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Abstract 

Recently there has been a growth in commercial systems for Augmented Reality (AR), such as 

the Microsoft HoloLens and Magic Leap, which aim to subsume traditionally 2D productivity 

tasks performed by previous technologies through the use of a 3D User Interface (3DUI). 

However, there is currently a lack of research into how to design effective AR interfaces and no 

consensus on how to design general purpose 3DUIs. 

Augmented reality is an emergent technology with little prior design precedent. As AR becomes 

more widespread, it becomes apparent that new design paradigms are required to translate 

potential benefits of these new interfaces. 

This thesis aims to explore the design of AR productivity software that can exploit the spatial 

nature of augmented reality to complement the spatial nature of human interaction. 

To investigate this, three user studies were performed using an email client as a use case scenario. 

Each study focused on a different aspect in the design of an augmented reality system starting 

with user elicitation using informance design methods. This progressed to testing of alternative 

interfaces for three-dimensional document presentation using a formal lab experiment, finally 

ending with an observation of how users arrange documents in a simulated limited prototype 

system. 

The findings of this thesis include: 

• A new method of user elicitation for augmented reality interface design called “spatial 

informance design”. 

• Design recommendations of spatial interface augmentations for email. 

• Data to support that space can be used to triage email more effectively. 

• Different layouts of documents in space provide greater or lesser time, accuracy and 

memorability. 

• Presentation of document layouts with either an ego or exocentric view alters 

performance. 

• Users have a preference to use space over colour to group documents. 

• Users take advantage of space when a 3rd dimension is available. 

 

The conclusion of this thesis is that augmented reality has the potential to improve the user 

experience over the traditional two-dimensional GUI for knowledge work tasks. 
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Chapter 1 - Introduction 

This chapter introduces the potential of augmented reality (AR) for the future of user interfaces 

and general computing. The graphical user interface (GUI) is discussed and how spatial 

embodied user interfaces (SEUI) could be the next form of UI. Commercial augmented reality 

visions are detailed, giving context for current uses of augmented reality. An analogy is made 

with the development of early GUIs to the current state of AR interface development. Finally, 

research questions and overarching methodology are presented, and the thesis structure is 

detailed. 

1.1. Introduction 

Today Graphical User Interface (GUI) devices are a ubiquitous part of our world, living on 

personal computers and mobile devices. GUIs first appeared in the 1970s and began to be seen 

commercially with the Xerox Star in 1981, quickly followed by Apple Macintosh and Microsoft 

Windows. It can be argued that the GUI has become the standard paradigm for interacting with a 

computer. By using graphical representation, recognition over recall and point and click 

interaction; the GUI made pronounced improvement over command line user interfaces which 

has not been equalled since.  

The everyday world consists of tasks that require the development of sophisticated skills for 

sensing and manipulating objects in 3D space. In contrast, these skills are underutilised in our 

interactions with digital information, which are confined to a 2D space on a screen.  

GUI have relatively simplified arbitrary action-effect relationships which are disconnected from 

real life sensorimotor experiences and spatial relationships. This causes inconsistencies between 

how we interact with the physical environment and digital information, with a very limited 

relationship between the spaces of the physical and digital worlds. We cannot utilise skills for the 

manipulation or locating of physical objects within the world of the GUI.  

This thesis investigates Spatial Embodied User Interfaces (SEUI), these use naturally learned 

skills to “physically” embody digital information in the physical space. The challenge is to allow 

for a natural extension of physical affordances to the display and manipulation of digital 

information. 

The ability to spatially embody digital information within the physical space of the user would 

allow for these underutilised skills to be used to enhance the user experience. Making digital 

information embodied in the physical space frees the ability to have it directly manipulatable with 

hands and perceptible with peripheral senses. These “physical” forms are both representations of 
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the digital data and the means by which to manipulate the data. Taking advantage of these spatial 

skills is a significantly different approach from a traditional GUI. 

1.2. Commercial Visions for Augmented Reality 

In recent years augmented reality (AR) and virtual reality (VR) have seen a rapid increase in the 

availability [1], [2] and capability of new devices [3], [4]. According to IDC [5], the AR/VR 

market is expected to grow to nearly $140 billion by the end of 2024. Virtual and augmented 

reality, and the blanket term extended reality (XR), offer a spectacular range of interface 

affordances, which present challenges when designing for such applications. 

