information about the user’s collaborators.

Each collaborator is considered an individual user as well.

Each user has a list of collaborators whereby each collaborator has a ⟨bool: co-located⟩
as well as three timers ⟨Timer: head ray⟩, ⟨Timer: hand ray⟩, and ⟨Timer: arrows⟩. The
timers store a ⟨bool: permanent⟩ and a ⟨int: seconds⟩. This approach allows assigning

different timers to different cues. At the start of a collaborative session, a list of all other

collaborators is set along with ⟨bool: co-located⟩. Then, the initial scene is configured

for each user. For each remote collaborator, the user’s scene is augmented with a virtual

avatar. Furthermore, invisible avatars are added for each co-located collaborator. In this
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way, the user can interact with all collaborators (e.g., by pointing at their body or avatar).

For each user, the visibility of awareness cues (i.e., hand-rays, head-rays, and arrows)

is then handled as illustrated in Fig. 4.12. The flowchart explains when the awareness

cues describing the activities of UserB become visible for UserA. Considering Fig. 2.1,

the flowchart summarizes the visibility of awareness cues for a single collaboration style

(i.e., UserA sees UserB). If UserA is a MR-HHD user and UserB is a MR-HMD user,

the collaboration style corresponds to the light blue arrow pointing from MR-HHD to

MR-HMD at the bottom of Fig. 2.1.

Initially, all rays and arrows are disabled . Depending on the activities of UserA and

UserB, UserA’s field of view may then be adapted as follows. Starting from the dark-

gray square on the left, three scenarios are possible. If UserA performs StareForCues,

UserB’s head-ray and hand-ray become visible for UserA . If instead, UserB performs

LookAtMe, UserA’s view is augmented with arrows pointing towards UserB . In the

third scenario the head-rays of UserA and UserB collide such that UserB’s head-ray be-

comes visible for UserA . In this case, UserA’s head-ray will also be activated for

UserB. However, since this adaptation concerns UserB’s field of view it is handled outside

the flowchart given in Fig. 4.12. Therefore, it will not be outlined further in this section.

In any of the three scenarios, UserA’s list of collaborators is searched for UserB and the

respective timers of UserB are started. This also applies for the temporary cue activations

described in the following.

In the flowchart, ellipses with white background represent cues which are only temporarily

activated. In these cases, the visibility of the cues is disabled automatically as soon as

the timer expired unless another event occurs prior to the expiration of the timer. At

any time, UserA can permanently enable head-rays and hand-rays of UserB by applying

FreezeCues (FC on). To this end, UserA needs to perform a double tap which will set the

corresponding boolean of the timers to true . To disable the cues and set these values

to false again, another double tap (FC off) has to be performed.

The arrows which appear upon the occurrence of LookAtMe cannot be enabled perma-

nently and will disappear either automatically after the timer expired or after the oc-

currence of GazeCollision, StareForCues, or FreezeCues. As for example shown by the

two ellipses on the right side of Fig. 4.12, UserA’s field of view is temporarily augmented

with arrows if UserB performs LookAtMe after the occurrence of StareForCues or

after GazeCollision . When UserA performs FC on, the arrows disappear and UserB’s

head-ray and hand-ray become permanently visible .
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Figure 4.12: The visibility of cues describing the behavior of UserB from the perspective
of UserA is adapted when a timer expires or based on the following activities of the
users: UserA applies StareForCues (S4C) or FreezeCues (FC on/FC off); UserB applies
LookAtMe (LAM); UserA and UserB meet through GazeCollision (GC).

When UserA performs StareForCues while only the head-ray and arrows are visible ,

the arrows disappear and UserB’s head-ray and hand-ray become temporarily visible .

If none of these actions are performed and the arrows’ timer expired, the arrows will

disappear automatically.

If UserB initially performs LookAtMe, the view of UserA is augmented with arrows point-

ing towards UserB . Upon the occurrence of GazeCollision the arrows disappear

and the head-ray of UserB becomes temporarily visible for UserA . If instead UserA

performs StareForCues or FreezeCues, the arrows disappear and both the head- and hand-

rays become temporarily or permanently visible. If none of this happens prior to

the expiration of the timer the arrows are disabled automatically .

If the cues of UserB were already permanently enabled by UserA and UserA has made

an active decision to follow UserB’s activities, LookAtMe performed by UserB will have

no effect on UserA’s view since these arrows are considered superfluous in most cases.
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4.5 Discussion

Chapter 4 contributes to the design of collaboration support features for XRS spaces

which scale with varying XR technologies and group sizes. Providing all collaborators

with the same set of awareness cues (Objective 4) such that each collaborator can see

the location and orientation of all other collaborators (Objective 1) as well as their

activities (Objective 2) can lead to incorrect user representations and visual clutter in

cross-device settings and large groups.

While an HMD user’s head orientation can be obtained from the head-worn device it-

self, the generation of corresponding user representations of HHD users is more complex

since HHDs are not attached to the head. As a first step towards enhanced HHD user

representations which prevent incorrect representations of user behavior (Objective 3),

it was explored how accurately a ray originating from the center of an HHD determines

the position of the virtual object the user is currently looking at in Chapter 4.3. In this

context, we considered different types of HHDs which are used in different device orien-

tations and body poses. In addition to evaluating the accuracy of the HHD-ray, we also

assessed the accessibility of the front camera to explore its potential as a supplementary

source for gathering information on user behavior, such as through face tracking.

During our investigations, different preferences regarding the combination of device (phone

or tablet) × display orientation (landscape or portrait) were reported by our participants,

reaffirming the importance of MR-HHD user representations which are applicable across

different display sizes and device orientations. The need for such scalable solutions will

further increase if a use case requires or excludes specific configurations. Developers of col-

laborative XR environments which include MR-HHDs should therefore consider different

MR-HHD configurations and allow MR-HHD users to switch between them on-the-fly.

Overall, the results of our experiments indicate good performance of the HHD-ray’s accu-

racy and face detection. The insights gained expand the options for collecting data about

user behavior for generating suitable user representations. A more detailed discussion of

these is provided at the end of this section.

Chapter 4.4 focuses on the avoidance of visual overload in collaborative settings of large

groups. As the number of users in a collaborative XR setting increases, adding awareness

cues which represent the activities of all users is prone to visual clutter which can cause

visual overload, making it more difficult for each user to separate necessary from superflu-
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ous information and match the visible awareness cues to the corresponding collaborator

(Objective 6). To ensure that the visible awareness cues support the collaborative work

process (Objective 7), the cognitive capacities needed for this should be kept as low as

possible such that more capacities can be dedicated to the actual task.

Addressing this issue, we present mechanisms which individually configure the amount of

visible awareness cues for each collaborator. Users can actively enable cues with Stare-

ForCues and FreezeCues. At the same time, they can draw attention to themselves with

LookAtMe which allows them to activate cues in another collaborator’s view. On top of

that GazeCollision enables the visibility of awareness cues of collaborators who are focus-

ing on the same area. To reduce cognitive efforts, the visibility of the cues is activated

and deactivated based on natural cooperation paradigms such as looking at someone or

tapping someone on the shoulder.

The presented mechanisms are based on two core cues: head-rays and hand-rays. The

head-ray and hand-ray are naturally directed in similar directions since users rarely inter-

act with or point at parts of a scene they are not looking at. This applies in particular to

HHD settings where the hands are holding the HHD (i.e., the viewport to the MR scene).

Still, the two rays display different aspects about the user’s activities and are only meant

to be enabled together if a user specifically requests so via StareForCues or FreezeCues.

In order to make it easier for users to switch between the main access points of XRS and

allow them to intuitively control their own awareness cues (Objective 5) it is essential to

apply the same mapping of user behavior to awareness cues for both HMDs and HHDs.

Thus, if hand-rays of HMD users are generated based on hand movements, the hand-rays

of HHD users should also be generated based on their hand movements. For HMD users,

hand movements can be captured directly through hand tracking or indirectly by tracking

controllers held in the hand. Furthermore, additional hardware such as wristbands could

be attached to the user’s arms or hands. Concerning hand-rays for HHD users, the HHD

can be used as a laser pointer (i.e., allowing the user to continue holding the device with

both hands).

Head-rays should ideally be generated by tracking the head orientation or eye movements

of both HHD and HMD users. When choosing a tracking methodology, it is important

to consider the differences between eye and head tracking. While rays displaying eye

movements can potentially provide more accurate information about the user’s viewing

direction, they also change at a high frequency which can be considered uncomfortable for

the other collaborators. On top of that, using the raw eye tracking data for the activation
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of the mechanisms may lead to unintended actions as not all eye movements are performed

consciously. To remove unconscious eye movement, data preprocessing must be performed.

For HMDs the implementation of both tracking approaches is relatively straightforward

whereas the generation of head-rays for HHD users is more complex.

The investigations on the front camera’s accessibility described in Chapter 4.3 show

promising results based on which we encourage the consideration of face tracking to

generate head-rays under some constraints. In the experiments, the red borders, which

appeared as soon as face detection failed, performed very well. Thus, we recommend

maintaining a similar warning feature in future collaboration support features. In this

way, the user can ensure the front camera’s accessibility while looking at the screen. In

our study, the front camera of both devices (tablet and phone) was located on the shorter

edge of the display. As such, the front camera was located at the top when using the device

in portrait mode and on the left side when using the device in landscape mode. In case

an application does not require a specific device orientation, we recommend using devices

(phone and tablet) with similar front camera location in portrait mode, as face detection

failed less often when the HHD was used in portrait mode and the front camera is more

likely to be occluded by a user’s hand in landscape mode. Overall, face detection failed

most often during upward movements. However, it is very unlikely that a user would

move the device in this direction without looking on the screen as upward movements

are considered physically demanding and uncomfortable. In these situations, integrating

a virtual replica of the HHD to the remote collaborator’s scene could prevent misun-

derstandings caused by false negative face detection. Alternatively, the visualization of

awareness cues representing an HHD user’s activities can be adapted when face detection

fails, to indicate that the information delivered through the cues may be misleading.

Apart from this, the experiments revealed the HHD-ray to be a good proxy for the user’s

viewing direction. At the same time, we found that the HHD-ray’s accuracy was affected

by device orientation, viewing direction, and distance. Building up on the insights gained,

an HHD user’s viewing direction could also be visualized through an adaptive spotlight

(instead of a ray) whose shape continuously adapts to the current device configuration

and movements. Thereby, the device’s orientation (landscape or portrait) and movement

direction can be extracted during runtime. For instance, when the user performs move-

ments to the left or right while the device is held in landscape mode, the shape of the

spotlight should reflect inaccuracies along the x-axis (i.e., the spotlight should be flat

and wide) while upward or downward movements performed while holding the device in

portrait mode would require a long and narrow spotlight. The area of collisions evoking
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mechanisms such as GazeCollision or StareForCues can thereby be extended in line with

the shape of the spotlight.

Thus, the approach for generating the head-ray of HHD users may be chosen depending on

use case specific constraints, user preferences, and the accuracy of available face tracking

solutions. The accuracy of the HHD user’s head-ray may be further improved by combin-

ing information on the viewing direction from face tracking and adaptive spotlights.

Parts of this chapter have been previously published in:
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Cues Scaling with Group Size and Extended Reality Devices. In J. Y. C. Chen and G.
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Scalable Interaction Techniques for

Extended Reality

The previous chapter contributes to collaboration support features which provide en-

hanced scalability along all dimensions of XRS (i.e., varying degrees of virtuality, devices,

and group sizes). In this chapter, we enhance the scalability of interaction techniques –

another essential aspect of XRS. More specifically, we develop and evaluate an interac-

tion paradigm for object manipulation which scales across different degrees of virtuality

and devices. The proposed paradigm applies to all access points of XRS, allowing both

individual users and collaborators to seamlessly switch between them.

The chapter begins with an overview on research and aspects related to the design of

our novel interaction paradigm. As such, Chapter 5.1 summarizes previous work which

either focuses on device-based interaction methods for MR-HHDs or combines HMDs

with HHD-based controllers. Based on the insights gained from previous research and

the requirements of the XRS framework, we then determine objectives for the design of a

scalable interaction method in Chapter 5.2 and translate them into two research questions.

The first research question concerns the design of an object manipulation paradigm for

MR-HHDs which entails additional challenges due to the HHD’s dual role as input and

output modality. To facilitate switching between access points of XRS, the second research

question concerns the extension of the resulting MR-HHD interaction technique to HMDs.

Addressing the first research question, Chapter 5.3 presents the design and implemen-

tation of a novel device-based interaction paradigm for MR-HHDs called Move’n’Hold

along with an initial evaluation. Chapter 5.4 then demonstrates how MR-HMDs and VR-

HMDs can be combined with a tablet controller which implements the same interaction
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paradigm as Move’n’Hold for MR-HHDs. In addition, it reports the results of a second,

detailed user study in which the set of interaction techniques provided by Move’n’Hold for

MR-HHDs, MR-HMDs, and VR-HMDs is evaluated against a set of state-of-the-art tech-

niques. Eventually, Chapter 5.5 provides a joint discussion of the developed interaction

paradigm and results of both evaluations.

5.1 Related Research and Aspects

HHDs such as tablets and smartphones are ubiquitous in today’s society. Thus, MR-

HHDs provide a highly accessible and low-cost entry point to XRS. Although (multi)

touch gestures are well-established as an intuitive way to interact with HHDs in non-XR

settings, they do not transfer well to spatial interaction.

In MR applications, HHDs act as windows to the MR scene and therefore need to be held

up higher than in non-XR settings. Furthermore, the interaction with and manipulation

of virtual content which is anchored in 3D space requires options for spatial input. These

differences pose new challenges to the development of interaction methods for MR-HHDs.

As described in Chapter 3.1.4, touch-based and gesture-based interaction techniques are

deemed unfavorable for interacting with MR-HHDs as they require the HHD to be held

with one hand and are thus prone to fatigue. At the same time, the hand touching the

screen or performing the gesture is likely to occlude the MR scene. Here, a promising

alternative is offered by device-based interaction techniques [62]. This approach maps the

HHD’s movement to the virtual objects. As such, it supports spatial input while allowing

users to hold the HHD with both hands. In the following, a short overview of previously

proposed device-based interaction methods is given.

Object manipulation commonly starts with the selection of the object. To this end, some

approaches combined device-based manipulation with touch-based selection (e.g., [120]).

However, the combination of touch-based selection and device-based manipulation re-

quires frequent adjustments of the hands’ poses due to temporary one-handed interaction

during selection. Other approaches allow selecting objects by centering them on the screen

(e.g., [15, 161]), which is similar to gaze-based selection with HMDs and enables HHD

users to always hold the device with both hands.

Upon selection, the object can be manipulated as device movements are mapped to the
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virtual object. For example, Marzo et al.’s [109] device-based manipulation method maps

device movements to the object whereby the object’s position and orientation relative

to the device stay the same. In this way, the object does not move out of view during

rotations. The method implemented by Grandi et al. [68] maps device movements to the

object as long as a peripheral button on the right side is pressed. Similar to [109], the

object thereby stays at a constant position and orientation relative to the HHD. In the

approach presented by Blattgerste et al. [15] a grabbing metaphor was used. As such, the

object is automatically placed in front of a smartphone and can be manipulated by moving

the device into the desired position and orientation. In contrast to [15, 68, 109], the UI

proposed by Mossel et al. [120] allows performing translation and rotation separately by

mapping the HHD’s pose to the objects accordingly. Alternatively, objects can also be

translated and rotated simultaneously. Thereby, rotations are performed around the point

at which the raycast triggered via touch input hit the object.

Samini and Palmerius [149] point out that objects attached to the device are hard to rotate

without translating them, and objects that are rotated relatively around their own center

will move out of view during rotations around the x- and y-axis. This issue was also men-

tioned by Mossel et al. [120]. Addressing this topic, Samini and Palmerius [149] proposed

an approach that allows rotating objects relative to the device while user perspective

rendering is implemented to prevent the object from moving out of view. However, this

approach still requires repositioning the device during large rotations. This manner of in-

teraction is referred to as clutching which is needed when an object cannot be manipulated

in one motion but instead must be released between successive manipulations [194, 18].

In this context, Marzo et al. [109] note that during large rotations performed with the

device-based approach, the task was split to consecutive movements and slowed down task

completion. Clutching was also used in the method by Grandi et al. [68]. In some studies

device-based interaction showed promising results in comparison to touch-based interac-

tion for manipulation tasks which involve combinations of translation and rotation [120],

device-based rotation (especially large rotations), however, remained difficult [109, 68].

Addressing this issue, Su et al. [161] introduced an object rotation technique that continu-

ously rotates objects around a constant speed when the HHD’s rotation exceeds predefined

threshold values. This rotation method is integrated in a system which allows combining

translation and rotation for device-based object manipulation. Objects can be selected

through raycasting from the screen’s center and then translated or rotated separately as

long as a peripheral button is pressed. Thereby, continuous manipulation is only available

for large rotations while large translations still have to be performed by repositioning the
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device. The authors report positive results regarding continuous movement as well as the

separation of translation and rotation. Their approach, however, limits flexibility and

controllability for the user due to predefined thresholds and speed. Furthermore, users

are required to reposition the device for starting and resuming continuous movement.

Standard interaction techniques for HMDs which rely on mid-air gestures and controllers

are often physically demanding, imprecise, or require external tracking systems. As a

promising alternative, previous work has considered the integration of mobile devices

like phones or tablets which provide highly accessible and advanced input options while

offering a secondary display. In this context, researchers have explored the integration of

smartphones [89, 94, 143, 153, 174, 196] and tablets [77, 98, 104, 162] with VR-HMDs [89,

98, 153, 162, 195] as well as with MR-HMDs [77, 94, 104, 143, 174, 196] for various

purposes. An overview of these approaches is presented in the following.