The term augmented reality originally dates back to 1992 with Boeing researcher Thomas Caudell 

[6]. This looked to superimpose three-dimensional information onto the physical world. The 

vision of augmented reality is typically that of a set of glasses which the user wears to enhance 

their vision with displayed digital information. This has led to a great deal of research in the field, 

which generally focuses on the attachment of digital information to objects in space [7]–[10]. 

Other uses include viewing and editing three-dimensional models as can also be found with virtual 

reality, with the benefit of not being removed from the surrounding environment (see Figure 1-1). 

 

Figure 1-1. HoloLens 2 presentation by Microsoft showing placement of a 3D model in space viewed in AR by a headset 
and a tablet. 

More recently technology has advanced to the point where a new more general view of AR has 

emerged. Many industries have a strong financial commitment and a powerful vision for 

augmented reality. In a recent announcement Meta [11] talked about their new augmented reality 

research: “With Project Aria, we are building towards a future where our devices disappear into 

the flow of everyday life, enhance the world around us as we go, and render our devices more 

human in design and interactivity.” This vision is not limited to the original specialist affordances 
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of AR mixing with reality but instead is positioned as a general replacement for current GUI 

desktop and mobile interaction. 

In an interview by Apple CEO Tim Cook [12] he mentions: “I think it’s [AR] something that 

doesn’t isolate people. We can use it to enhance our discussion, not substitute it for human 

connection, which I’ve always deeply worried about in some of the other technologies…. [AR] 

gives the capability for both of us to sit and be very present, talking to each other, but also have 

other things — visually — for both of us to see. Maybe it’s something we’re talking about, maybe 

it’s someone else here who’s not here present but who can be made to appear to be 

present….There’s a lot of really cool things there”. Many companies have or are currently 

developing new hardware which superimposes information into the user’s existing view of the 

world. For example, Microsoft, developers of the HoloLens, suggest [13] that “Done right, we 

will all live in a world very soon where we will interface and interact and instinctually manipulate 

technology ubiquitously through our days, and you're not going to be interfacing through 

monitors”. 

Google have already developed products like the Google Glass [14] and are working on more 

mainstream AR focusing on mobile applications such as Google Lens [15] and Google Maps (see 

Figure 1-2). Google’s CEO stated [16, p. 5] that “Google’s hardware and platform teams are 

‘thinking through’ AR and that it will be a ‘major area of investment for us.’” And have a vision 

of always being available. 

 

Figure 1-2. Google AR Maps application showing handheld AR. 

It is not just established players; other companies have been founded to bring AR to market. Magic 

Leap [17] has obtained $3 billion to build a consumer-friendly AR headset. Varjo [18], a Finnish 
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start-up specialising in enterprise-grade XR are developing Varjo Workspace [19] “[Varjo’s] new 

Dimensional Interface introduces a new paradigm allowing professionals to easily use 

Microsoft® Windows® applications and 3D software tools within a human eye-resolution VR or 

AR environment.” 

Current research into augmented reality either lies with technological advancements of 

registration and presentation or current use cases where data in the machine is mapped to objects 

in the world, such as guiding the assembly of aerospace engines [6]. However, the industry 

perspective where three-dimensional digital information is presented in space but is not attached 

to specific physical objects in the environment has been under researched. 

1.3. Spatial Embodied Augmented Reality 

The new vision of the AR manufacturers, as mentioned in Section 1.2. moves towards consumer 

level devices which are ultimately intended to replace desktop and potentially mobile interaction. 

These new systems use information which is not necessarily tied to the specific location or objects 

via the environment. Any more than a spreadsheet is tied to a specific place on a screen. This 

form of AR is akin to a laptop computer, where the laptop can be moved to different locations but 

the applications available on it are not tied to the environment they are in. Laptops are also a 

“Nomadic” form of computer that is generally moved between places and retains its own context, 

but can have relationships made with the current environment, such as to place it on a desk or 

plug it into a monitor. 

As augmented reality becomes more widespread, it is apparent that this emergent technology is 

still trying to find means of interaction that has benefits over traditional GUI interfaces. This leads 

to the question of what actual benefits can be gained from a system that allows fully three-

dimensional movement and interaction of a virtual space blended with a physical reality. Most 

knowledge work tasks currently enacted using traditional GUI systems are seen as two-

dimensional tasks, that are expected to not need augmentation beyond what is already available. 