In the context of HMDs, Knierim et al. [94] combined a MR-HMD with a phone which

allows manipulating objects through different touch gestures. Whenever the user begins to

translate an object, a reference coordinate system is set up. Objects can then be translated

horizontally by single taps followed by a swipe. A double tap followed by a swipe enables

vertical translations. Rotations around the y-axis can be performed with multi-touch

(i.e., two finger rotations on the screen). Compared to mid-air gestures, this approach

enhanced accuracy, and reduced task completion time as well as taskload. Furthermore,

the authors mention that the HHD-based approach allows manipulating objects in more

relaxed postures. Another approach of a MR-HMD extended with a phone was proposed

by Unlu and Xiao [174]. Here, the phone acts as a 6 DOF input device as well as a 3D

trackpad. A virtual plane is attached to the phone such that virtual objects that are

located on this plane can be moved on the plane through touch gestures on the phone’s

display. Luo et al. [104] attach the virtual object seen though a MR-HMD to a tablet.

The tablet’s movement in space is then mapped to the object. Thus, the object’s position

and orientation are manipulated and updated at the same time. Thereby, clutching could

be used to enhance comfort and reduce physical effort.

Kari and Holz [89] connected a phone to a VR-HMD which can be used to adjust the

position and orientation of two virtual hands. Both hands are located on a plane which is

generated according to the phone’s position and orientation and constantly adapted based

on the phone’s movement. The user can control the hands through touch input applied

with the thumbs on the display’s left and right side. Large hand movements are enabled

through clutch during touch input and phone movement amplifications for computing the
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plane position. Objects can be picked by hovering the desired object with the virtual

hand and then applying touch on the phone’s display. The object is placed when touch is

released. Other approaches involving VR-HMDs have been proposed by Surale et al. [162]

who enabled object manipulation in VR through a tablet as well as by Zhao et al. [195]

who extended the VR-HMD with a custom, tablet-like device that is able to provide

haptic feedback. Both approaches integrate a visualization of the tablet in the VR scene.

In [195], the complete VR scene is rendered on the virtual tablet and frozen upon the

initiation of object manipulation. Thus, objects can be selected by touching them on the

tablet’s screen and translated and rotated through touch gestures. In [162], the tablet

acts as a viewport. For object selection, users can point at the desired object with a

ray emerging from the tablet and then tap on its screen. Alternatively, the object can be

selected by touching the virtual object with the physical tablet or touching it directly with

the hand. Selected objects can then be manipulated through touch gestures in 9 DOF

(i.e., translating, rotating, and scaling objects). Thereby, different tablet orientations can

be used to fix an axis.

5.2 Objectives

As summarized in Chapter 3.1.4 and Chapter 5.1, extensive research has focused on im-

proving the usability of interaction techniques for MR-HHDs, MR-HMDs, or VR-HMDs.

On the contrary, an interaction paradigm which is applicable to different XR technologies

and enables seamless switching between them is still missing. However, seamless switching

is a key requirement of the XRS concept.

Thus, the design of a novel spatial interaction paradigm should address the following

requirements from Chapter 3.3.2.

• REQ 17 Users can intuitively switch between devices.

• REQ 18 Users can intuitively switch between degrees of virtuality.

• REQ 20 The interaction techniques for manipulating and referencing real and vir-

tual components provide high usability.

The requirements REQ 17 and REQ 18 can be specified further in the following objec-
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tives for scalable spatial interaction techniques:

• Objective 1 All access points (devices) provide options for the same operations.

• Objective 2 The same operation can be performed with the same interaction

paradigm on all devices.

• Objective 3 Using the interaction paradigm on one device serves as a training

phase for using it on another device (cross-device benefits).

The novel interaction technique presented in this dissertation is focused on two types of

spatial interaction: object translation and object rotation. While previous research has

proposed translation and rotation methods for all access points of XRS (Objective 1),

the proposed methods rely on different interaction paradigms (Objective 2). Instead

of transferring well-established interaction paradigms for 2D interaction to 3D, effective

spatial interaction may require a completely new interaction paradigm. If such a novel

interaction paradigm is specifically tailored to spatial interaction and stays consistent

across different technologies, the initial effort to learn this technique may be compensated

over time and should eventually result in cross-device benefits (Objective 3).

Apart from consistency across XR technologies, the novel interaction paradigm should also

provide high usability (REQ 20). Here, we focus on interaction techniques for object

manipulation. Hence, based on the lessons learned from previous research in Chapter 5.1

we specify REQ 20 further through the following objectives.

• Objective 4 The interaction paradigm separates object translation and object ro-

tation.

• Objective 5 The interaction paradigm allows holding HHDs with two hands

throughout interaction.

• Objective 6 The interaction paradigm supports spatial input.

• Objective 7 The interaction paradigm applies to object translation and object

rotation.
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• Objective 8 The interaction paradigm provides scalability with respect to differ-

ent directions, distances, and complexities while keeping physical movement and

cognitive efforts as low as possible.

• Objective 9 The interaction paradigm provides high controllability.

Object translation and rotation involves 6 DOF. The optimal number of DOFs which are

manipulated simultaneously does not only depend on the interaction technique but is also

influenced by the task objectives. For example, DOF separation can enhance precision

but also increase task completion time [113]. Yet, there is general agreement on the

recommendation to separate translation and rotation [108, 113, 114] (Objective 4).

A key learning concerning spatial interaction with MR-HHDs is that devices should be

held with both hands to minimize fatigue and occlusion (Objective 5). For HMDs which

integrate input through an HHD controller, the manner in which the HHD controller is

held is less critical as it can potentially be held in a lower, less fatigue-prone position.

Although touch-based controller-operation (e.g., [94, 195]) has shown promise for HMDs,

these interaction paradigms conflict with the principle of two-handed interaction required

for HHDs.

Device-based interaction does not only allow holding the device with both hands but

also offers spatial input (Objective 6) which allows translating or rotating the device to

manipulate the object accordingly. For device-based interaction with MR-HHDs, a critical

aspect concerns their dual role as input and output modality. To ensure the visibility of the

manipulated object during device movement, large changes in device orientation should

be avoided. Thus, object manipulation approaches for HMDs which use the HHD as a

3D trackpad such as [174] are not transferrable to HHDs.

To keep efforts as low as possible when users have to toggle between translation and

rotation mode, the same interaction paradigm should be available for both translation

and rotation (Objective 7). While mapping device movements directly to objects meets

this objective for small manipulations, there is no consistent approach for handling large

manipulations. To perform large translations the user may have to walk with the device

whereas large rotations, especially around the x-axis, are complicated by the user’s wrist

movement limitations. In this context, previous work has implemented amplifications

of phone translation [89] and considered clutching [109, 68, 104, 89]. To prevent users

from having to reposition the device, clutching, however, should be reduced whenever
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possible [18]. In the context of rotation, previous work therefore suggested the integration

of automated continuous rotations [161].

Thus, a joint interaction paradigm which scales in terms of directions, distances, and

complexities (Objective 8) and provides high controllability (i.e., users can individually

activate continuous movement, adjust its speed and switch between small precise and

large coarse movements) (Objective 9) is still missing.

Since object manipulation with MR-HHDs entails more restrictions with respect to the

interaction design, we first developed an interaction paradigm for MR-HHDs and then

extended this paradigm to MR-HMDs and VR-HMDs. More specifically, this chapter

thus addresses the following research questions:

• Research Question 1: How can an object manipulation paradigm for MR-HHDs

be designed which addresses objectives 4 – 9?

• Research Question 2: How can such an object manipulation paradigm be ex-

tended for HMDs, meeting objectives 1 – 3?

5.3 Move’n’Hold for Handheld Displays

Addressing Research Question 1 this chapter presents the design, implementation,

and evaluation of Move’n’Hold – a highly scalable interaction paradigm which allows

translating or rotating virtual objects seen through a MR-HHD.

5.3.1 Design

Move’n’Hold builds on device-based interaction methods which map device movement to

virtual objects (i.e., in the following referred to as Move) and extends this natural object

manipulation paradigm with automated continuous movement; in the following referred

to as Hold. The object manipulation process with Move’n’Hold can be divided in four

steps (see Fig. 5.1) and is designed as follows.

To translate or rotate an object, a user can I specify the desired object by moving the

HHD such that the desired object appears at the center of the screen. As soon as the
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Specify the
desired object

Confirm the
choice

Manipulate the
object

Release the
object

Center object on
the screen 

Apply touch on
the HHD's left

side
Release touch

Translate / rotate
the HHD while
applying touch

on the HHD's left
(and right) side

I II III IV

Figure 5.1: Object manipulation steps using Move’n’Hold.

object is hit by an invisible ray which emerges from the device center, the object changes

its color as visual feedback (see Fig. 5.2). The user can then II confirm the selection of

this object by applying left-thumb-touch. Touch can be applied anywhere on the left side

of the screen such that the device can still be held with both hands.

1 2 3

Figure 5.2: To select an object a user has to move the HHD such that the desired object
is hit by an invisible ray emerging from the device center.

Depending on the active manipulation mode, the user can then III translate or rotate

the selected object by moving the device while applying peripheral touch. Thereby, nat-

ural manipulation through direct mapping and automated continuous movement can be

combined as illustrated in Fig. 5.3.

As long as only left-thumb-touch is active, the HHD’s translation/rotation in space

is mapped to the object relative to the object’s center (i.e., manipulation with Move).

Thereby, the HHD can be moved in three dimensions to either translate or rotate the ob-

ject along or around multiple axes at once. In Fig. 5.3, this initial movement is illustrated

by the green arrow.

To enable large manipulations we extend this basic manipulation method with Hold, an

option for automated continuous manipulation. To evoke continuous manipulation after

an initial object manipulation with Move, the user can add right-thumb-touch while

the left thumb remains on the screen. Again, touch can be applied anywhere on
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1

2
3

1

2
3

(a) Object Translation

1 2

3

1 2

3

(b) Object Rotation

Figure 5.3: A MR-HHD user can translate/rotate a virtual object (here: a virtual rectan-
gle 1 ) as follows: First, left-thumb-touch has to be applied while translating/rotating
the device. As long as touch is registered on the left side, the device’s translation/rotation
in space is mapped to the rectangle such that it 2 follows the movement of the device.

By adding right-thumb-touch , the rectangle can be 3 translated/rotated automat-
ically (i.e., without further device movement) in the direction of the initial movement.
The automated movement of the rectangle stops as touch is released on the right side.
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the right side of the screen. In this way, the object is translated/rotated automatically

(i.e., without moving the HHD) in the direction specified during the initial movement.

In Fig. 5.3, this continuous translation/rotation is illustrated by the purple arrow which

is directed in the same direction as the green arrow. This manipulation of the selected

object continues automatically as long as touch is registered on both sides. The speed of

the automated movement can thereby be set individually by adjusting the length of the

initial movement.

When touch is registered on both sides, the user can proceed in different ways. By IV

releasing touch on both sides manipulation is stopped and the continuous manipulation

direction is reset. Alternatively, the user can release touch only on the right side

while maintaining left-thumb-touch to either resume object manipulation via direct

mapping or to stop and start continuous movement by repeatedly applying and releasing

right-thumb-touch while keeping left-thumb-touch active. All of these options are

available for both object translation and rotation.

We found that performing one dimensional object manipulations, especially rotating an

HHD precisely around a single axis, can be challenging. To investigate the usefulness of

axis locking, a toggle button is provided during object rotations which enables the user

to lock axes and rotate the objects only around a single axis. As illustrated in Fig. 5.5,

the user can repeatedly click a button to toggle between rotations around all axes, and

rotations only around the x-, y, or z-axis.

In contrast to Su et al. [161] whose object manipulation method includes continuous

movement based on predefined thresholds and constant speed only for rotating objects,

Move’n’Hold is applicable for both rotation and translation and allows starting continuous

movements at any time and speed as well as stepwise manipulations without repositioning

the device.

Since input is solely provided through the HHD’s movement and peripheral touch on the

sides of the display which can be performed without having to adjust the hand’s positions,

Move and Move’n’Hold allow users to translate or rotate objects while holding the HHD

with both hands, with Move’n’Hold requiring less user movement (see Fig. 5.4).

93



Chapter 5

5.3.2 Implementation

The design of Move’n’Hold was implemented as an MR-HHD application running on an

Apple iPad Pro (11 inch, Gen. 3). It was developed with Apple’s ARKit through Unity’s

AR Foundation package and deployed via XCode. The coordinate system’s origin corre-

sponds to the HHD camera’s position and orientation when the application is launched.

As long as no touch input is registered on the tablet’s screen, the application checks for

collisions between a ray shot from the device camera’s center and manipulable objects.

When centering a manipulable object on the screen, its collider will be hit by the ray and

the object will be highlighted by changing its color to green. The object is then saved as

the current target object and the user can start manipulating the object by combining

device movements with peripheral touch input. While manipulation is in progress (i.e.,

at least left-thumb-touch is active), ray shooting pauses and continues when no touch

is registered. Depending on the active manipulation mode, the selected object is then

manipulated as described in the following.

In translation mode, we update the selected object’s position as long as left-thumb-touch

is active through direct mapping. In each frame, the vector vmove describing the HHD’s

translation between the previous and the current frame is computed and added to the

object’s position vobj (Eq. 5.1). To this end, the HHD’s position is registered and stored

in each frame.

When touch is registered on the left and right side of the display, we first compute the

vector vhold (Eq. 5.3) which describes the HHD’s translation while only left-thumb-touch

was applied (i.e., the translation from vltt when left-thumb-touch was first registered to

vrtt when right-thumb-touch was first registered). While touch is registered on both sides

of the display, the object will be translated in the direction of this vector.

To prevent very fast movements and ensure that the user remains in control of object

manipulation, we perform a linear interpolation by 0.1 as the interpolant which was

determined to provide good control in a pre-study. More specifically, we add vhold to

the object’s current position vobj and linearly interpolate with 0.1 between the object’s

current position vobj and the obtained value (Eq. 5.5). Thereafter, the object’s position is

updated to the interpolated value vlerp. This procedure is repeated in every frame as long

as right-thumb-touch remains active. In this way, the object moves automatically (i.e.,

independent of the device movement). The vector vhold is stored until touch is released

on both sides.
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(a) Object Translation using Move

(b) Object Translation using Move’n’Hold

(c) Object Rotation using Move

(d) Object Rotation using Move’n’Hold

Figure 5.4: The photoseries show how a translation (a+b) and rotation (c+d) task is
performed with Move (a+c) and Move’n’Hold (b+d). A comparison of the photoseries
shows that Move’n’Hold requires less user movement than Move.

95



Chapter 5

vobjNewDM = vmove + vobj (5.1)

qobjNewDM = qmove ∗ qobj (5.2)

vhold = vrtt − vltt (5.3)

qhold = qrtt ∗ qltt-1 (5.4)

vobjNewCM = vlerp = V ector3.Lerp(vobj, vhold + vobj, 0.1) (5.5)

qobjNewCM = qlerp = Quaternion.Lerp(qobj, qhold ∗ qobj, 0.1) (5.6)

Object rotation is realized with the same interaction paradigm. Instead of the HHD’s

position, the rotation of the HHD is used to rotate objects.

If an object is selected and touch is registered on the left display side, the object’s current

orientation in space qltt is stored. As long as left-thumb-touch remains active, the object’s

orientation is then updated according to the device’s rotation. To this end, the quaternion

qmove which describes the device’s rotation in the last frame is multiplied by the object’s

current orientation qobj in every frame (Eq. 5.2). Analogously to object translation, the

HHD’s orientation is therefore saved in every frame.

Upon the registration of right-thumb-touch, we compute and store the quaternion qhold

(Eq. 5.4) which describes the HHD’s rotation from qltt to the device’s current orientation

qrtt for the continuous rotation. As long as touch is registered on both display sides,

the object is then rotated automatically. Therefore, we multiply qhold by the object’s

current orientation qobj and perform a linear interpolation with 0.1. In every frame, the

object’s orientation is then updated to the interpolated value qlerp (Eq. 5.6) as long as

right-thumb-touch remains active. Again qhold is stored until touch is released on both

sides.

When the user limits rotation to a specific axis (see Fig. 5.5), rotations around the other

axes are removed before mapping the device’s rotation to the object and the visibility of

the auxiliary arrows is adapted accordingly.
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Figure 5.5: During rotation tasks, specific axes can be locked such that only the HHD’s
rotation around the selected axis is mapped to the object being rotated. Device rotations
around other axes are ignored. By pressing the peripheral button on the left display side,
the user can toggle between four options: no axis locking (white), only x-axis rotations
(red), only y-axis rotations (yellow), only z-axis rotations (blue). The button’s color and
the auxiliary arrows are adapted depending on the user’s choice.

5.3.3 Evaluation

The design of Move’n’Hold separates translation and rotation (Objective 4), allows

always holding the device with two hands (Objective 5), supports spatial input

(Objective 6), and is applicable to both object translation and rotation (Objective 7).

To investigate how easy and intuitive it is for novel users to learn and apply Move’n’Hold

and to evaluate its scalability (Objective 8) and controllability (Objective 9), we con-

ducted two experiments; a main study in which the participants learned the translation

prior to the rotation technique and a follow-up study in which the participants learned

the rotation prior to the translation technique.
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5.3.3.1 Experimental Design

In total, 31 participants (16 male / 15 female, 21-36 years old) were recruited for the

evaluation of Move’n’Hold for MR-HHDs. All participants had previous experience with

HHDs like smartphones or tablets, but only 7 participants had experience with MR and

only 6 had experience with MR-HHDs. The experiments involved different task config-

urations to evaluate Move’n’Hold ’s effectiveness and flexibility for different complexity

levels, directions, and distances. In total, each participant completed 50 translation tasks

and 50 rotation tasks.

The participants answered the QUESI (Questionnaire for the subjective consequences

of intuitive use) [126] and NASA TLX (NASA task load index) [125] for translation

and rotation tasks performed in the experiment. Learnability was assessed based on

task completion times (TCTs). In addition, the participants rated their agreement with

statements regarding the translation/rotation technique’s learnability, suitability for the

tasks, conformity with their expectations, satisfaction, and future use. Eventually, the

participants provided feedback on the usefulness of manipulation with Hold, as well as on

their walking and axis locking preferences.

In a pre-study it turned out that most participants preferred learning translation prior

to rotation. Therefore, we let the 20 participants in the main study perform the tasks in

this order. To investigate the effects of this order, we conducted a follow-up study with

11 new participants who performed rotation tasks prior to translation tasks.

5.3.3.2 Tasks

The MR scene for translation tasks included a blue and an orange pair of boxes: An opaque

manipulable box (15cm × 15cm × 15cm) and the corresponding transparent target box

(25cm × 25cm × 25cm). In the experiment, the manipulable boxes had to be moved

into the corresponding target boxes. As soon as this was the case, the next task block

was started and two new manipulable boxes appeared at new positions. The scene for

rotation tasks was set up similarly with two pairs of manipulable boxes (10cm × 15cm ×
10cm) and target boxes (20cm × 30cm × 20cm). The manipulable boxes with differently

colored sides were placed inside their transparent target boxes and had a different starting

orientation. During the experiment, the participants had to rotate the manipulable boxes

such that their orientation and the colored sides aligned with the corresponding target
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box. After both pairs of boxes were solved, two new manipulable boxes with different

orientations appeared automatically.

Both studies were based on four task configuration parts (A, B, C, D) which differed in

terms of distance, direction, and complexity as described in Table 5.1. Each part consisted

of a number of task blocks. In each task block, the starting position/orientation of the

manipulable boxes was computed relative to the target boxes’ position and orientation

by subtracting (left box) or adding (right box) 30cm (short), 50cm (medium), or 70cm

(long) for translation or 20 degree (short), 40 degree (medium), 60 degree (long) for

rotation according to the specified complexities and directions. For example, in part A

and D, the position/orientation of the manipulable box was only adapted in one dimension.

This means that solving a task required manipulations along/around the x-, y-, or z-axis.

Respectively, part B and C required manipulations in two and three dimensions. Examples

for 1D, 2D, and 3D translation and rotation tasks are given in Fig. 5.6.

Table 5.1: Task configurations.

part #task blocks complexity direction distance

A 6 1D x-, y-, or z-axis short (task blocks 1-3),
long (task blocks 4-6)

B 3 2D xy-, xz-, or yz-plane medium
C 1 3D x-, y-, and z-axis medium
D 3 1D x-, y-, or z-axis short

5.3.3.3 Procedure

At the beginning of an experiment, the participants were introduced to Move (i.e., ob-

ject manipulation through direct mapping using only left-thumb-touch) and performed a

short training session. Afterwards, Part A was completed with Move. Next, Move’n’Hold

was introduced and practiced in another training session. Then, Part A, B, and C were

completed with Move’n’Hold. To explore how the learnability of device-based object ma-

nipulation is affected by the order in which translation and rotation techniques are taught,

the participants repeated Part A again with Move in the end. While completing Parts

A, B, and C the participants were allowed to walk around during one task block but

were required to come back to the starting position when a new set of tasks appeared.

To investigate the effect of different directions of device movement, the participants were

asked to stay in the starting position while completing Part D with Move in the end.

Participants were allowed to skip tasks if they found them too difficult. The procedure
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(a) (b) (c)

(d) (e) (f)

Figure 5.6: Examples for 1D, 2D, and 3D translation (a – c) and rotation (d – f) tasks.

described was followed for both translation and rotation tasks. Throughout the exper-

iments we measured TCTs. After task completion, the participants provided feedback

through several questionnaires as described in Chapter 5.3.3.1.

5.3.4 Results

The following sections summarize the findings from the main study and follow-up study.

5.3.4.1 Main Study

All tasks were completed successfully and no participant took up the offer to skip a task

because it was perceived too difficult. Therefore, we rate Move’n’Hold to be effective

for performing object translations and rotations of different complexities, directions, and

distances. When comparing the completion times for each task block in Part D, we found

that basic manipulations (Move) can be performed equally fast in all directions, as a

repeated measures anova showed no significant differences between the TCTs for transla-

tions (p > 0.3) along or rotations (p > 0.1) around the x-, y-, and z-axis. Moreover, the

mean completion time from the first to the last repetition of Part A decreased significantly

by 42% for translation (p ≤ 0.0001) and 43% for rotation (0.001 < p ≤ 0.01) in paired
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samples t-tests with Bonferroni correction. The standard deviation among the partici-

pants’ TCTs decreased by 25% for translation and by 64% for rotation tasks, showing

that performance discrepancies between users are reduced quickly.

The computed scores for QUESI [126] and NASA TLX [125] reveal high intuitiveness and

low workload for translation and rotation. The obtained NASA TLX scores for translation

and rotation in the main study (i.e., 31.6 for translation and 32.2 for rotation, Fig. 5.7a)

are lower than in at least 80% of the studies reviewed by Grier [70]. The obtained QUESI

scores (see Fig. 5.8a) indicate that the participants in the main study perceived both

translation (score: 4.3) and rotation (score: 4.5) highly intuitive.
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(a) main-study

translation rotation0
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(b) follow-up study

Figure 5.7: Mean weighted NASA TLX scores ([0 , 100] with 0 = best, 100 = worst)
obtained for the performed object translation and rotation tasks.
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(b) follow-up study

Figure 5.8: QUESI scores ([1, 5] with 1 = worst, 5 = best) obtained for the performed
object translation and rotation tasks.
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Figure 5.9: Participants’ agreement with statements S1 – S7 from 1 (fully disagree)
to 5 (fully agree) regarding the performed object manipulation tasks: S1 The transla-
tion/rotation technique is well suited to the requirements of the task; S2 The number
of steps to translate/rotate objects is adequate; S3 When translating/rotating objects, I
have the feeling that their behavior is predictable; S4 Learning the translation/rotation
technique was very easy; S5 Relearning the translation/rotation technique after a lengthy
interruption will be easy; S6 Overall, I am satisfied with this translation/rotation tech-
nique; S7 If I had to translate/rotate virtual objects in the future, I would like to use this
technique.

The participants provided further feedback by rating their agreement with S1-S7 (see

caption of Fig. 5.9a). The results show that the participants perceived the interaction

technique to be easy to learn (S4) and thought it will be easy to relearn after a lengthy

interruption (S5). While using the interaction technique to manipulate objects, they had

the feeling that their behavior is predictable (S3). The interaction techniques were rated

suitable for the tasks (S1) and the number of steps to complete a task was rated adequate

(S2). Overall, the participants were satisfied with the interaction techniques (S6) and

would like to use them for translating or rotating objects in the future (S7).

The participants of our main study found automated continuous manipulation such as

available in Move’n’Hold most useful for long-distance translations and rotations. Fur-

thermore, Fig. 5.10a shows that manipulation with Hold was rated slightly more useful

for 1D tasks compared to 2D and 3D tasks. It was rated most useful for translations

along the x-axis and rotations around the x-axis and y-axis.

During the experiments, we observed that the participants approached the tasks in dif-

ferent manners. While some walked around a lot, others mostly stayed at the starting
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Figure 5.10: Perceived usefulness of manipulation with Hold rated from 1 (not useful at
all) to 5 (very useful) for performing translations/rotations around the x-, y-, and z-axis
as well as for performing 1D, 2D, and 3D translations/rotations.

position. This observation is also reflected in the answers regarding the walking prefer-

ences. While translating objects, 60% of the participants preferred to walk around, 30%

preferred to not walk around, and 10% did not have a preference. During rotation, 50%

preferred walking, 45% preferred to not walk around, and 5% did not have a preference.

Regarding axis locking during rotation, the majority of the participants (85%) preferred to

not lock axes and rotate objects around multiple axes at once. Regarding axis locking for

translation, the majority of participants stated that if such a feature would be available,

they would not use it (50%) or use it less often (20%) than for rotation.

Another difference in the interaction style that we observed concerns the device move-

ments performed to manipulate the objects. Some participants translated or rotated the

objects along or around single axes one after the other. On the contrary, other partici-

pants performed diagonal translations and rotated objects around multiple axes at once.

For object rotation, a particularly smart approach was used by some participants who

aligned the HHD with the manipulable object’s front side and then rotated the HHD such

that it aligns with the target object’s front side. In this way, the manipulable box can

be intuitively rotated towards the correct target orientation without having to think a lot

about the axes around which the objects need to be rotated. Furthermore, we observed

that during rotations around the y-axis, some participants actually walked around the ob-
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ject to perform the rotation. Regarding the option for automated continuous movements,

we observed that Hold was often used to move distant objects closer to the HHD and to

correct unintended actions during task completion.

5.3.4.2 Follow-up Study

To investigate whether learning device-based translation before rotation is indeed easier,

we conducted a follow-up study in which a new set of participants learned rotation first.

Fig. 5.7 shows that the NASA TLX for translation was slightly lower in the follow-up

study (29.1) compared to the main study (31.6). However, for rotation the NASA TLX

was clearly higher when performed prior to translation (41.3) than if the translation tech-

nique had been learned before (32.2). The obtained QUESI scores show that the second

manipulation mode was rated more intuitive in both studies. However, the discrepancies

between the scores for translation and rotation were higher when rotation was performed

first (see Fig. 5.8).

This tendency is also reflected in the agreement with (S4) and (S5) (see Fig. 5.9). While

in the follow-up study learning translation (S4) was perceived only slightly easier than

in the main study, learning rotation (S4) was perceived much easier if translation had

been learned before than if rotation had to be learned before having used the translation

technique. In the main study, both translation and rotation were perceived to be much

easier to relearn (S5) than in the follow-up study. As shown in Fig. 5.9 the discrepancies

between the agreement with S1-S7 for translation and rotation were in general higher in

the follow-up than in the main study.

Similar to the main study (see Fig. 5.10a) the participants of the follow-up study (see

Fig. 5.10b) perceived manipulation with Hold most useful for 1D tasks, translations along

the x-axis, and rotations around the x- and y-axis.

Furthermore, we found decreasing learning effects in the second condition for both groups

(i.e., learning effects for translation were less strong in the follow-up (24%, 0.0001 < p ≤
0.001) than in the main study (42%, p ≤ 0.0001), and learning effects for rotation were

less strong in the main (43%, 0.001 < p ≤ 0.01) than in the follow-up study (53%, 0.001

< p ≤ 0.01)).

Based on these findings, we conclude that Move’n’Hold provides learnability across dif-

ferent manipulation techniques and recommend teaching translation prior to rotation.
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5.4 Extending Move’n’Hold for Head-mounted Displays

Addressing Research Question 2, the design of Move’n’Hold is refined and extended for

MR-HMDs and VR-HMDs. Thereby, two adjustments were made to the original design

of Move’n’Hold for MR-HHDs: A red selection point was added to the center of the MR-

HHD to support object selection (see Fig. 5.11) and axis locking was omitted as it turned

out to be less helpful than expected. Then, interaction with Move’n’Hold for MR-HHDs,

MR-HMDs, and VR-HMDs is compared against a set of state-of-the-art methods.

1 2 3

Figure 5.11: The original selection paradigm presented in Fig. 5.2 was extended with a
red selection point which serves as a crosshair when selecting objects.

5.4.1 Design

Move’n’Hold involves vision (i.e., centering the desired object on the device’s screen) and

touch (i.e., moving the tablet while applying peripheral touch). To transfer Move’n’Hold

as seamlessly as possible to HMDs, we add the same red selection point to the center

of the user’s view in the HMD and combine the HMD with a tablet controller which

implements the same interaction paradigm as described in Chapter 5.3.1.

31 2

Figure 5.12: To select an object while using Move’n’Hold with an HMD, the user has to
adapt the HMD’s position or orientation such that the object appears at the center of the
display and is hit by the red selection point.
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3

(b) Object Rotation

Figure 5.13: To (a) translate or (b) rotate an object seen through the HMD the user
has to apply touch on the tablet controller while moving the device. As long as only
left-thumb-touch is active the tablet’s movement in space is directly mapped to the

object. By adding right thumb touch , automated object movment is started.

As such, an object can be specified through vision (i.e., moving the red selection point by

adjusting the HMD’s field of view, see Fig. 5.12) and manipulated through the combination

of touch input and tablet movement as illustrated in Fig. 5.13. When using Move’n’Hold

for MR-HHDs, the tablet handles both input and output and thus has to be held up high.

On the contrary, in Move’n’Hold for HMDs, the tablet only handles input and therefore

can be held in any position and orientation.

5.4.2 Implementation

To evaluate the set of consistent object manipulation techniques offered by Move’n’Hold

we compared it to a set of state-of-the-art (SotA) interaction methods. To this end, we

implemented a total of 12 interaction techniques (i.e., system {Move’n’Hold, SotA} ×
manipulation mode {translation, rotation} × device {MR-HHD, MR-HMD, VR-HMD}).
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The applications were developed in Unity using ARKit, Mixed Reality Toolkit, and XR

Interaction Toolkit. The MR-HHD apps were deployed to an 11-inch Apple iPad Pro

Gen. 3, the MR-HMD apps were deployed to Microsoft HoloLens 2, and the VR-HMD

apps were displayed on an HTC VIVE Pro. The tablet controller for using Move’n’Hold

on the MR-HMD and VR-HMD was an 11-inch Apple iPad Pro Gen. 4. An overview of

the interaction techniques and settings offered by both systems is given in Table 5.2 and

Fig. 5.14.

Table 5.2: Methods for object selection, translation, and rotation as provided by
Move’n’Hold and SotA.

Move’n’Hold SotA
MR-HHD, MR-HMD, VR-HMD MR-HHD MR-HMD VR-HMD

Selection

adjust the position or
orientation of the HHD / HMD
such that the object is hit by
the red selection point at center
of the display

touch the
object on the
HHD’s screen

point at the
object with
the finger
(hand gesture)

point at the
object with
the controller

Translation / Rotation

while left-thumb-touch is
applied, the tablet’s translation
/ rotation is mapped to the
object; by adding
right-thumb-touch, continuous
translation / rotation can be
started

the object is
translated /
rotated by
dragging the
finger on the
HHD’s screen

the object is
translated /
rotated based
on hand
movements
while a pinch
gesture is
performed

the object is
translated /
rotated based
on controller
movements
while the
trigger button
is pressed

5.4.2.1 Move’n’Hold Interaction Methods

Move’n’Hold for the MR-HHD was implemented as described in Chapter 5.3.2 with two

exceptions: A red selection point was added as a crosshair to aid object selection and axis

locking was not implemented as it turned out to be less helpful than expected.

The apps for Move’n’Hold with the MR-HMD and the VR-HMD consist of two sub-

applications each which communicate through UnityWebRequests: the tablet application

which handles user input and the HMD application which handles the output. To align

the tablet’s and the HMD’s coordinate systems, both devices are started in a fixed position
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(a) Move’n’Hold : MR-HHD (b) Move’n’Hold : MR-HMD (c) Move’n’Hold : VR-HMD

(d) SotA: MR-HHD (e) SotA: MR-HMD (f) SotA: VR-HMD

Figure 5.14: Overview of the interaction settings for object manipulation using
Move’n’Hold and SotA.

and orientation. Upon launch the tablet application asks the HMD application to share

the active manipulation mode which is either translation or rotation.

While the tablet registers no touch, the HMD application checks for collisions between a

ray originating from the HMD and manipulable objects. The red selection point which is

always located at the display’s center thereby serves as a crosshair. Upon the detection

of a collision, the selection point disappears and the object turns green. When touch is

detected on the tablet, the tablet application asks the HMD for currently selected objects.

If an object was hit by the ray originating from the HMD when left-thumb-touch was

registered, the tablet starts to cache its movement: vmove, qmove, and hold (a boolean

which stores if right-thumb-touch is registered). If hold is true, vhold / qhold are calculated

and cached as well (Eq. 5.3 / Eq. 5.4). The data collected on the tablet is sent to the

HMD in every frame. The HMD then constantly updates internal variables storing hold,

vhold / qhold, and adds vmove / qmove to two lists. While only left-thumb-touch is active, the

objects are manipulated by directly mapping the tablet’s movements to the objects. In

translation mode, the HMD application therefore processes the list of vectors vmove and

adds them to the current object position vobj (Eq. 5.1). Analogously in rotation mode,

the HMD application processes the list of quaternions qmove and multiplies them by the

current object orientation qobj (Eq. 5.2). When touch is registered on both display sides,
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the object’s new position vlerp / orientation qlerp is computed based on vhold / qhold and

linear interpolations (Eq. 5.5 / Eq. 5.6). As soon as touch is released on both sides, the

tablet informs the HMD accordingly, selection with the ray originating from the HMD is

activated again, object manipulation stops, and the lists of vectors / quaternions storing

the tablet’s movements in the HMD are cleared.

As such, the same interaction paradigm is provided for MR-HHDs, MR-HMDs, and VR-

HMDs (see Fig. 5.15).

5.4.2.2 State-of-the-Art Interaction Methods

For the SotA methods we chose to implement out-of-the-box techniques based on touch,

mid-air gestures, and controllers which are most common in practical use. Similar to the

Move’n’Hold methods, we separate translation and rotation.

Using the MR-HHD application, objects can be selected via touch. Upon selection, they

turn green and can be manipulated by dragging the finger on the screen. For translation

tasks, we track the movement of the finger touching the screen. To this end, we use

an invisible plane which is parallel to the tablet’s orientation. The selected object is

translated according to the detected movements of the finger on the invisible plane. For

touch-based rotation, we use an invisible sphere which surrounds the selected object. The

user can move the finger on the touchscreen to rotate the invisible sphere around its

center. The sphere’s rotation is then applied to the object.