However, all previous technological advancements from the first command line PCs to the 

introduction of the 2D GUI and mouse and more recently the smartphone, have survived by 

subsuming the basic tasks performed by the previous technologies and providing increased ease 

of use or added utility for these tasks. These knowledge work tasks such as word processing and 

email are an area that must be explored for augmented reality if it is to provide the same “upgrade” 

as previous technology. Email will be used in this thesis as a means to test possible utility for a 

productivity task in AR. Email is a common task that is easy for anyone to understand its use and 

be able to address issues that have been experienced.  

In order to categorise this new form of AR, this thesis will henceforth refer to it as Spatial 

Embodied Augmented Reality (SEAR). This form of AR will use the previously mentioned SEUI 
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in an augmented reality environment as a possible means to provide the technological 

advancement for AR over the 2D GUI. 

1.4. Analogy with early GUI development at Xerox 

One analogy may help to define the current state of development. In the 1960s and 70s there was 

a great deal of work done on the creation of the graphical display. Most of the work had been 

focused on the low-level mechanics of drawing lines and circles. It was extended by people 

looking at the design of three-dimensional systems to have another dimension to be represented 

on the screen and allow layering of information in screen space. At the same time new interaction 

systems such as the mouse [20] had already been developed. At this stage, the significant move 

was made by people such as Douglas Engelbart at Stanford Research Institute (SRI) and later by 

such as Alan Kay at Xerox Park. Here, the graphical user interface (GUI) was created [21] by 

extending the previous work on bitmap displays but by introducing user interaction elements such 

as menus, icons, pointers, and notions such as direct manipulation. What was missing from 

previous work was the development of what we would regard as the current modern graphic user 

interface. Here predefined widgets or views are used by designers to rapidly assemble flexible 

graphical user interfaces. These predefined components are flexible enough to be reassembled to 

handle a variety of information processing purposes. Additionally, predefined widgets can be 

tested with users to improve the communication and clarity and take maximum advantage of any 

interaction affordances. Moreover, the graphical user interface was intended as a wide-ranging 

flexible alternative to the command line or an assortment of mark-up languages. The vision for 

the graphical user interface at that point was to facilitate the widespread adoption of computing 

for non-technical users and make the experience “as invisible as possible” [22]. 

In many ways we can see the state of augmented reality as reaching the same state currently that 

has been achieved before in the two-dimensional graphical case. The immense technical 

difficulties of creating the illusion update on the screen have undergone intense scientific 

research. The next stage is to examine how to begin to design a sophisticated general-purpose 

three-dimensional graphic user interface that could possibly replace many of the two-dimensional 

interfaces we are familiar with today. It is the contention of this thesis that by failing to do this 

we are condemning virtual and augmented reality to several niche product areas rather than 

fulfilling the potential for a second graphical user interface revolution. One which might make 

interaction simpler, direct, rapid and augment the human consciousness to achieve higher levels. 

1.5. Convergence of Augmented Reality with GUI 

While the hardware side of XR devices has received a great deal of commercial attention, there 

has been little work done looking at how people will interact with these systems. For example, 

Varjo Workspace [19] appears to have a number of virtual screens which allow 2D GUIs to be 



6 

 

placed in the environment (see Figure 1-3). This is also very similar to the Microsoft HoloLens 

which also allows you to place windows containing 2D GUI applications in space. 

 

Figure 1-3. Varjo Workspace. 

The “Infinite Office” [23] from Meta using the Quest 2, also provides a series of flat 2D 

graphical elements for interaction and uses pass-through cameras to allow for an AR 

environment, as well as hand and object (keyboard) tracking (see Figure 1-4). 

 

Figure 1-4. Infinite Office on the Oculus Quest 2. 
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This industry vision of multiple 2D GUIs seems to fail to take advantage of the potentials of the 

3rd dimension which AR offers. By historical analogy, imagine what would have happened if 2D 

GUIs had only offered multiple character terminal emulators. The alternative is to imagine AR 

interfaces for general computing task that fully exploit the affordances of the 3rd dimension, 

such as arranging documents in 3-dimensions instead of two. We live in a 3-dimensional world, 

which suggests that a 3D UI might better support users naturally for many activities. 