For the MR-HMD we enable object manipulation with the standard mid-air gestures for

Microsoft HoloLens 2 from the Mixed Reality Toolkit. To manipulate an object, users

can point at objects with the hand. As soon as the ray originating from the hand collides

with the object, the user has to perform a pinch gesture and then move the hand. While

the pinch is performed, the object will follow the hand’s translation or rotation in space

depending on the active manipulation mode.

For the VR-HMD we provide object manipulation with the standard HTC VIVE Pro

controller. To this end, we extract controller input, i.e., a user pressing the trigger but-

ton, the controller’s position and orientation. The user can select an object by pressing

the controller’s trigger button when a ray originating from the controller collides with

the object. Depending on the active manipulation mode, the controller’s translation or

rotation is then mapped to the object as long as the trigger button is pressed.
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(a) Example MR-HHD: Continuous object
translation using left-thumb-touch and

right-thumb-touch .

(b) Example MR-HMD: Selecting an object
by hovering it with the red point while no
touch is applied on the tablet controller.

(c) Example VR-HMD: Object rotation
though direct mapping using left-thumb-touch

on the tablet controller.

Figure 5.15: Move’n’Hold provides the same object manipulation paradigm for MR-
HHDs, MR-HMDs, and VR-HMDs. Each example action shown in (a), (b), and (c) for
one technology is likewise available for the other two.

5.4.3 Evaluation

The extended version of Move’n’Hold provides the same set of operations for all access

points of XRS (Objective 1) and allows performing the same operation (i.e., object

translation or rotation) with the same interaction paradigm on all devices (Objective

2). To investigate the existence of cross-device benefits (Objective 3) and compare

Move’n’Hold to the set of state-of-the-art interaction techniques a detailed user study

was conducted.
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5.4.3.1 Experimental Design and Procedure

For the comparative study, 20 participants (10 male / 10 female, 20-37 years old) were

recruited. Some of the participants had used MR-HHDs (70%), MR-HMDs (40%), and

VR-HMDs (60%) prior to our study. Three independent variables were considered in the

experiment: system {Move’n’Hold, SotA}, device {MR-HHD, MR-HMD, VR-HMD}, and
task {translation, rotation}. In total, the experiment therefore consisted of 12 sessions

(system × device × task); one session for each of the developed interaction techniques.

At the beginning of each session, the participants watched an explanatory video of the

respective interaction technique and performed a short training session. The order in

which the sessions were conducted was as follows. Half of the participants performed

all tasks with Move’n’Hold prior to SotA and vice versa. For both systems, translation

and rotation tasks were first completed with the MR-HHD. In order to investigate cross-

device learnability (i.e., how the usage of one device benefits the use of another device),

half of the participants continued with the VR-HMD and completed the tasks with the

MR-HMD last while the other half used the HMDs in reverse order. Taking into account

the results from the previous study, translation was always performed prior to rotation.

Several dependent variables were considered to compare SotA and Move’n’Hold. After

each session, the participants provided two difficulty ratings for the respective inter-

action technique. The first difficulty rating (DIFF exp) refers to the perceived diffi-

culty while performing the tasks in our experiments and the second rating (DIFF large)

refers to the expected difficulty while performing larger manipulations (i.e., longer trans-

lations/rotations). After all interaction techniques for the first system had been used

(i.e., six sessions), the participants answered questionnaires to assess the system with the

System Usability Scale (SUS) [21] and the NASA TLX [125]. The same procedure was

followed for the second system. After task completion with both systems, we asked the

participants about the system which they (Q1) prefer, (Q2) think provides higher accu-

racy, (Q3) more cross-device benefits, and (Q4) expect to be easier to relearn. Throughout

the experiment, we measured task completion times (TCTs).

5.4.3.2 Tasks

In each of the 12 sessions, 8 translation or rotation tasks were performed with one of the

three devices using one system. Thus, every participant completed 96 manipulation tasks.
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Translation tasks required the participant to move an opaque manipulable cube (0.2m

× 0.2m × 0.2m) into a semi-transparent target cube (0.25m × 0.25m × 0.25m) which

was placed in the center of the scene. As soon as the manipulable cube was inside the

target cube, the manipulable cube disappeared and the next manipulable cube appeared

at a new position. The initial positions of the manipulable cubes were computed based

on the target cube’s position, which was always the same. Starting from the position of

the target cube, the manipulable cube was translated 0.75m along all axes (x, y, and z)

either in the positive or negative direction, yielding 8 different positions.

The rotation tasks were designed similarly. An opaque box (0.1m × 0.15m × 0.1m) was

placed inside a semi-transparent target box (0.2m × 0.3m × 0.2m) in the scene’s center.

Both boxes had differently colored sides. To complete a task, the inner box had to be

rotated such that its orientation (and the colored sides) aligned with the one of the target

box. As soon as the inner box’s orientation differed less than 4 degrees on each axis

from the orientation of the target box, the task was solved and the next box appeared.

Analogously to the translation tasks, the initial orientations of the manipulable boxes

were computed based on the target box’s orientation. The orientation of the manipulable

boxes were set by 40 degree rotations around all axes either in the positive or in the

negative direction, yielding again 8 different orientations.

Before the first task started, a simple task (i.e., either a 0.75m translation along or a 40

degree rotation around the x-axis) had to be completed to ensure the comparability of

task completion times (TCTs). During the experiment, the participant was allowed to

move around in a limited area (3m × 3m).

5.4.3.3 Hypotheses

The following hypotheses were formulated to compare Move’n’Hold to SotA.

• H1Overall, translation and rotation tasks can be completed faster withMove’n’Hold

than with SotA.

• H2 Participants who use the MR-HMD after the VR-HMD, complete (a) translation

and (b) rotation tasks with the MR-HMD faster than participants who use the MR-

HMD first. Participants who use the VR-HMD after the MR-HMD, complete (c)

translation and (d) rotation tasks with the VR-HMD faster than participants who
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use the VR-HMD first. These improvements are higher for Move’n’Hold compared

to SotA.

• H3 The perceived difficulty of performing object (a) translations and (b) rotations

in our study is lower with Move’n’Hold than with SotA. The expected difficulty of

performing longer (c) translations and (d) rotations with Move’n’Hold is lower than

with SotA.

• H4 The NASA TLX scores for (a) translation and (b) rotation tasks are lower for

Move’n’Hold than for SotA.

• H5 The SUS scores for Move’n’Hold are higher than for SotA.

• H6 If their job would require them to use and switch between MR-HHDs, MR-

HMDs, and VR-HMDs, the participants will prefer to use Move’n’Hold instead of

SotA.

• H7 The participants think relearning Move’n’Hold will be easier than relearning

SotA.

• H8 If they had to complete similar tasks as accurately as possible, the participants

think they could achieve the best results using Move’n’Hold instead of SotA.

• H9 The participants think that Move’n’Hold provides more cross-device benefits

than SotA.

In the following, we refer to the numbering of these hypotheses and highlight them ac-

cording to the level of support they received in green (high support), orange (medium

support), and red (no support).

5.4.4 Results

To compare the temporal effort when using Move’n’Hold and SotA, we measured the time

between the appearance and the disappearance of each virtual box as TCT. However, the

mean sum of TCTs for completing all (i.e., translation and rotation tasks) with all devices

was only slightly lowever with Move’n’Hold than with SotA (see Fig. 5.16, H1).
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Figure 5.16: Mean total TCTs [s] of all translation + rotation tasks and 95% confidence
intervals for task completion with Move’n’Hold and SotA.

To examine cross-device learnability (i.e., the extent to which users benefit from prior

use of one device when completing tasks with another) half of the participants (GroupA)

used the MR-HMD after the VR-HMD and the other half (GroupB) used the VR-HMD

after the MR-HMD (see Fig. 5.17).

Figure 5.17: Cross-Device Learnability Results: The first row shows mean TCTs and
95% confidence intervals for single translation / rotation tasks completed with the MR-
HMD / VR-HMD by GroupA (VR-HMD before MR-HMD) / GroupB (MR-HMD before
VR-HMD); the second row shows the improvement of the mean TCTs from (MR-HMD)
GroupB to GroupA and (VR-HMD) GroupA to GroupB.
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When comparing the mean TCTs of these groups for single translation and rotation tasks

(see Fig. 5.17), we found that Move’n’Hold provided higher overall improvements than

SotA when moving from one HMD to the other.

Fig. 5.17 further shows that GroupA was slower than GroupB when using the MR-HMD

with SotA, which results in a negative value in the chart showing the cross-device improve-

ment. When usingMove’n’Hold with the MR-HMD, GroupA had lower TCTs when trans-

lating (first column in Fig. 5.17, H2a) and rotating (second column in Fig. 5.17, H2b)

objects than GroupB. When using the VR-HMD, GroupB was faster than GroupA using

SotA and Move’n’Hold. Thereby, higher improvements were observed for Move’n’Hold

during translation (third column in Fig. 5.17, H2c) and for SotA during rotation (fourth

column in Fig. 5.17, H2d).

Regarding the difficulty ratings for the tasks completed in the experiments, Fig. 5.18a

shows that Move’n’Hold was perceived slightly more difficult than SotA for translation

(H3a). However, SotA was rated substantially more difficult than Move’n’Hold for rota-

tion (H3b).

Moreover, our participants expected Move’n’Hold to be less difficult than SotA during

large translations and rotations (see Fig. 5.18b, H3c+d).

translation rotation
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Move'n'Hold
State of the Art

(a) Object translations and rotations per-
formed in the experiment.

translation rotation
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4

5

DIFF_large

Move'n'Hold
State of the Art

(b) Larger object translations and rotations
than in the experiment.

Figure 5.18: Rated difficulty ([1, 5] with 1 = very easy, 5 = very difficult) for using
Move’n’Hold and SotA.

The NASA TLX scores for both systems show thatMove’n’Hold outperformed SotA in the

translation and rotation tasks (see Fig. 5.19, H4a+b). Similar to the difficulty ratings,

Move’n’Hold substantially decreased the workload experienced during rotation compared

to SotA.
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Considering Grier’s [70] meta-analysis, the total weighted NASA TLX score obtained for

Move’n’Hold (20.88) is lower than 90% of the UIs reviewed while for SotA (33.73) it is

only lower than 75% of the UIs reviewed.
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NASA TLX

Move'n'Hold
State of the Art

Figure 5.19: Mean weighted NASA TLX scores ([0, 100] with 0 = best, 100 = worst)
obtained for object manipulation using Move’n’Hold and SotA.

On top of that, the computed SUS scores for Move’n’Hold (80.88) and SotA (66.13)

indicate that Move’n’Hold provides higher usability (see Fig. 5.20, H5). Considering the

adjective ratings for SUS in [6], Move’n’Hold ’s SUS score indicates Good to Excellent

user-friendliness while SotA’s SUS score only indicates OK to Good user-friendliness.
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Figure 5.20: Mean SUS scores ([0, 100] with 0 = worst, 100 = best) obtained for object
manipulation with Move’n’Hold and SotA.

As shown in Fig. 5.21, the majority chose Move’n’Hold as their preferred system (H6),

thinks that it will be easier to relearn (H7), provides more accuracy (H8) and cross-device

benefits (i.e., benefits gained from using one device when switching to another) (H9).
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Figure 5.21: Participants’ responses [%] to the final comparison ofMove’n’Hold and SotA.

5.5 Discussion

To make it easier for users of XRS spaces to interact with virtual objects through all of

its access points (i.e., MR-HHDs, MR-HMDs, and VR-HMDs) and to reduce overheads

when switching between technologies, this chapter introduces the design of a novel object

manipulation paradigm which allows performing object translations and rotations with

the same interaction paradigm for all access points of XRS (Objective 1+2).

Starting with MR-HHDs, Chapter 5.3 presents the highly scalable novel object manip-

ulation technique Move’n’Hold which allows translating and rotating objects through

seamless combinations of natural manipulation through direct mapping of device move-

ments when only left-thumb-touch is applied with automated continuous manipulations

which are started or stopped when right-thumb-touch is added or released. As such,

Move’n’Hold supports small and large, fine and coarse, slow and fast manipulations. At

the same time, the user retains full control over the activation and speed of continu-

ous movement. In Chapter 5.4, the design of Move’n’Hold for MR-HHDs was refined and

transferred to MR-HMDs and VR-HMDs which implement the same interaction paradigm

using a tablet controller.

With Move’n’Hold an object can be translated and rotated separately (Objective 4)

with the same interaction paradigm (Objective 7). The combination of peripheral touch

input and device movements allows spatial input (Objective 6) while holding the MR-

HHD or the tablet controller (when using MR-HMDs or VR-HMDs) with both hands at

all times (Objective 5).
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The results of the first evaluation in Chapter 5.3, did not only reveal Move’n’Hold to

be easy and intuitive to learn but also demonstrated that the knowledge gained while

translating objects helps users to learn and apply the rotation method and vice versa.

Thereby, the overall experience was better when the translation technique was learned

prior to rotation. Hence, we recommend teaching the manipulation modes in this order

and followed this strategy when evaluating the extended version of Move’n’Hold against

SotA in Chapter 5.4. The effective completion of all tasks varying with respect to distance,

direction, and complexity further demonstrate Move’n’Hold ’s scalability (Objective 8).

On top of that, we observed that Move’n’Hold provided high controllability (Objective

9) as the participants activated continuous manipulation, adjusted its speed and com-

bined it with natural manipulation through direct mapping according to their individual

preferences and interaction styles. These insights were also confirmed by the observations

made when evaluating Move’n’Hold for HMDs in Chapter 5.4.

Participants of the study in Chapter 5.3 rated manipulation with Hold most useful for

1D tasks. This could indicate that it is easier for a user to predict the position and

orientation of an object during continuous manipulation along or around one axis. The

perceived usefulness was particularly high for x- and y-axis rotations. In contrast to z-

axis rotations, the HHD’s display becomes invisible to the user when it is rotated too

far around the x- or y-axis. The option for automated continuous manipulation offered

by Move’n’Hold allows the user to only perform a small rotation around the x- or y-axis

and then continue with automated rotations without having to move the device further.

In this way, the object remains visible to the user. As such, Move’n’Hold solves a major

usability issue of existing object manipulation methods and enhances scalability regarding

object rotations in different directions.

The comparison of Move’n’Hold and SotA in Chapter 5.4 showed that the temporal efforts

to complete the tasks were only slightly reduced in Move’n’Hold. However, based on the

cross-device benefits reported by the participants and reflected in the learnability results

we expect these temporal efforts for Move’n’Hold to decrease further when Move’n’Hold

is used more extensively and users switch between technologies more often. Furthermore,

Move’n’Hold substantially reduced the workload, especially while rotating objects.

The comparative study involved the iterative learning of Move’n’Hold on three devices.

In total, 6 video tutorials for Move’n’Hold were provided for each device {MR-HHD, MR-

HMD, VR-HMD} × task {translation, rotation} combination. In the last sessions of task

completion with Move’n’Hold, many participants reported that they already know how
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to use Move’n’Hold and do not need the explanatory video. To maintain comparability

of the results, the videos still had to be watched by all participants. Nevertheless, these

comments confirm that users are able to seamlessly transfer the interaction paradigm pro-

vided by Move’n’Hold to other devices and it indeed enables seamless switching between

the main access points of XRS. Together with the subjective feedback, stating that users

perceived more cross-device benefits using Move’n’Hold, we therefore conclude that using

Move’n’Hold with one device indeed serves as a training phase when switching to another

device (Objective 3).

In both studies participants independently discovered and pursued two interesting ap-

proaches to solve the task. The first one concerns right-thumb-touch which was not

only applied to perform long and continuous manipulations. Instead, the participants

also repeatedly applied and released touch on the right side to perform short automated

movements. The second approach observed in both studies concerns rotation tasks during

which participants aligned the tablet’s front side with the manipulable box’s front side

and then moved the tablet towards the target box’s front side while applying touch to

perform complex rotations even without looking at the tablet such as for example when

using the VR-HMD.

While Move’n’Hold does not provide hands-free interaction with HMDs, we do not con-

sider this disadvantageous. Other researchers pointed out opportunities which are pro-

vided by the integration of mobile devices and HMDs. For example, they can offer sec-

ondary output modalities or input through non-spatial UIs [77, 94, 104, 143, 153, 174,

196, 110] as well as a window towards reality when immersed in VR [61]. The comparative

study revealed the limitations of hands-free input modalities provided by state-of-the-art

methods. Especially while performing object rotations with mid-air gestures the partic-

ipants experienced difficulties due to movement restrictions in the wrist. We observed

similar issues with the controller, however they were not as severe as with the gestures.

Move’n’Hold addresses this issue through the integration of automated continuous move-

ments. Using other hands-free input modalities such as gaze or speech for 3D manipulation

is even more complex. Thus, for 3D object manipulation, the integration of a tablet con-

troller seems more suitable than the state-of-the-art hands-free input modalities. If perfect

hand tracking becomes available in the future, it could also be investigated whether the

physical tablet can be replaced by an imaginary tablet. For example, the user could then

perform tap gestures instead of left- and right-thumb touch while translating and rotating

an imaginary tablet.
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The virtual boxes which were manipulated in both studies can be easily replaced with

other virtual objects such as virtual furniture, machines, or components of virtual pro-

totypes in domains like the automotive or aerospace industry. An example application

in which translations and rotations are combined to manipulate factory components with

different devices using Move’n’Hold is presented in the next chapter.

Parts of this chapter have been previously published in:

V. M. Memmesheimer, K. J. Klingshirn, B. Ravani, and A. Ebert (2023): Move’n’Hold:

Scalable Device-Based Interaction for Mixed Reality Handheld Displays. In Proceedings

of the European Conference on Cognitive Ergonomics 2023 (ECCE ’23). Article 13, pp.

1-8. ACM, New York, NY, USA. doi: 10.1145/3605655.3605656.

V. M. Memmesheimer, K. J. Klingshirn, C. Herold, B. Ravani, and A. Ebert (2024):

Move’n’Hold Pro: Consistent Spatial Interaction Techniques for Object Manipulation

with Handheld and Head-mounted Displays in Extended Reality. In Proceedings of the

European Conference on Cognitive Ergonomics 2024 (ECCE ’24). Article 10, pp. 1-8.