Alternatively, this might be challenged by the assertion that knowledge work tasks, such as 

writing, reading or drawing, are 2-dimensional in nature. In which case, a 3D UI would be an 

unnecessary complication. 

1.6. Research Question 

As will be shown in subsequent chapters, many of the current GUI paradigms are strongly 

influenced by 2D GUI desktop and mobile screens. This invites the question of what a truly native 

AR GUI would look like? What affordances can a designer take advantage of? Can the use of 3D 

provide any advantage over a 2D GUI desktop? 

Current research has a focus on augmented reality interfaces which overlay data on physical 

objects. Current commercial systems provide a vision for AR where non-located data is presented 

in space for knowledge work. However, these visions are focused on providing a similar monitor 

setup as exists currently in the physical space but projected virtually. This does not consider the 

3-dimensional affordances that can be utilised with AR. 

Using augmented reality to place “physical” representations of digital information in the physical 

space of the user without the need for existing physical representations of the data, opens the way 

for a more general-purpose approach than what has previously been available. These abstract data 

such as text or numbers, which would otherwise be confined to a flat screen, can in this way be 

placed and manipulated directly in 3D space. On top of this the relationships between such data 

can also be represented in a spatial manner akin to a mind map or memory palace, allowing spatial 

memory to be used in the manipulation and locating of information more effectively than with a 

GUI. 

This thesis introduces the basic concept of Spatial Embodied Augmented Reality (SEAR). This 

form of AR leverages the idea of Spatial Embodied User Interfaces (SEUI) to serve as a general-

purpose interface for AR, by embodying arbitrary digital information spatially within a physical 

space. 

This thesis will explore the overarching research question: 

Can augmented reality improve the user experience over the traditional two-dimensional 

GUI for knowledge work tasks? 
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To aid in investigating the research question it is necessary to break it down into a number of 

research sub-questions. From an experimental point of view, it is useful to hypothesise a SEUI 

technology and ask questions of that technology. 

The questions will be framed as: 

1. Would non-specialist users find SEUIs natural and be able to take advantage of the 

affordances which SEAR provides? 

2. Would a single SEUI design be interoperable between handheld and head-mounted 

SEAR presentations? 

3. What processes and strategies are necessary when designing for SEAR? 

 

For sub-question 1, previous research has been focused on specialist uses of AR (see Section 

2.6.2. ). To further refine the research question, it is important to approach this from the viewpoint 

of a non-specialist user. It is also important to address the possible affordances available by using 

a 3DUI and determine if there is any measurable advantage such as improved memory (see 

Section 2.10. ). 

For sub-question 2, Previous research has assumed interoperability of interfaces between 

handheld and headset AR (see Section 2.13.3. ) but have not empirically tested if this is the case. 

This is important to investigate as assumptions of an interface working the same in both modes 

could result in future issues in the design of AR interfaces (see Section 2.13. ) 

The final sub-question must address the design considerations of how to produce an SEUI, where 

previous work has focused on handheld AR or VR (see Section 2.13.3. ). This is important as 

there are no current design patterns for how to design such an application or how SEAR should 

even look or behave. This emerging technology also gives an added opportunity to involve end 

users of SEAR in the design from the beginning of the process. 

1.7. The Power of User Centred Design 

There are very few points in the history of technology where a fundamental revision of how we 

interact with information could be considered. As Section 1.2. demonstrates, there are a great 

number of affordances for radical new ways to interact with data. This opportunity should be 

carefully considered with how it should be approached and exploited to avoid future path 

dependence [24] (see Section 2.13. ). 

Previous UIs have been principally designed in the seclusion of commercial environments 

(Windows, OSX, Android). This commercially sensitive design paradigm is very designer 



9 

 

focused. While this has led to a number of successes, there have also been numerous failures 

(Symbian OS, BeOS, OS/2). In order for 3DUIs to succeed, users must be able to understand them 

and be comfortable with their use. To achieve this, it is important to begin with the user’s goals, 

capabilities and experience. For 3DUIs to meet the objective above of being “instinctual” (see 

Section 1.2. ), it is clearly important to begin with the users and include them as early as possible 

in the design process. 