ACM, New York, NY, USA. doi: 10.1145/3673805.3673814.
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Practical Applications

The contributions of this dissertation apply to many different domains including construc-

tion and manufacturing (e.g., in the aerospace, automotive, chemical, or food industry).

For instance, XRS can be used for facility or product design, production planning, and

training the operation or maintenance of machines. In this chapter, some of the concepts

and UIs presented in this dissertation are implemented and evaluated for robot control

and factory layout planning (FLP), showcasing their practical applicability.

Chapter 6.1 presents a summary of research and aspects which are relevant to the two

applications: robot control and FLP. Following this, Chapter 6.2 explores robot control

through a MR-HHD-UI. In the context of XRS this relates to the proposed robotic system

for manipulating distant, large, heavy, or hazardous items. By manipulating virtual

replicas of physical objects through the MR-HHD-UI a robot arm can be commanded to

perform the same operation in the real world. In a detailed study we then evaluate the

combination of human and robotic capabilities, by comparing our developed MR-HHD-UI

to a Gamepad-UI and a Desktop-UI. Chapter 6.3 continues with the second application

and presents how concepts of XRS can be adopted in different stages of FLP. To this end,

we perform a comprehensive analysis on the suitability of XR technologies for various

use cases within the FLP process. Based on the analysis, Move’n’Hold is implemented

in a multi-user MR-HHD application for conceptual FLP and a VR-HMD application for

detailed FLP. Then, both applications are evaluated in a pilot study from which we derive

design guidelines. Eventually, Chapter 6.4 provides a joint discussion of the results.
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6.1 Related Research and Aspects

Despite the potential of XR technologies which has been identified to support industrial

use cases, its application in practical settings is still limited. In this context, Emporio et

al. [46] note that the effective integration of XR in cyber-physical factories requires the

development and evaluation of advanced interaction techniques. Addressing this need,

this chapter presents interactive XR UIs for two practical examples: robot control and

factory layout planning. As a foundation, this section presents the relevant background

information.

6.1.1 XR-supported Robot Control

While robots can increase productivity and prevent errors or accidents by continuous,

reliable, and precise task completion in several domains including healthcare, homecare,

and space exploration, leveraging their full potential requires human intervention to per-

form complex task planning, supervision, and maintenance. Thus, the development of

UIs which streamline interaction with robots for non-experts and avoid unnecessary com-

plexities is vital. Existing UIs include gamepads and desktop applications. However,

these require users to decompose high-level tasks (e.g., picking and placing objects) into

detailed instructions which can be interpreted and executed by robotic systems. In this

context, the application of MR technologies is deemed promising [164]. For example,

the robot’s operating environment can be virtually augmented to provide a preview for

reviewing the effects of a command prior to its execution. The seamless integration of

virtual and physical objects thereby allows the operator to perform the review without

having to shift focus.

Previous research which considered the application of MR technologies for human robot

interaction considered both HMDs [27, 132, 147, 171] and HHDs [24, 51, 54]. The respec-

tive applications allow defining points in space for task and path planning [24, 27, 54],

controlling the robot by manipulating virtual replicas of physical objects [51, 132, 147],

or visualizing the robot’s intended movement through the integration of virtual augmen-

tations [171]. Existing MR-HHD-UIs for robot control use touch input. For example,

the MR-HHD application from Chen et al. [29] allows users to define target positions

and path trajectories using touch-sliders and drag-and-drop touch gestures. Kapinus et

al. [88] allow users to program a robot to perform complex processes by connecting virtual
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pucks on a touch-based UI. Thereby, physical objects are overlaid with invisible bounding

boxes. In this way, users can select the object by touching it on the HHD’s screen. In

the approach from Frank et al. [52] virtual replicas of physical objects can be manipu-

lated through tapping, dragging, and rotating fingers on the HHD’s screen. Furthermore,

Chacko and Kapila [25] allow users to move a smartphone to align a crosshair with pick

and place locations which are subsequently marked via button click. However, their ap-

proach lacks a comparative evaluation with non-MR-based UIs as well as virtual replicas

of physical objects which we consider one of MR’s key benefits. The integration of virtual

replicas allows detecting misplacements prior to execution and is particularly relevant

when dealing with differently sized objects.

6.1.2 XR-supported Factory Layout Planning

Factory layout planning (FLP) is a complex task dealing with the optimal arrangement

of a factory’s functional units as well as the components within these units. The following

two paragraphs provide a brief summary of the relevant background information on FLP

based on [178, 187, 22].

FLP encompasses different planning scenarios which can be divided into brownfield and

greenfield planning. While greeenfield planning involves planning a completely new fac-

tory, brownfield planning is focused on restructuring an existing factory. Thus, brownfield

planning requires planning engineers to consider the existing conditions and potential

constraints of the factory. As such, the degree of freedom is smaller than in greenfield

planning.

Both planning entirely new factories as well as restructuring existing ones usually involve

a conceptual planning phase which is followed by a detailed planning phase. In the con-

ceptual planning phase, planning engineers aim to generate different layouts without con-

sidering every detail. Thus, the main effort is generated by placing functional units (e.g.,

machines or warehouses) under consideration of specific planning objectives. Typically,

not all planning objectives can be achieved simultaneously. Hence, prioritizing different

objectives results in a set of different layouts. In this step, automated planning approaches

can support the planning engineers in generating concept layouts. Afterwards, the gen-

erated optimized concept layouts need to be reviewed and potentially adjusted through

human intervention. The best layouts are then transferred to the detailed FLP phase

where planning engineers refine the layout within each unit. This includes, for example,
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adjusting the position and orientation of single components (e.g., workstations or storage

racks) to enhance ergonomic aspects and reduce further non-value-adding activities like

walking distances or searching times.

Previous research deemed the application of XR technologies for FLP supportive [50, 28]

and explored the application of MR [146, 72, 7, 95] and VR [123, 9, 64] using both

HHDs [146, 95] as well as HMDs [146, 123, 72, 9, 7, 64].

Visualizing the planned modifications of a factory in a realistic 3D format, can support

their evaluation as well as the communication among stakeholders as presented by N̊afors

et al [123]. Consequently, issues caused by the modifications can be identified prior to

their actual installation and reduce the need for re-planning. In conventional FLP, the

incomplete digital documentation of a factory’s physical constraints can impede the eval-

uation by the stakeholders. In this context, the application of MR is promising since

it allows to seamlessly integrate virtual models of missing factory components into the

physical scene. In this way, the proposed factory design can be evaluated under consider-

ation of the exact local conditions like presented by Kokkas and Vosniakos [95]. Thereby,

simulations of the production process can be added as virtual augmentations.

Alternatively, an existing factory can be virtually replicated, for example through 3D

laser scans, and augmented with CAD models of new equipment such as presented by

Gong et al. [64]. Similarly, 3D laser scans of an existing factory were integrated with

CAD data by N̊afors et al. [123]. In this way, the created virtual environment displays

the new layout proposal along with simulations of workers and forklift traffic movements.

Similar approaches could also be used to enable remote FLP (i.e., planning engineers who

are physically distant from the real factory can review changes from a distance).

MR-HHDs and MR-HMDs were further considered for the validation of new intra-logistics

designs by Rohacz et al. [146]. Moreover, Herr et al. [72] presented a MR-HMD application

for adapting and comparing layouts with integrated production simulation. An example

for collaborative planning using MR-HMDs which integrate production simulation was

presented by Baroroh and Chu [7]. Thereby, one user can arrange the components of

the production system to construct the factory while the other user interacts with both

physical and virtual objects to perform manual tasks of the production process.
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6.2 Robot Control

Robotic systems are currently being developed for various applications ranging from

healthcare to space exploration. Thereby, different levels of autonomy are being consid-

ered – from working independently to collaborating with and being controlled by human

operators. In the context of XRS, the integration of a robotic system was proposed to

handle the manipulation of distant, large, heavy, or hazardous objects. To ensure optimal

human-robot cooperation, appropriate UIs are required.

In this context, applying ubiquitous tools like tablets as MR-HHDs seems promising. Pre-

vious research on MR-HHDs for robot control such as presented in Chapter 6.1.1, however,

mainly employs touch input which requires holding the HHD with one hand and is thus

deemed unfavorable. As explained in Chapter 5.1, the HCI community has proposed

device-based interaction methods as an alternative which maps the HHD’s movement to

the virtual objects being manipulated. Yet, such device-based interaction has not been

applied for human-robot interaction.

A very detailed survey on the integration of virtual augmentations in the context of

robotics was presented by Suzuki et al. [164]. They reviewed related research regarding

several criteria. These include (1) the approach used to augment reality in robotics

(i.e., concerning hardware and location of virtual augmentations), (2) the augmented

robot’s characteristics, (3) the virtual augmentation’s purpose and benefits, (4) the type

of information provided, (5) the way in which this information is presented (i.e., design

components), (6) the level of interactivity and interaction modalities, (7) domains for

application, and (8) evaluation strategies.

In the context of this taxonomy, our MR-HHD-UI for robot control can be described

as follows: The UI (1) uses an HHD to display virtual augmentations (an approach

which was only used by 6% of the papers they reviewed), it is used to control a (2)

tabletop-size robotic arm which is operated by a single user who is co-located (i.e., at the

same site) with the robotic system, and supports (3) robot control through (4) virtual

augmentations which first display the object’s current and after manipulation its target

location. Furthermore, (5) spatial references and visualizations are used to display points

and locations combined with virtual replicas of scene objects. The UI can be (7) applied

in any domain which involves pick and place operations and was (8) evaluated using a

comparative study. However, the (6) interaction paradigm (i.e., in our case device-based

object manipulation) cannot be classified with their taxonomy, emphasizing the relevance
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of the research gap addressed.

Apart from the newly developed MR-HHD-UI, a Gamepad-UI and a Desktop-UI (see

Fig. 6.1) were implemented and evaluated in a comparative study. In the following,

descriptions of the implementation of the three UIs, the experimental setup, and the

results of the comparative study are provided.

(a) MR-HHD-UI for Task 1 (b) Gamepad-UI for Task 1 (c) Desktop-UI for Task 1

(d) MR-HHD-UI for Task 2 (e) Gamepad-UI for Task 2 (f) Desktop-UI for Task 2

Figure 6.1: Overview of the developed UIs for controlling the robot arm.

6.2.1 User Interfaces

The development and evaluation of the UIs were part of a joint project between the

HCI lab at RPTU and the Department of Mechanical and Aerospace Engineering at

the University of California – Davis (UCD). The MR-HHD application for manipulating

virtual objects was developed at RPTU while the implementation of the robot applications

was carried out by UCD. The interface connecting the MR-HHD application with the

robot application was developed in collaboration. The control UIs which allow operating

the robot via Gamepad or Desktop were designed jointly with UCD.

The MR-HHD-UI implements the basic interaction paradigm for translation introduced

in Chapter 5.3.2. The steps involved to instruct the robot arm are displayed in Fig. 6.2.

Objects can be selected by centering them in the HHD’s screen. If this is the case, the
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(a) center object in the
screen and then apply left-
thumb-touch

(b) move the tablet to map
tablet movement to the vir-
tual object

(c) release touch and press
the confirm button

(d) robot picks the corre-
sponding physical object

(e) robot moves the physical
object

(f) robot drops the physical
object at the position of the
virtual object

Figure 6.2: Using the MR-HHD-UI to command the robot arm to pick and place an
object.

object changes its color and can be translated by applying left-thumb-touch while moving

the device. The object is then translated by mapping the HHD’s translation in space to

the object. To this end, the virtual object’s position is updated in every frame by adding

the translation vector of the HHD’s movement as long as touch input is registered on the

left side. When touch is released again and the object is outside the screen’s center it is

unselected. After the object is unselected, the user can click the confirm or repeat button

which appears on the screen’s left side. After clicking confirm, the object’s id and new

position are shared with the robotic system which commands the robot arm to pick up

the desired physical object and places it in the new position.

The Gamepad-UI is based on an Xbox 360 controller with labeled buttons. The controller

was connected to the robot computer. The controller’s left joystick can be used to move

the robot’s end effector to the left, right, back, and front in real time. To move the robot

arm up and down, the controller’s left and right trigger can be used. The gripper can be

opened and closed via buttons on the controller’s right side.

The Desktop-UI for controlling the robot consisted of a custom Python GUI and RViz

windows which display a 3D model of the robot arm. The user can command the robot

to pick up an object by clicking a button in the GUI. While this step is semi-automated,
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placing the object in a new position requires the user to adjust the robot’s end effector

by manipulating the respective arrows (up/down, left/right, back/front) and circles (yaw,

pitch, roll) in RViz. At any time, the user can click a button to plan and execute robot

movement such that the real robot moves to the specified target position. Once the robot

is in the desired position, the gripper can be opened via button click as well.

Depending on the UI, different frameworks and libraries were used to control the robot’s

movement and perception. In all settings we used the 6 DOF robot arm, ViperX 300,

running ROS Noetic on an Ubuntu PC. ROS packages from Interbotix were used to

control the arm. They include motor drivers, 3D and inertial models, and gamepad

teleoperation support for the arm. Furthermore, the framework MoveIt was used to

perform motion planning of the robot arm while using the MR-HHD-UI and Desktop-UI.

For the Gamepad-UI, Interbotix’s ROS package for reading gamepad inputs is used to

map input via the Xbox 360 controller to the respective robot commands for controlling

the arm and the gripper.

Both the MR-HHD-UI and the Desktop-UI require scene capturing. To this end, an Intel

RealSense D435i camera was attached to the robot arm. The camera detects the pose

of the differently sized foam boxes equipped with AprilTag markers which were placed in

the scene (70cm × 60cm). The images from the camera were collected using the Intel

RealSense ROS wrapper and further processed with the ROS package apriltag ros. In

this way, objects could be identified via their unique April-Tag and pose detection can

be performed. When objects are detected with their AprilTag, they are added to the

planning scene in MoveIt.

The Desktop-UI then allows the user to command the robot to grasp and release objects

via button clicks. Then, MoveIt plans and executes the trajectory for the robot to com-

plete the action and executes Interbotix’s motor controllers. The object can be moved to

a new position by adjusting the pose of the robot’s model in RViz accordingly. Through

button-click the real robot is then commanded to the specified pose.

The MR-HHD application runs independently on an Apple iPad Pro (11 inch, Gen. 3) and

was developed in Unity using ARKit within the AR Foundation package. In contrast to

the other two UIs, this setup requires wireless communication between the MR-HHD and

the robot computer. To this end we used Flask, a Python web framework, on the robot’s

side to listen and respond to the UnityWebRequests from the MR-HHD. Virtual replicas

of the foam boxes were added to the scene in the MR-HHD-UI and named according

to the identifiers used by the robot application. Upon launch the MR-HHD application
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requests the robot application to share the objects’ size, position, and orientation. The

robot application responds with the requested data. Since the robot and the MR-HHD

applications use different coordinate systems, the MR-HHD was always started in a fixed

position such that the scene object’s positions in the robot application’s coordinate system

could be transformed to the MR-HHD application’s coordinate system based on the fixed

offset between the MR-HHD’s starting position and the origin of the robot application’s

coordinate system. The MR-HHD application processes the data obtained from the robot

application to adapt the virtual scene objects’ sizes, orientations, and positions. Upon

the completion of this calibration phase, the MR-HHD can be moved independently in

space to select and translate objects to control the robot. As soon as the translation of a

virtual object is confirmed, the MR-HHD sends the respective object’s id and its target

position to the robot application which then transforms the target position back to the

respective position in the robot’s coordinate system and executes the task using MoveIt’s

motion planning software and Interbotix’s hardware controllers.

6.2.2 Experimental Design, Tasks, and Procedure

The user study was conducted with 20 participants (13 male / 7 female, 14-59 years old)

who had different levels of prior experiences with MR, robotics, gamepads, and HHDs.

We followed a within-subject design such that all participants completed the tasks with

all three UIs. To avoid learning effects, the participants were assigned different starting

conditions. They either started with input via MR-HHD or non-MR-HHD. Concern-

ing non-MR-HHD input, we further randomized the order of the Gamepad-UI and the

Desktop-UI.

Before a participant completed the tasks with one of the UIs a video tutorial explaining

the respective interaction technique was shown. The participants could replay the tutorial

as often as they wanted. Then, the participant completed Task 1 and Task 2 with the

respective UI. In Task 1 (see Figs. 6.3a, 6.1a, 6.1b, and 6.1c) the participants were asked

to sort objects according to their size. In fact, three foam boxes with different heights

(small: 2.5cm, medium: 5cm, large: 7.5cm; all: width = length = 5cm) had to be sorted

from large to small (front to back). Initially, the boxes were placed in the following

order: medium, small, large (front to back). Thereby, the target positions were marked

as circles. The participants had to translate the large (Task 1a), small (Task 1b), and

medium (Task 1c) object to their target position. The distances from start to target

positions were 31.5cm for the large, 12cm for the medium, and 21cm for the small object.
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(a) Task 1 (b) Task 2

Figure 6.3: Task setup during MR-HHD application launch.

A task was successfully completed when the foam box was placed upright and touched

the target area. For Task 2 (see Figs. 6.3b, 6.1d, 6.1e, and 6.1f) the participants had

to move the medium sized box to the right side of an obstacle box (28cm × 10.5cm ×
18.5cm). Thereby, all objects were initially placed on the left side of the obstacle box and

the task was successfully completed if the medium sized box was placed upright on the

right side of the obstacle box. To evaluate and compare the three UIs we logged if tasks

were completed successfully and measured task completion times (TCTs) throughout the

experiments. After the completion of all tasks with one UI, the participants provided

feedback through the NASA TLX and rated their agreement with statements regarding

the interaction technique’s suitability for the task, conformity with their expectations,

learnability, and satisfaction. This procedure was then repeated for all three UIs. At the

end of the experiment, the participants were asked to rank the three UIs according to

their preference.