Commercial systems are also primarily focused on providing a recognisable interface to end users 

which may remain very similar for many years and over many form factors (such as Windows 

with Windows Phone and HoloLens). This may also result in propagation of questionable design 

decisions for the sake of “consistency” over usability. 

In order to avoid these caveats, the design of AR should be a shared effort and seek to expand the 

diversity of these involved in the design process. This process known as user centred design 

involves the user in the process of design, starting with their needs and requirements. This 

increases clarity of what a design should be to avoid wasting resources on products that users do 

not need or want. 

The design of a SEAR/SEUI is a radically new one, which can allow designers to be unconstrained 

from previous GUI legacy interfaces. These designs offer the opportunity to create a user centred 

process for this new kind of UI. By putting the user at the centre of the design process, it may be 

possible to create 3D graphical user interfaces which truly have the potential to make “devices 

disappear into the flow of everyday life”. 

Throughout this thesis there will be an attempt to try to maximise input from everyday users into 

the design process. Potential users will be given the chance to be involved in the design of a SEAR 

system from the beginning to prototype. The hope is, by designing a system based on participatory 

methodology and feedback from non-technical users, that the designs produced will not be 

constrained by what currently exists in the design space and can provide inspiration and design 

guidance to instead support what could exist in the future. 

1.8. Overarching Methodology 

Following on from Section 1.7. , a method was necessary to allow this research to begin with an 

overarching vision elicited from potential users. This input would then be analysed to identify 

common reusable components, which could be used in other application areas. Clearly time 

constraints would never permit the creation of a full system, so instead one of the components 

(document presentation and layout) would be taken and investigated in enough analytical detail 

to create a design specification. Through this investigation the intention was to create evidence to 

answer the research question regarding the viability of SEUIs and SEAR as a whole. 



10 

 

The overall strategy was to take a top-down approach, starting with the user vision and working 

down to specific components of the interface. This led to the overarching methodology of this 

thesis through the use of the “multimethod” [25] approach. In this approach, a series of 

complementary methodologies were used throughout the thesis. Using multiple instead of a single 

method allowed for an exploratory approach towards the research goals. 

Experiment 1 – Spatial Informance Design. The methodology for the creation of the initial vision 

was a qualitative study using participatory design methods to elicit the overarching vision. 

Problematically there is no method currently to work with such open-ended visions. The first step 

would be to create a new way to begin from scratch and maximise user input. If this was a simple 

flat screen interface, this could have been done using “paper prototyping”. Given this thesis is 

about AR, a new method would need to be used to create the vision. 

Experiment 2 – Document Layout. This experiment followed from Experiment 1 taking a single 

aspect to investigate in greater detail. For this experiment a “mixed methods” [25] approach 

combining the use of quantitative and qualitative data was used. This study was more quantitative 

in that it looked at speeds, error rates and subjective assessments for one aspect of the overall 

SEAR system. This approach is similar to that of the standard ‘Fitts’ Law’ experiment. 

Experiment 3 – Spatial Grouping. Following from Experiment 2 there was a question of if 

allowing users to arrange the documents themselves would allow for better utilisation of the space 

and additional embodiment. This again used a more qualitative approach to investigate user 

attitudes towards the user of the SEAR system. 

1.9. Thesis Overview 

The following section will give an outline of the structure of the thesis. 

Chapter 2 (Literature Review) begins with a review of the previous research into AR including 

hardware and the uses of AR. Progressing into further detail of the current 3D user interface (UI), 

3D interaction and 3D desktop research space. It will then further go into previous attempts at 

creating AR productivity applications, spatial cognition and embodied interaction will be 

explored in relation to how it can be applied to spatial embodied interface design. The chapter 

will then continue to establish definitions for SEAR, SEUI and ego- and exocentric presentation 

used in this thesis. This will then be used to re-identify the questions which will be approached in 

this thesis. Finally, prototyping with a focus on user centred design and informance will be 

explored in depth to give a detailed grounding for Chapter 3. 

Chapter 3 (Experiment 1) takes the gap in knowledge identified in the literature review and begins 

with a qualitative study to elicit an overarching vision from a number of users. To do this a new 



11 

 

method called “Spatial Informance Design” was developed, based on “informance design” and 

“Bodystorming” to serve as a form of “paper prototyping” for the design of 3DUIs.  

Chapter 4 (Experiment 2) takes one aspect from the design vision of Experiment 1, in this case 

the presentation of documents and possible arrangements in space. This aspect is then explored 

in quantitative detail. To do this an AR application was developed for an Android smart phone to 

investigate six different arrangements of documents in space. In addition, data was collected to 

look at differences between handheld and headset presentation. The surprising result showed a 

heavy user preference for the handheld condition and for “horizontal plane” arrangements, large 

differences in time to find and accuracy in finding a document between the handheld and headset 

conditions and significant gains in time to find a document from locational memory in some 

arrangements. 

Chapter 5 (Experiment 3) follows from Chapter 4 suggesting that “vertical plane” arrangements 

of documents were detrimental. A second experiment was developed for the Oculus platform 

simulating a SEAR environment in VR. This application allowed participants to place documents 

how they wished in space or colour the documents for an alternate means of classification. The 

result of this experiment was that some participants clearly took advantage of what a 3DUI might 

present, while others preferred documents to be arranged in alignment with 2D surfaces.  

Chapter 6 (Discussion) summarises the procedures and results from Experiments 1-3 and presents 

them in relation to the previous literature. The results of each experiment are discussed and links 

between the experiments, regarding to arrangements and space, are then analysed. 

Chapter 7 (Conclusions) presents an argument that from the literature and the results of 

Experiment 1 that an SEUI offers advantages for non-technical users. The results of Experiments 

1-3 provide evidence that indicates some users will take advantage of the dimensionality of a 

SEUI. This suggests that non-specialist users would take advantage of the affordances that a SEUI 

provides. Final comments are made about each experiment and research questions posed in 

Chapter 1 are answered. Conclusions for the thesis as a whole are made and future work is also 

discussed. 

The Appendix includes a list of all emails used in the experiment, each numbered for referencing; 

Ethical documents applied for and approved by the institution; and Experimental documents used 

in each of the experiments. 

The Glossary gives definitions of terms used in this thesis. 

The References are available to browse the literature used in the composition of this thesis.  
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1.10. Thesis Contributions 

The contributions of this thesis are: 

• A new method of user elicitation for augmented reality interface design called “spatial 

informance design” is presented. 

• Design recommendations of spatial embodied interface augmentations for email. 

• Data to support that space can be used to triage email more effectively. 

• User preference for horizontal plane arrangements of documents in space over vertical 

plane. 

• Improved spatial recall of documents for most arrangements. 

• Presentation of document layouts with either an ego or exocentric view alters 

performance. 

• Users have a preference to use space over colour to group documents. 

• Users take advantage of space when a 3rd dimension is available. 

• About one third of users prefer to have a flat space, such as a desk, to arrange documents. 

• Users prefer to stay in the space near a desk and operate at arm’s length. 
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Chapter 2 - Literature Review 

This chapter investigates the literature involved in the design and implementation of augmented 

reality interfaces. First the history of augmented reality is traced from 1968 with the creation of 

the Sword of Damocles then through surveys by Milgram et al. in 1995 to Rabbi et al. in 2013, 

discussing the progress of technology through this nearly 50-year period of AR development. The 

current state of augmented and virtual reality hardware is explored with possibilities to use either 

passthrough on a virtual reality device or a purpose-built AR device. Differences between 

handheld and headset augmented reality devices are discussed covering ego and exocentric 

presentation methods. Three-dimensional interfaces are explored and how they can be leveraged 

for direct interaction. Spatial embodied augmented reality is explained differentiating from AR 

filters and overlays, and examples are given of previous work of spatial user interfaces. The 

research space of 3D user interfaces (UI) is explored including the different methods of input 

available. This then leads to the means of 3D interaction using these input methods, including an 

overview of past taxonomies and proposals. 3D desktops are then investigated, looking at past 

implementations. Past productivity applications in AR and VR are then detailed, showing there is 

an interest in the development of this field. Spatial cognition is then explored looking at examples 

where it has been applied to 3D interface designs and spatial embodied augmented reality is 

discussed in terms of past attempts at this type of interface. Prototyping and informance is 

discussed giving examples of different techniques leading to how it can be specifically applied to 

augmented reality. 

2.1. Introduction 

As mentioned in the introduction, this thesis covers the design of interactive software for 

augmented reality. This thesis aims to position itself in the spatial augmented reality literature, 

specifically in spatial productivity application development with AR prototyping and use of space 

in augmented reality. 