6.2.3 Results

We compared the effectiveness of the UIs based on the percentage of successfully completed

tasks. While available MR technologies are known to provide insufficient real-time track-

ing [164] our work was focused on applying an advanced object manipulation method for

MR-HHDs to robot control rather than on improving display and tracking technologies.
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Therefore, a task was considered to be successfully completed when the corresponding

foam box was placed upright within its target area (radius: 8cm). As shown in Fig. 6.4,

96% of all tasks were completed successfully using the MR-HHD-UI and Gamepad-UI

whereas only 76% of the tasks were completed successfully with the Desktop-UI.

Task 1a Task 1b Task 1c Task 2 total0

20

40

60

80

100

successfully
completed tasks [%]

MR-HHD
Gamepad
Desktop

Figure 6.4: Effectiveness of all UIs assessed through success rates.

The efficiency of the UIs was compared based on TCTs of successfully completed tasks.

In this regard, it is relevant to consider the different workflows of the three UIs. When

using the MR-HHD-UI, input is provided before the robot executes the commands. With

the Gamepad-UI user input and robot execution occur in parallel and with the Desktop-

UI user input and robot execution occur alternately. To maintain comparability, when

analyzing TCTs, we considered the time spans during which user input was required.

For each task and UI we measured two different TCTs: the time needed to instruct the

robot to translate the object with selecting the object (TCTw/ sel) and without selecting

the object (TCTw/o sel). In addition, we considered two different TCTsw/ sel for the MR-

HHD-UI: the time needed to instruct the robot (MR-HHD instr) and the total time for

user input and robot execution (MR-HHD total).

The mean TCTsw/o sel (see Fig. 6.5) and mean TCTsw/ sel (see Fig. 6.6) for all successfully

completed tasks and UIs indicate that both the MR-HHD-UI and Gamepad-UI clearly

outperformed the Desktop-UI. Furthermore, Fig. 6.5 and Fig. 6.6 show that regarding the

time needed to instruct the robot the MR-HHD-UI achieved the best average performance.

Paired samples t-tests with Bonferroni correction showed significantly lower TCTsw/o sel

of Tasks 1b (p ≤ .01), 1c (p ≤ .05), and 2 (p ≤ .05) for the MR-HHD-UI compared to the

Gamepad-UI (alternative hypothesis µTCTw/o sel(MR-HHD) < µTCTw/o sel(Gamepad))
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Figure 6.5: Task completion without selection: Mean TCTs and 95% confidence intervals
for successfully completed tasks.
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Figure 6.6: Task completion with selection: Mean TCTs and 95% confidence intervals
for successfully completed tasks.

and significantly lower TCTw/ sel of Tasks 1b (p ≤ .0001), 1c (p ≤ .0001), and 2 (p ≤
.0001) for instruction with the MR-HHD-UI compared to the Gamepad-UI (alternative

hypothesis µTCTw/ sel(MR-HHD instr) < µTCTw/ sel(Gamepad)).

While the mean TCTsw/ sel for MR-HHD total were higher than for the Gamepad-UI,

they are still lower than the corresponding time needed with the Desktop-UI (see Fig. 6.6).

Furthermore, the robot moved at rather low speed while executing the commands from

the MR-HHD. MR-HHD total could therefore be easily reduced by accelerating the speed

at which the robot moves. As the study was mainly focused on comparing the usability of

different UIs for robot control, we consider the MR-HHD instr to be more representative

than MR-HHD total for comparing TCTsw/ sel.
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After task completion with one UI, the participants rated their agreement with seven

statements about the interaction technique’s suitability for the task, conformity with their

expectations, learnability, and satisfaction (see Fig. 6.7). Similar to the results regarding

effectiveness and efficiency, the Desktop-UI was rated worst and the MR-HHD-UI and

Gamepad-UI received similar higher ratings. The overall mean rating for the Gamepad-

UI (4.41) was slightly better than for the MR-HHD-UI (4.29). When computing the

mean ratings for single statements the MR-HHD-UI was rated slightly better regarding

the number of steps to be performed for task completion and the ease with which the

technique can be relearned after a lengthy interruption. After task completion with all

three UIs, the participants were asked to rank the UIs using scores from 1 (best) to 3

(worst). Here, the mean scores show that the MR-HHD-UI was rated as the favorite UI

(1.45), followed by the Gamepad-UI (1.7), and Desktop-UI (2.85).

S1 S2 S3 S4 S5 S6 S7
1

2

3

4

5

Agreement with
Statements S1-S7

MR-HHD
Gamepad
Desktop

Figure 6.7: Participants’ agreement with statements S1 — S7 from 1 (predominantly
disagree) to 5 (predominantly agree) regarding all UIs: S1 The interaction technique
is well suited to the requirements of the task; S2 The number of steps to complete a
task with the interaction technique is adequate; S3 When instructing the robot with this
interaction technique, I have the feeling that the results are predictable; S4 It was very
easy for me to learn how to use the interaction technique; S5 I needed a short time to
learn the interaction technique. S6 Relearning the interaction technique after a lengthy
interruption will be easy; S7 Overall, I am satisfied with this interaction technique.

For every UI, the participants answered the NASA TLX questionnaire and the weighted

ratings were computed according to [125]. The total weighted workload as well as the

weighted ratings for each subscale are shown in Fig. 6.8. The total weighted workload

for the MR-HHD-UI (25.22) was slightly lower than for the Gamepad-UI (28.06) and

the highest workload was experienced while using the Desktop-UI. Considering the meta-

analysis of NASA TLX scores from Grier [70], the MR-HHD-UI resulted in a workload

which is lower than in at least 90% of the studies reviewed while the Gamepad-UI’s
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workload is only lower than in at least 80% of the studies reviewed. Fig 6.8 further

shows that the MR-HHD-UI evoked less mental demand and effort than the Gamepad-

UI. Concerning the experienced physical demand, the MR-HHD-UI received higher ratings

than the Gamepad-UI. This seems reasonable as the HHD has to be moved in space while

instructing the robot.

Mental
Demand

Physical
Demand

Temporal
Demand

Performance Effort Frustration NASA TLX0

50

100

150

200

Mean weighted ratings
for each subscale and
total NASA TLX

MR-HHD
Gamepad
Desktop

Figure 6.8: Mean weighted NASA TLX ratings.

To further compare the MR-HHD-UI and the Gamepad-UI, we took the participants’

prior experience into account. Thus, we conducted paired samples t-tests with Bonferroni

correction (alternative hypotheses µTCTw/o sel(MR-HHD) < µTCTw/o sel(Gamepad) and

µTCTw/ sel(MR-HHD instr) < µTCTw/ sel(Gamepad)) for groups of participants without

previous Robotics-experience (n=14), MR-experience (n=16), and Gamepad-experience

(n=5). Thereby, the TCTsw/o sel were significantly lower using the MR-HHD-UI than us-

ing the Gamepad-UI for participants without MR-experience (Task 1b: p ≤ .01; Task 2: p

≤ .05), without Robotics-experience (Task 1b: p≤ .05), and without Gamepad-experience

(Task 1c: p ≤ .05). Furthermore, the MR-HHD-UI’s TCTsw/ sel when instructing the

robot were significantly lower than those of the Gamepad-UI for participants without

MR-experience (Tasks 1b, 1c, 2: p ≤ .0001), without Robotics-experience (Tasks 1b, 1c:

p ≤ .0001; Task 2: p ≤ .001), and without Gamepad-experience (Tasks 1b, 1c: p ≤ .01).

When comparing mean ratings of the participants’ agreement with S1-S7 (see caption of

Fig. 6.7), we found that participants without Gamepad-experience rated the MR-HHD-

UI (4.6) better than the Gamepad-UI (4.29). As stated above, the mean ratings for

single statements indicate slightly better results for MR-HHD-UI than the Gamepad-UI

regarding the number of steps that have to be performed and the expected time needed
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to relearn the interaction technique. These effects were amplified for participants without

experience in robotics or MR.

On top of that, the differences between the workload measured by the NASA TLX for

the MR-HHD-UI and Gamepad-UI increased for participants who had no prior experience

with robotics or MR. A particularly large discrepancy between the workloads of the MR-

HHD-UI (18.6) and the Gamepad-UI (38.4) was observed for participants without prior

experience with Gamepads. Based on these insights, we rate the MR-HHD-UI to be a

powerful tool for robot control which is particularly well-suited for inexperienced users.

6.3 Factory Layout Planning

Factory layout planning (FLP) represents a particularly promising application area for

XR technologies, with relevance across diverse domains. As summarized in Chapter 6.1.2,

FLP concerns the building of new factories but also the restructuring of existing factories.

This can for example be the case when a new machine needs to be integrated into an

existing factory or when the design of a product gets updated such that the shape and

size of its processed parts change.

In this context, the application of XR technologies can save both time and costs as they

allow evaluating working environments in virtual or virtually augmented environments.

Previous research has demonstrated how both MR and VR as well as HHDs and HMDs can

support different FLP use cases. The majority of solutions described in Chapter 6.1.2 is

focused on providing accurate visualizations and simulations for specific use cases. While

some of the presented applications allow layout adaptations, these interaction modalities

are either only described to a very limited extent and lack adequate evaluations or they

are tailored to very specific use cases. However, planning engineers are often involved in

multiple of these planning cases, requiring them to switch between XR applications that

involve different technologies. Hence, scalable UIs which support the precise manipulation

of factory components across different XR technologies and FLP use cases are highly

relevant but still missing. Addressing this gap, we demonstrate how concepts of XRS

can be applied across different planning cases and XR technologies. More specifically, we

present the development of UIs for XR-supported FLP which integrate the most suitable

technology while providing consistent spatial interaction to facilitate switching between

XR technologies and use cases.
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We begin with a comprehensive analysis on how XR’s potential can be leveraged to address

requirements in different phases of single- and multi-user FLP. Building on the results

of the analysis, we apply the consistent spatial interaction techniques from Chapter 5

across different XR technologies and FLP phases. This results in a multi-user MR-HHD

application for conceptual FLP and a VR-HMD application for detailed FLP which were

evaluated in a pilot study. Eventually, we present the results of the pilot study, structured

into the observations made, feedback gained in the interviews, and a list of opportunities

for future research and extensions of the prototypes.

6.3.1 Analyzing XR’s Potential to Support Factory Layout Planning

To analyze the potential of XR we consider a set of use cases within the FLP process which

can be described by the combination of different FLP-approaches {greenfield, brownfield},
planning phases {conceptual, detailed}, and user roles {single user, co-located collabora-

tors, remote collaborator(s)}. For conceptual FLP we consider the size of the factory as an

additional parameter and for greenfield FLP we take into account whether the physically

existing factory components are fixed or manipulable. Based on the following analysis we

provide recommendations for choosing XR technologies in different FLP use cases (see

Fig. 6.9).

As summarized in previous chapters of this dissertation, HCI researchers have explored

the application of XR to support collaboration independent of FLP. In this context, the

combination of MR, VR, and different avatars has been proposed (e.g., [5, 138, 140]).

Thereby, on-site users can be provided with MR-UIs and off-site users can join through

VR-UIs displaying a virtual replica of the local scene.

In the conceptual planning phase generating and comparing layouts requires human inter-

vention and therefore an interactive layout visualization. In this phase, planning engineers

need to arrange entire factory units (i.e., adapting the unit’s position and orientation)

rather than single components of a factory (e.g., a single machine). Therefore, a 2D top

view of the factory is in this stage often sufficient. In contrast to usual 2D screens, XR

allows visualizing the factory layout as 2D from the top while also allowing easy transi-

tions into 3D. By displaying the 3D model of the factory from the top users are given

the option to manipulate factory units in 2D but also to zoom into a unity for inspecting

single parts of a unit in 3D. Such top views can be displayed on both HHDs and HMDs.

HHDs provide high portability and are already well-established in many workplaces for
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non-XR purposes. Thus, they usually offer a more cost-effective and flexible entry point

to XR than HMDs. On the other side, however, HHDs offer less screen space than HMDs

which makes them less suitable for displaying layouts of large factories. As described

above, co-located collaborators may thereby be provided with MR devices and remote

collaborators with VR devices. Single users may choose the degree of virtuality. In the

conceptual planning phase, both greenfield and brownfield planning start with this 2D

arrangement of factory units. During brownfield FLP certain constraints (e.g., the po-

sition of a specific unit is fixed) might have to be integrated. Yet, in general, the same

application design can be used, leading to the same recommendations regarding the choice

of XR technologies.

On the contrary, detailed planning requires more realistic 3D visualizations. Here, HMDs

allow accessing single factory units in real size which can facilitate the evaluation of er-

gonomic aspects and distances. On top of that, the higher immersion offered by HMDs (in

comparison to HHDs) allows simulating working processes within different arrangements

of the unit’s components. Thereby, the ideal degree of virtuality depends on both the FLP

approach (i.e., greenfield vs. brownfield) and location of the users. In the case of detailed

greenfield FLP, VR-HMDs can offer large and highly immersive environments for single or

remote planning engineers. Co-located collaborators can benefit from MR-HMDs which

offer less immersion but maintain natural communication. Brownfield planning might

require the consideration of physically existing components whose position and orienta-

tion is fixed and should not be manipulable during the planning session. In this context,

MR-HMDs seem promising as they allow seamlessly integrating virtual (i.e., not yet ex-

isting) factory components into the physical factory. In this way planning engineers who

are located on site can arrange the virtual components in relation to the fixed existing

components. These on-site planning engineers can then be joined by remote collabora-

tors through VR-HMDs which display a virtual replica of the on-site environment. Other

brownfield FLP use cases may require re-arranging existing components. Here, VR-HMDs

may be more suitable – even for co-located collaborators – as VR allows them to manipu-

late virtual replicas of physically existing factory components. In summary, the following

conclusions can be drawn regarding the potential of different degrees of virtuality and

devices:

• HHDs offer highly accessible, portable, and cheap entry points to XR. They are

deemed particularly useful for the conceptual planning phase as they allow inter-

acting with 2D top views of the factory while also enabling transitions into 3D.
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• HMDs offer more screen space than HHDs which makes them a promising alter-

native not only for displaying layouts of large factories in the conceptual planning

phase but also for displaying real size factories in 3D during the detailed planning

phase.

• MR allows to seamlessly integrate real and virtual factory components. In this way,

it can provide co-located collaborators with virtual content while maintaining natu-

ral communication. During detailed brownfield FLP, MR further allows to virtually

augment physically existing factory components whose position and orientation is

not supposed to change.

• VR offers detailed immersive and interactive visualizations which can provide vir-

tual replicas of physically existing factories for single or remote users during detailed

FLP. On top of that, VR can support detailed brownfield planning which involves

re-arranging physically existing components.
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Figure 6.9: Recommended XR technologies for the respective FLP use cases. In the
use cases of detailed brownfield planning, it is assumed that the single user and the co-
located collaborators are located at the existing factory; any user who is not located at
the existing factory is in this case treated as a remote collaborator.

Planning engineers are likely to be involved in multiple of these use cases as their location

may change and the FLP process progresses. For instance, a user’s role may change from a

co-located collaborator to a single user who is located on site to a remote collaborator. At

the same time, a planning engineer can be involved in several greenfield and/or brownfield
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FLP processes which are in different planning phases (i.e., conceptual or detailed). Con-

sequently, using the most suitable XR technology (see Fig. 6.9) in every case will require

switching between technologies. Thus, consistent UIs are required which were identified

as absent in published work on XR-supported FLP in Chapter 6.1.2. Making switch-

ing among different XR technologies as seamless as possible is the fundamental purpose

of the XRS concept introduced in Chapter 3 and the UIs presented in this dissertation.

To investigate their applicability to FLP, we extend and evaluate the spatial interaction

methods presented in Chapter 5 to two FLP use cases.

6.3.2 User Interfaces

Building up on the conclusions drawn from the analysis and to cover a broad spectrum

of both XR technologies and FLP use cases, we developed two prototypes in Unity using

ARKit and XR Interaction Toolkit: a collaborative MR-HHD application and a VR-HMD

application.

The MR-HHD application (see Figs., 6.10, 6.11, and 6.12) allows planning engineers to

rearrange factory units during conceptual FLP. The application can be used by single

or multiple users who can manipulate the positions and orientations of factory units

simultaneously using their own MR-HHD. In parallel, they can monitor the effects of

their manipulations on transportation intensity in real time. A menu thereby allows to

save and select different layouts.

With the VR-HMD application (see Figs. 6.13 and 6.14) a planning engineer can refine

single factory units during detailed FLP. Our application allows adjusting the position

and orientation of machines, workstations, racks, and working material to reduce walking

distances and enhance ergonomics.

Both applications use the same factory and spatial interaction designs which we describe

below. Following this, we explain how these designs were implemented in the MR-HHD

and VR-HMD application.

6.3.2.1 Factory Design

The virtual factory model was created by combining our custom models with free models

from [53, 173]. The factory consists of the following six units: A warehouse unit consisting
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of storage racks; three machine units including both storage racks and machines; a quality

control unit consisting of automated guided vehicles, forklifts, and the control station; and

a working station unit used for commissioning which consists of a workstation, storage

racks, and an assembly line setup with conveyor belt. The models inside a unit are

assigned as children of the unit and the factory units are assigned as children to a plane

in a hierarchical setting. In the MR-HHD application the plane containing all factory

units is further surrounded by a drop-off area.

6.3.2.2 Spatial Interaction Design

To develop UIs which stay consistent when planning engineers have to switch between

the use cases and applications, we first identify operations which are required in both use

cases and discuss howMove’n’Hold as presented in Chapter 5 is extended and implemented

accordingly.

Selecting Objects. Both use cases require the selection of different virtual objects.

During conceptual planning with the MR-HHD application users need to be able

to select entire factory units and during detailed planning with the VR-HMD

application users need to be able to select virtual objects inside a unit such as

machines, racks, working material, or workstations. Thereby, the selection of

a virtual object should also include the selection of its children. Both of our

applications use the selection paradigm presented in Chapter 5.4. To this end,

a red point is added to the center of the HHD/HMD view and the applications

constantly check if a ray emerging from the MR-HHD/VR-HMD hits a manipulable

object in the scene. Upon the detection of a hit, the selection point disappears and

the selected object’s color is adapted as a highlight mechanism.

Translating and Rotating Objects. After selecting a virtual object, a user should be

able to manipulate (i.e., translate or rotate) the respective object. To this end

Move’n’Hold is employed as follows. In the MR-HHD application users can apply

touch with the left thumb anywhere on the HHD’s left display side and then

translate/rotate the HHD in space. As long as touch input is registered only on the

left side, the HHD’s translation/rotation in space is mapped to the selected factory

unit. By adding touch with the right thumb on the right display side, users can

evoke automated continuous manipulations of the selected factory unit. As long as

140



Chapter 6

touch is registered on both display sides, the factory unit will be translated/rotated

automatically in the direction of the initial movement which was performed while

only left-thumb-touch was active. In this way, users can seamlessly combine

small precise and large coarse movements of the factory units. The VR-HMD

application implements Move’n’Hold for HMDs such that the components of the

factory unit seen through the HMD can be manipulated with a tablet controller

which implements the same interaction paradigm (i.e., combinations of peripheral

touch and device movements) as the MR-HHD application. In Chapter 6.3.2.3

and Chapter 6.3.2.4 we describe how Move’n’Hold is adapted to meet the use

case specific requirements of the conceptual and detailed planning phase while

leveraging the benefits of a consistent interaction paradigm.

Changing the Manipulation Mode. Both conceptual planning as well as detailed plan-

ning require translating and rotating objects. The separation of translation and

rotation as provided in Move’n’Hold thus requires a method to toggle between the

translation and rotation mode. To enable seamless combinations of translation and

rotation, we propose two toggle methods: the user can either (1) perform a double

tap anywhere on the right display side while no object is selected and no touch is

performed on the left side or the user can (2) simultaneously apply touch with three

fingers anywhere on the display.

6.3.2.3 MR-HHD-UI

The MR-HHD application through which the factory layout can be collaboratively

adapted runs on two Apple iPad Pros (11 inch, Gen. 3/4). Networking is thereby realized

through Netcode for GameObjects. Our setting involves two users in which one acts as

a host (i.e., server and client) while the other user only acts as a client. When the ap-

plication is launched, the factory is anchored in the physical space. Both users can then

simultaneously manipulate factory units as shown in Fig. 6.10.

The positions and orientations of the factory units are thereby constantly synchronized

among the devices of both users and Move’n’Hold is implemented as follows. As long

as no touch is registered, the application constantly checks if a ray emerging from the

device center hits a factory unit. If this is the case, ownership for the respective unit is

requested.
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Figure 6.10: Conceptual FLP with the multi-user MR-HHD app: A factory layout is
collaboratively optimized by manipulating factory units using Move’n’Hold : The left user
uses translation through direct mapping (left-thumb-touch only) whereas the right user
applies continuous rotation (left-thumb-touch and right-thumb-touch).

When ownership is permitted (i.e., the unit is currently not being manipulated by the

other user), the selection point in the screen’s center is disabled and the unit’s color is

adapted according to its new owner on the devices of all users. Then, the unit can be

manipulated by combining peripheral touch and tablet movement. For this, we constantly

register the vector/quaternion describing the device’s movement in space. During con-

ceptual planning, factory units are supposed to be translated and rotated only in the

xz-plane. Therefore, we remove translations on the y-axis as well as rotations around

both the x-axis and the z-axis before mapping the vector/quaternion to the unit being

manipulated. Apart from this, we implemented a collision prevention feature to ensure

that units cannot pass through each other.

Depending on the option chosen for switching from translation to rotation mode and vice

versa, the application constantly checks if the user performed a double tap on the right

display side or triple touch. Upon the detection of the respective gesture, the manipulation

mode is changed internally and the text field showing the active manipulation mode on

the top right is adapted accordingly.
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Figure 6.11: Conceptual FLP with the multi-user MR-HHD app: To compare the cur-
rently active layout against other layouts, the host opens the menu by clicking the respec-
tive button.

Our application allows the planning engineers to compare a set of potential start layouts.

To do so, the host user can open a menu on all devices by clicking the respective button

on the top left (see Fig. 6.11). The menu displays a list of layouts along with their

transportation intensity – a key planning KPI which is defined as the sum of the number of

transports multiplied by the corresponding transport distance. Thus, lower transportation

intensities lead to lower transportation costs, which contribute substantially to a plant’s

operating costs.

The menu allows the users to collaboratively review and compare the different layouts

(see Fig. 6.12). When the host selects a layout, the menu is closed and the chosen layout

is displayed on all devices. While the users optimize the factory units’ arrangement, the

transportation intensity (i.e., the improvement of the transportation costs) is updated in

real time and displayed at the top center of the screen. At any time, the host can save a

layout by replacing the layout with the worst transportation intensity in the menu (see

Fig. 6.12)
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Figure 6.12: Conceptual planning with the multi-user MR-HHD app: The currently
active layout is saved by replacing the layout with the worst transportation intensity.

6.3.2.4 VR-HMD-UI

The VR-HMD application was developed for the HTC VIVE Pro in combination with a

tablet controller (Apple iPad Pro, 11 inch, Gen. 3). As described in Chapter 5.4 the tablet

controller shares the registered touch input on the left and right display sides as well as its

movements with the VR-HMD application through UnityWebRequests. While the same

factory model is used for the VR-HMD application as for the MR-HHD application, a

relevant difference between the two apps concerns the interaction with the virtual objects.

In contrast to the MR-HHD application, the parent-child relation of virtual objects can

change during runtime in the VR-HMD application, for example if working material is

moved inside or outside a rack. Consequently, a more flexible implementation is required.

As long as the tablet controller does not register touch input, the VR-HMD application

checks if a ray emerging from the HMD (see Fig. 6.13) hits a manipulable object.

If this is the case, the selection point disappears and the object hit by the ray as well as its

children are selected and their color is adapted accordingly. The user can then manipulate

the selected object (and its children) by moving the tablet while applying touch (see

Fig. 6.14). To this end, tablet movement and registered touch events are constantly sent
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Figure 6.13: Detailed FLP using the VR-HMD app: An overview of the virtual factory
is shown while no component is selected.

to and processed by the VR-HMD application as described in Chapter 5.4.

In line with the MR-HHD application, object rotations in the VR-HMD application are

also limited to the y-axis by removing rotations around the x- and z-axis from the tablet’s

movements before mapping it to the selected components.

Regarding object translation, we follow a different approach compared to the MR-HHD

application. Translating objects in three dimensions is enabled and combined with differ-

ent kinds of automated placement. To investigate how object-specific behavior influences

the user experience, we implement different placement mechanisms. Upon release, racks,

machines, and workstations drop to the floor whereas the placement of working material

boxes depends on the position in which they are released. If they are released inside a

rack, they drop onto the closest shelf and if they are released outside the rack, they remain

at the position at which they were released.

To maintain consistency with the MR-HHD application, we implemented collision detec-

tion to prevent objects from passing through each other and allow users to apply the

same touch gesture on the tablet controller for toggling between the translation/rotation

mode. To this end, the registered gestures are transferred from the tablet controller to

the VR-HMD application through the same pipeline as the device movements and touch

events for manipulating objects. Furthermore, the HMD’s view contains a similar text

field as the MR-HHD application to indicate the currently active manipulation mode.
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(a) A rack is translated through direct mapping (left-thumb-touch)

(b) a machine is continuously rotated (left-thumb-touch and right-thumb-
touch).

Figure 6.14: Detailed FLP using the VR-HMD app: Factory components are manipulated
using Move’n’Hold.
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6.3.3 Experimental Design, Tasks, and Procedure

The developed prototype applications were evaluated in a pilot study with 6 FLP experts

(in three pairwise sessions) who have performed FLP with traditional techniques and 2D

desktop-based applications before. In this way, we follow Nielsen’s [127] recommendation

of performing qualitative usability tests with 5 participants.

In the experiments conducted, the participants were first introduced to the overall proce-

dure and interaction paradigm Move’n’Hold. For this purpose, we developed a MR-HHD

training application which allows manipulating virtual boxes freely in three dimensions as

described in Chapter 5. In contrast to the applications developed specifically for FLP, the

training application did not implement manipulation constraints or collision prevention.

A short training phase was provided ahead of the experiments in which the participants

were also introduced and asked to choose between the double tap and triple touch for

toggling the manipulation modes. After they felt comfortable using Move’n’Hold, the

participants were introduced to the functionalities of the MR-HHD application and asked

to collaboratively optimize the factory layout regarding transportation intensity. This

part of the evaluation involved comparing and choosing a layout from the list, selecting

and manipulating the factory units to adjust their position and orientation while moni-

toring the transportation intensity, and saving the optimized layout design. During the

experimental session each participant acted as the host once.

Afterwards, the participants continued with the VR-HMD application. Here, each par-

ticipant optimized a different factory unit by adjusting the position and orientation of its

components with Move’n’Hold for HMDs while the other participant observed the interac-

tion. The first participant was asked to optimize a working station used for commissioning

(see Fig. 6.14a) such that the working material can be transferred to production as effi-

ciently as possible while also considering ergonomic aspects. This part of the experiment

required the participant to adjust the position and orientation of several virtual objects.

The position and orientation of the racks need to ensure the accessibility of the working

material and the boxes storing the working material should be sorted according to their

content with heavy items being placed at ergonomic positions. The second participant

was asked to optimize the arrangement of virtual objects in a machine unit (see Fig. 6.14b)

such that the walking distances while operating a machine are minimized and ergonomic

aspects are considered. Thus, the machine’s loading point needs to be accessible and close

to the most relevant working material stored in the boxes. Similar to the first unit, heavy
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items should thereby be stored at ergonomic positions.

After task completion with the MR-HHD and VR-HMD application we conducted a semi-

structured interview together with both participants to gain additional feedback on the

usability of the applications and the need for any potential improvements.

6.3.4 Results

Both the observations made while the participants interacted with the applications as

well as the interviews conducted delivered interesting insights as well as opportunities for

future research and extensions which are summarized in the following.

6.3.4.1 Observations

All participants were able to successfully apply Move’n’Hold as taught through the train-

ing application for manipulating factory units with the MR-HHD application during

conceptual planning. While we observed that some participants were able to learn

and apply the interaction technique faster than others, their performance converged over

time.

The participants used Hold (i.e., applying touch on both display sides) to perform large

continuous manipulations but also for stepwise translations and rotations when trying to

exploit the space most efficiently and to perform small corrections. For these stepwise

manipulations, the participants repeatedly applied and released touch on the right side

while keeping touch on the left side active. As reported in Chapter 5, the same interaction

strategy was also observed in other studies involving Move’n’Hold.

In all sessions, equal participation by the users was observed. The task was approached by

first getting an overview over the units which involved discussion about their functionality

and current arrangement. Then, the participants planned how they intend to manipulate

the units and distributed the tasks. Thereby, the participants either referenced units

verbally by naming their function (e.g., the warehouse unit) or by hovering over them

with the selection point which highlighted the respective unit. Sometimes, the task was

split up such that one participant manipulated a unit while the other participant reported

the manipulations’ effect on the transportation intensity. In our experimental setting,

the participants were mostly facing each other which resulted in some difficulties when
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referencing directions such as left/right (i.e., the right side of one user is the left side for

the other user).

Furthermore, we observed, that the participants did not evoke collisions on purpose. They

occurred occasionally when the participants intended to use the space most efficiently

and thus moved the units as close as possible to each other. In some cases, participants

adjusted the positions of the units first and wanted to rotate them afterwards. Here,

rotation was often prevented due to collision prevention as units were already placed very

close to each other.

Regarding the options for toggling between translation/rotation mode, all participants

preferred the double tap for both the MR-HHD and the VR-HMD application.

When moving on to the detailed planning task using the VR-HMD application, the

participants were able to intuitively transfer the interaction paradigm Move’n’Hold as

learned during the training phase and the conceptual planning task with the MR-HHD

application.

While the participants were manipulating components of the VR scene, we observed

that the tablet controller was held in different positions and orientations (tilted, parallel

or orthogonal to the floor, at hip or chest height). The observed equal performance

demonstrates Move’n’Hold ’s suitability to different user preferences.

As already observed for the MR-HHD application, Hold was also used for both large and

stepwise object manipulations with the VR-HMD application. Hold was often applied to

move a rack closer to the camera in order to improve the visibility of the objects inside

the rack and facilitate their selection and manipulation. In this way, the participants were

able to reduce physical movement required to perform the task. This demonstrates how

Move’n’Hold addresses a fundamental issue in VR where the physical space in which a user

can move is often smaller than the movement required to explore the virtual environment.

During the experiments, one participant mentioned that it initially felt strange to move

the head to select an object, while another participant explicitly pointed out the comfort

of head-movement-based selections (compared to conventional VR-HMD controllers).

Based on our observations, we conclude that the way selection is implemented here is

not ideal if the object being selected is very close (i.e., the object covers a large part of

the screen and thus requires large head movements for unselection) or very far away (i.e.,

it covers only a small part of the screen such that hovering it with the selection point
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requires careful and precise head movements).

Furthermore, we observed that during detailed planning with the VR-HMD application

participants toggled more often between the translation/rotation mode than with the

MR-HHD application in the conceptual planning phase.

Again, collisions were rather avoided. Occasionally, an object collided with another object

at its back which was not immediately visible and confused the user as the object could

not be moved further. When the tablet’s movement was slightly directed downwards,

some participants also encountered unintended collisions of the object being manipulated

with the floor. Thus, preventing object manipulation upon collision detection again rather

impeded interaction.

Another interesting observation is that some participants simulated the tasks which a

worker in this unit would have to accomplish (i.e., picking up the working material in the

rack and moving it to the machine) to check if the space is sufficient, identify ergonomic

issues, and thus determine the ideal position of the unit’s components.

6.3.4.2 Interviews

After the completion of both the conceptual and the detailed planning tasks, semi-

structured interviews were conducted regarding the experienced usability, potential

extensions or improvements. In the following we summarize the feedback gained along

with the questions asked.

How easy was it to learn the interaction paradigm? The participants stated that,

overall, they were able to quickly understand the interaction paradigm and pointed

out the benefits of Move’n’Hold ’s minimalist design. Interestingly, one participant

mentioned that the absence of a concrete task in the training application made him

assume that he understood and would be able to apply the interaction paradigm

too early. Other participants noted that while they found the interaction paradigm

simple and straightforward to understand, its correct operation (i.e., coordination

tablet movement and touch input) required hands-on practice as this manner of

interaction with a tablet is new to them. Nevertheless, they expect to get used to

it quickly just like with other interaction paradigms they have learned in the past.

One participant initially understood that the tablet works similar as a joystick and
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thus expected that objects can be translated by tilting the tablet but was able

to learn the correct operation of Move’n’Hold quickly. In contrast to physically

translating the tablet in space, tilting the tablet would impair the visibility of its

screen and thus the MR content.

Do you think that it will be easy for you to relearn the interaction technique?

After the experiments, some participants expected that they can resume working

with Move’n’Hold immediately even after a break of two weeks, whereas other

participants believed that they would need some time to recall the interaction

paradigm albeit not as much as when they learned it for the first time.

Did you experience cross-device benefits? When the participants were asked if they

think that the previous usage of Move’n’Hold with the MR-HHD application

helped them to use Move’n’Hold with the VR-HMD application, most of the

participants reported that they did experience cross-device benefits and confirmed

that the usage of Move’n’Hold with on device indeed helped when using it with

another device. They appreciated that they did not have to learn a new interaction

paradigm when moving on to another application. Interestingly, some participants

stated that the amount of experienced cross-device benefits did not change between

training and conceptual FLP with the MR-HHD and they assumed that they

could have immediately proceeded with detailed planning using the VR-HMD

application after the training phase. Other participants reported that the training

application was of greater benefit for the usage of the VR-HMD application as

it supports unconstrained object manipulation whereas the MR-HHD application

limits translations to the xz-plane.

How do the XR-tools compare to currently used (2D-)tools for FLP? The partici-

pants agreed that the option for more realistic 3D visualizations is the strongest

advantage offered by XR as it facilitates the perception and evaluation of distances.

They stated that especially the VR-HMD application, which allows performing and

testing operations inside the virtual environment, has the potential to outperform

existing 2D-tools. Overall, the availability of the consistent interaction paradigm

Move’n’Hold across planning phases was appreciated and the participants noted

that they prefer to not have to adjust to unfamiliar systems. Nevertheless, it
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was also noted that performing the conceptual planning task (i.e., arranging

factory units) with common mouse-based interaction techniques would not re-

quire a lot of effort as these types of interaction are an integral part of their

daily work routine. Thus, the MR-HHD application for conceptual planning

was not deemed as useful as the VR-HMD application for detailed planning.

While some participants believed that they could accomplish the conceptual

planning tasks faster with a 2D application and a mouse, they also note that

with increasing use of XR technologies in both working and everyday life, their

preference may change as well. In this regard it was also acknowledged that other

interaction modalities (e.g., mouse-based or touch-based interaction) once required

some sort of learning process before they were adopted as standard input techniques.

What is the optimal degree of realism for XR scenes? To gain insights on the ideal

degree of realism we asked the participants which of the implemented constraints

they considered (not) helpful. Regarding collision prevention, the participants stated

that it makes sense to clearly define locations where objects can be placed such that

the user is not able to place multiple objects in the same spot. In line with the

observations made, the participants also noted that in some cases collision preven-

tion was rather counterproductive. For example, they mentioned that during the

conceptual planning task with the MR-HHD application, unit rotations could not

be performed when they were already placed close to each other. In this context,

it was suggested to adjust the implementation in a way which allows objects to

pass through each other but ensures that objects can only be released if they are

not colliding with another object or to automatically place the object in the next

possible spot. Furthermore, the integration of a visual warning appearing upon the

collision of two objects was proposed. The implemented rotation constraints which

ensure that objects are only rotated around the y-axis were deemed very helpful by

our participants. Furthermore, they found the modeling of gravity, which caused

certain objects to drop upon release, appropriate and intuitive to use. The partic-

ipants argued that objects which can only be placed on the ground, such as the

racks and machines in our example, should always drop on release whereas objects

which can be placed at different heights, such as the working material, should not

automatically drop to the ground outside a rack. All in all, the abstraction level

used for the visual representations was deemed to provide an appropriate balance

between unrealistic 2D tools and a perfect virtual replica of reality. In line with the
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design applied in the prototypes, the participants noted that the abstraction level

should generally decrease in later planning phases. Furthermore, our assumption

that a perfect replication of reality is not desirable was confirmed by the partici-

pants. One of them noted that the maxim the more realistic, the better may initially

appear appropriate. After using the applications for a while, however, the provided

abstraction level felt very convenient.

6.3.4.3 Opportunities for Future Research and Extensions

Based on the insights gained through observation and the participants’ statements in the

interviews the following opportunities for future research and extensions of the presented

prototypes are proposed.

User Onboarding. The experiments revealed Move’n’Hold to be well-suited for the FLP

task but also showed that the participants had to undergo a learning process before

they were able to effectively apply the interaction paradigm. It should therefore

be investigated how user onboarding methods can be designed to support the user

and streamline the learning process. In this context, the integration of gamification

elements may be explored. As mentioned by one of our participants, designers

of onboarding applications should furthermore consider the integration of specific

tasks which need to be completed during onboarding. In this way, the user can be

provided with immediate feedback to improve self-assessment.

Customization. The participants stated that they find the double tap gesture more

comfortable for toggling between the manipulation modes as it does not require

adjusting the position of the hands holding the tablet. However, they still

acknowledged that other users may have other preferences and would appreciate

options for customization.

Collaboration-support Features. The observations made during the collaborative

planning sessions with the MR-HHD emphasize the relevance of options that allow

collaborators to precisely reference scene components and directions. To design

such a feature, different approaches could be followed. When the applications

of all users rely on the same coordinate system (i.e., sharing the same origin in
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the physical space) reference points could be integrated in the scene to make it

easier for users to explain and understand which direction they are referring to,

for example when explaining in which direction they intend to move a component.

This approach would be especially helpful in settings in which collaborators face

the scene from different viewpoints. On the other hand, if the collaborators’

viewpoints are unlikely to change a lot during the session, user-specific coordinate

systems could be set up based on each user’s position and viewing direction. In this

way, directional indications such as left or right are interpreted correctly by all users.

Selection. In the interviews some participants mentioned that due to the more colorful

scene in the VR-HMD application, the highlighting of selected objects did not stand

out as in the MR-HHD application. Consequently, there is a need for researching

more advanced visualizations of selected items in such settings. On top of that,

options for multi-selection should be investigated. In this context, different modal-

ities including speech recognition and further touch-gestures were proposed by our

participants. One participant raised the concern that this may reduce the simplicity

of Move’n’Hold. When designing and evaluating such additional functions, par-

ticular attention should therefore be paid to their effects on the user’s cognitive load.

Collision Prevention. Collision prevention as implemented in the presented prototypes

turned out to impede interaction in some cases. During the interviews, two

alternative approaches were proposed which should be evaluated further. If a user

tries to release a selected object while it is colliding with another component,

the selected object should either be placed in the closest empty spot or it should

keep following the tablet’s movement (even when no touch-input is registered)

and then be placed automatically as soon as no more collisions with other

objects are detected. Furthermore, our participants suggested to define fixed

positions and orientations for objects such that upon release objects would snap

into the next possible position/orientation. The awareness of collisions, especially

at the backside of an object, could be enhanced by the integration of visual warnings.

Design of the VR-HMD app. Some participants suggested to extend the VR-HMD

application with feedback mechanisms, similar to the transportation intensity value

in the MR-HHD application. A future version of the VR-HMD application could
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for example display visual warnings if certain ergonomic standards or minimal

distances are not respected in the current factory design. One participant suggested

to add walls bordering the factory and to use text labels instead of colors for

modeling the relevance of the working material.

Visual Cues during Interaction. One participant suggested to integrate an additional

visual cue which displays a preview of the automated continuous manipulation

offered by Move’n’Hold to help the user in estimating the direction and speed of

the movement. On top of that, it was proposed to highlight the position at which

an object would be placed if it would be released. To further support the user in

manipulating components while monitoring optimization criteria, the respective

criteria could be displayed closer to the user’s current focus point. For example, the

transportation intensity value could be displayed next to the currently manipulated

unit. In this context, the ideal balance between the usefulness of information

provided through the cues and visual information overload needs to be examined.

Navigation and Zoom. In the presented prototypes Move’n’Hold was applied for

translating and rotating virtual objects. In the future, Move’n’Hold could also

be applied to manipulate the user’s own position and orientation in the scene

(instead of those of virtual objects) to enable scene navigation or zooming. In the

VR-HMD application this extension would allow the user to move inside the scene

even when the physical space the user is located in is limited. In the MR-HHD

application presented here, the same extension could be used for zooming. As such,

the user could navigate inside a specific unit to review it in 3D. In this way specific

adjustments or constraints could already be set in the conceptual planning phase.

Saving Edits. Future versions of both applications would further benefit from options

for saving the edits made. If the current solution is below a defined threshold of

the specific optimization criteria, automated procedures could evoke auto-save or

encourage the user to save the current version. Furthermore, a feature which can be

found in photo-editing software which allows its user to toggle between the edited

and the original photo could be useful in the FLP applications as well. Here, the

user could toggle between the current scene and the last saved version.
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6.4 Discussion

The two practical examples presented in this chapter, demonstrate the applicability of

the developed UIs and concepts of XRS.

The XRS framework as presented in Chapter 3 proposes the integration of a robotic system

to enable off-site users to remotely manipulate physical objects on site. At the same time,

it can support on-site users in manipulating large, heavy, or hazardous objects to reduce

safety issues. The UI for robot control presented in Chapter 6.2 provides the basis for

this feature.

The comparison of the MR-HHD-UI to a Gamepad-UI and a Desktop-UI showed that the

MR-HHD-UI required on average less cognitive and temporal effort than the other two

UIs. These saved efforts are relevant for increasing productivity and reducing failure in

complex real-world tasks which are likely to exceed the operator’s cognitive and temporal

capacities. Due to its particularly high success rate and its ranking as the preferred

UI, the MR-HHD-UI is considered a powerful tool which successfully combines human

and robotic capabilities. The operator manages task planning while the robotic system

handles repetitive and complex tasks such as optimal path computation and the execution

of the robot’s movements.

Apart from this, the MR-HHD-UI can also be useful for introducing novices to robotics

as they can send high-level commands to the robot and then observe and learn how the

robot executes them.

In the presented study, the pick and place tasks were only performed with a MR-HHD-

UI and limited to small translations due to the robot’s limited reachability. However,

the presented MR-HHD-UI can be easily extended to large manipulations including both

translations and rotations using Move’n’Hold as presented in Chapter 5.

Since Move’n’Hold is also available for HMDs, the robot control UI can be further ex-

tended to all the main access points (i.e., MR-HHDs, MR-HMDs, and VR-HMDs) of

the XRS framework, allowing its users to manipulate dynamic real components of the

scene. Off-site users can then manipulate virtual replicas of real scene components with

Move’n’Hold in order to command the robotic system to manipulate its physical counter-

part accordingly. Furthermore, on-site users who intend to manipulate large, heavy, or

hazardous real components can command the robotic system to do so by manipulating

virtual overlays similar as presented above.
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In the second part of this chapter, concepts of XRS are applied across FLP use cases

and XR technologies. The results of our comprehensive analysis outline how different use

cases within a FLP process can benefit from the variety of XR technologies, the core idea

behind XRS.

To cover a broad spectrum of XR technologies and FLP use cases, two prototypes were

developed for multi-user conceptual planning with a MR-HHD application and detailed

planning with a VR-HMD application. Both applications implement the consistent spatial

interaction method Move’n’Hold presented in Chapter 5.

Concerning the XRS framework, this provides an example for the manipulation of dynamic

virtual components using the MR-HHD and VR-HMD access points. In the future, the

applications may be extended to the manipulation of virtual replicas of real components.

The pilot study conducted demonstrated Move’n’Hold ’s learnability and applicability and

once again confirmed its scalability as the participants were able to intuitively apply the

interaction paradigm across different use cases and XR technologies.

The participants of our study named the 3D visualization of a factory as the greatest

advantage of XR-supported FLP over conventional planning tools. While the VR-HMD

application for detailed planning was therefore deemed more helpful than the MR-HHD

application, this also underlines the potential of a feature which allows users to zoom into

a unit using the MR-HHD application.

Considering the efforts related to the creation of virtual replicas, another interesting

finding concerns the participants’ statement that a perfect replication of reality is not

desirable. The design decisions made during prototype development such as for example

the automated placement of objects upon release, constraining manipulation to certain

axes, and the different levels of visual abstraction were found to be appropriate. It also

turned out that preventing manipulation upon the collision of two objects (such as in

reality) is not always useful. Here, a perfect replication of reality would thus impede

interaction.

Instead, replicating certain aspects in an unrealistic manner can actually help leveraging

the opportunities offered by digital environments such as easy movements of large objects,

temporary storage of objects in any position, or allowing objects to pass through each

other for faster manipulations. In the future, the presented applications can be further

extended with the proposed navigation and zoom feature, also based on Move’n’Hold.
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The relevance of these outcomes applies beyond the presented prototypes. As shown

in Fig. 6.9, the use cases for which the prototypes were developed share characteristics

and requirements with other use cases of the FLP process making the developed features

applicable to them as well. On top of that, FLP is a relevant task in many different

domains which further broadens the relevance of the analysis, prototype features, and

findings from the pilot study.

Our work can also be transferred to industrial use cases other than FLP which involve

the creation of physical items (i.e., one of the abstract use cases listed in Fig. 3.3). For

instance, in the automotive or aerospace industry, the review of product designs can start

in VR and then transition to MR in line with the evolution of the product. For small

products, HHDs offer a cheap and portable solution whereas for large, complex products

HMDs may be preferrable. Again, the ideal degree of virtuality in collaborative settings

may be adapted as discussed for FLP in Chapter 6.3.1. In this way, the results apply to use

cases which involve spatial interaction such as prototyping, design reviews, construction

planning, or training maintenance and repair tasks across various industries.

Parts of this chapter have been previously published in:
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Conclusions

XR encompasses a wide spectrum of technologies including different degrees of virtuality

such as MR and VR as well as different devices like HMDs and HHDs. Despite the wide

range of applications which this technological variety opens up, XR’s adoption in practical

settings is still limited.

While an appropriate UI design alone does not guarantee the adoption of a technology, it

can be a major contributing factor. This makes the creation of easy (i.e., effortless) to use

UIs a highly relevant research topic. In the past, considerable research has been conducted

to enhance the usability of UIs for specific XR technologies, whereas comparably less

research has focused on the development of scalable UIs which enable effortless switching

between different XR technologies. Yet, XR’s intrinsic potential lies in its variety of

technologies which offer distinct benefits for different use cases. Equipping users with

the most suitable technology for a specific use case therefore makes seamless switching

between XR technologies a key requirement.

Unlike previous research, the design of the scalable UIs proposed in this dissertation con-

siders both the efforts occurring while a particular UI is used as well as those efforts which

are required to switch between different UIs. This leads to the following key contributions.

First, Chapter 3 introduces XRS as a novel concept for XR environments which provide

scalability across different degrees of virtuality, different devices, and different numbers of

potentially distributed users. Along with the concept of XRS, we summarize challenges to

the realization of XRS and transfer them into a research agenda. Addressing the first items

on the agenda, a use case analysis was carried out to formulate requirements. These were

translated into an XRS framework which serves as the basis for this dissertation. In the
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following chapters, essential parts of the framework are realized while addressing further

items from the research agenda.

Chapter 4 is focused on collaboration support features which provide consistent awareness

cues across the access points of XRS spaces and ensure that they accurately represent

user behavior while avoiding visual overload in large groups. Here, a major challenge

concerns the accurate representation of HHD users. We therefore explored how data

obtained from an HHD can be transferred into correct representations of an HHD user’s

activities. To this end, a detailed study was conducted which delivered new insights on

how users interact with HHDs across different display sizes, display orientations, and

body poses. Our investigations show positive results on the front camera’s accessibility

during interaction, indicating the potential to integrate face tracking for enhanced user

representations. Furthermore, the results show that a ray originating from the device

center is, in general, a good proxy for the user’s viewing direction but its accuracy is

systematically affected by device orientation, viewing direction, and distance. Based on

these findings, we derived guidelines for enhanced HHD user representations. The second

part of the chapter is focused on the avoidance of visual overload in large groups of

collaborators. To this end, we designed mechanisms which adapt the visibility of awareness

cues such as head-rays and hand-rays based on natural cooperation paradigms. Thereby,

cues of collaborators who a facing the same part of the scene are enabled automatically. At

the same time, users can actively enable cues for a specific collaborator and draw attention

to themselves. As such, the amount of awareness cues describing the behavior of other

collaborators is configured individually for each user. Taking into account the insights

gained on HHD user behavior and the developed mechanisms, we discuss considerations

for implementing cue visibility handling in settings which involve different XR technologies

and collaboration styles.

In Chapter 5 we present the design, implementation, and evaluation of the novel in-

teraction paradigm Move’n’Hold which tackles the lack of consistent object manipula-

tion techniques and allows users to seamlessly switch between the access points of XRS.

Move’n’Hold was first developed for MR-HHDs where it solves key issues of existing ma-

nipulation methods. Our method allows users to hold the device with both hands while

performing object translations or rotations with a unified interaction paradigm which is

solely based on peripheral touch input and device movements. Despite its minimalist de-

sign Move’n’Hold offers a huge variety of interactions including seamless combinations of

direct and continuous object manipulation. As such it enables users to handle tasks that

vary in distance, directions, and complexities. We then extended HMDs with a tablet con-
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troller which implements the same interaction paradigm as Move’n’Hold for MR-HHDs.

This yields consistent interaction across MR-HHDs, MR-HMDs, and VR-HMDs. In a

detailed study, comparing the set of Move’n’Hold interaction techniques to a correspond-

ing set of state-of-the-art techniques, Move’n’Hold was the preferred interaction modality

and rated to be easier to relearn. Furthermore, it reduced the workload, improved usabil-

ity, and provided more cross-device benefits which facilitate switching between devices

and degrees of virtuality. Initial investigations have also indicated the potential use of

Move’n’Hold for scene navigation in the future (i.e., combining touch input and device

movements to adapt the user’s position and orientation in the scene instead of those of

an object).

Eventually, Chapter 6 showcases the applicability of the developed scalable UIs in two

practical examples. First, we present how robot control in a pick and place task can

be enabled through a MR-HHD-UI. Our comparative study revealed the proposed UI to

be a powerful tool which successfully combines human and robotic capabilities. Based

on these results, it is outlined how the developed UIs can be integrated for the robotic

system proposed in the XRS framework. In a second application, concepts of XRS are

applied to factory layout planning (FLP). To this end, we first performed a comprehensive

analysis to derive recommendations for choosing XR technologies in different use cases.

To demonstrate how users can switch between XR technologies and use cases, we then

implemented the scalable interaction paradigm Move’n’Hold in a multi-user MR-HHD

application for conceptual FLP and in a VR-HMD application for detailed FLP. The

conducted pilot study again confirmed Move’n’Hold ’s scalability as it showed that partic-

ipants could intuitively apply the interaction paradigm across different XR technologies

and use cases. Eventually, we provide design recommendations as well as opportunities

for future extensions and research based on the observations made and the interviews

conducted.

Beyond the provided examples, the contributions of this dissertation can find applica-

tion in numerous other domains. Possible use cases can be described by (combinations

of) the abstract use cases on which the XRS framework was built. As such, promising

fields of application include but are not limited to the aerospace, automotive, chemical,

pharmaceutical, or food industry, construction and architecture, as well as the medical

domain. Facility design and construction (similar as presented for FLP) in Chapter 6.3

is not only relevant in different manufacturing industries but also in public and private

domains. Similar UIs have strong potential in the (collaborative) creation and review

of product designs. Thereby, large products such as the interior and exterior design of
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vehicles, aircrafts, or spacecrafts can be visualized and reviewed at full scale whereas

small products such as wearables, machine parts, or medical devices can be displayed in

enlarged form. Additional applications can be found in training scenarios, for example,

those involving maintenance, repair, or assembly tasks in different manufacturing indus-

tries as well as the teleoperation of machines, robotic systems, and drones in inaccessible

or hazardous environments. The integration of digital twins and simulations into the

XR environment opens additional opportunities to enhance virtual replicas and available

information. Finally, further interesting (collaborative) use cases arise in the context of

immersive analytics, crime scene investigation, surgical training and planning, as well

as training and teleoperation for space exploration. Ultimately, this variety of potential

applications for the developed scalable UIs implies a correspondingly broad user base.

As outlined in Chapter 3, the realization of XRS involves research and innovations in

several fields. The future adoption of XR technologies will also depend on hardware man-

ufacturers addressing key requirements such as accessibility, ergonomics, display size and

resolution, and developer support. Apart from enhanced hardware, remaining items from

the research agenda can serve as starting points for future work – for example, enhanc-

ing virtual replicas, designing and evaluating further collaboration support features, or

expanding research on user onboarding.
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