2.2. Augmented Reality History 

The first AR headset developed was the “Sword of 

Damocles” [26] (see Figure 2-1) by Ivan E. Sutherland 

in 1968. It was able to display 2D images and 3D 

wireframes (as current technology could not handle 

drawing “hidden lines”) with head tracked perspective 

using mini-CRT displays projected through a half-

silvered mirror into the user’s view. The paper detailing 

the system for the display is mostly a description of how 

the head is tracked and the 3D images are displayed to 

Figure 2-1. Ivan Sutherland's first head 
mounted display (HMD), The Sword of 
Damocles. 
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the user. No means of interaction are discussed for the Sword of Damocles as it is focused solely 

on the visual display technology. 

Not much was mentioned of augmented reality until the 1990s when it started to show up as a 

means for telerobotic control defined as “augmenting natural feedback to the operator with 

simulated cues” and conversely in specialised augmented reality conferences as “a form of virtual 

reality where the participant's head-mounted display is transparent, allowing a clear view of the 

real world”. This prompted Milgram et al. to attempt to classify augmented reality and determine 

a taxonomy of display types [27], [28]. This led to the “Reality-Virtuality Continuum” (see Figure 

2-2) to be developed. This was an attempt to classify the relationship between AR and VR with 

various different display types, and in doing so also classified Augmented Virtuality (AV) on the 

same spectrum under the term of Mixed Reality (MR). They go on to classify different AR and 

AV display types as a series of numbered “Classes of Display”, placing screen-based AR as a 

Class 1 device and an optical-see through HMD AR (as with the “Sword of Damocles” above) as 

a Class 3 device. Milgram et al. determined that exocentric screen-based AR displays are not able 

have “strong presence” like an HMD. They then go on to present a three-dimensional taxonomy 

of the discussed display classes consisting of: Extent of World Knowledge, Reproduction Fidelity 

and Extent of Presence Metaphor. These allow determining of a system’s ability to understand 

it’s environment, the fidelity of the content displayed and the degree of user presence, 

respectively. They conclude by saying that the framework developed could be used for different 

research areas to have a shared definition of augmented reality (and VR/AV) and be able to place 

future discoveries within the framework to allow comparisons. While this has not occurred, the 

continuum is still used to define the differences between AR and VR. 

 

Figure 2-2. Reality–virtuallity continuum by Milgram et al. 

A survey of augmented reality was written a few years after Milgram et al. defined their 

taxonomy, by R. Azuma in 1997 [8] defining AR as a system that combines real and virtual, is 

interactive in real time and is registered in three dimensions. This is in line with the previous 

definitions but not exactly the same. They discuss some uses of AR in various sectors such as 

Medical, Entertainment, Visualisation and Military HUDs, giving a brief overview.  

Later Azuma et al. revisited their survey in 2001 [29] going into more detail on, at that point, 

current AR technology. They go into how new technology advances allowed for more research 

in the area and introduce different types of displays (HMD, handheld and projection). Areas of 



15 

 

issue with AR displays are detailed (similar to the previous paper) with references to attempted 

solutions. They define new application areas that have developed since the previous survey 

including Mobile, Commercial and Collaborative systems. In future work they state user interface 

limitations as one of the reasons AR is not in wider use due to focus on low level perceptual issues 

over high-level data driven tasks. They also mention that social acceptance is an important factor 

in the adoption of AR. This is frequently touched on in AR literature, with very little comment on 

solutions, as is mentioned here, “To date, little attention has been placed on these fundamental 

issues [interface and social]. However, these must be addressed before AR becomes widely 

accepted”. 

Following this, in 2010 van Krevelen et al. [7] provided another survey on the field of AR, 

referencing the previous work by Sutherland and Milgram et al. They discuss various display 

types similar to Azuma et al. [8], [29], including additional types such as aural (sound) displays. 

van Krevelen et al. is the first that goes into detail on user interfaces for AR, stating that the 

current WIMP paradigm does not apply well to AR. This paper goes on to discuss different 

frameworks for AR prototyping including ARToolkit [30] and state “that commercial success of 

AR systems will depend heavily on the available types of content.” They then go on to discuss 

different applications for AR, expanding on the previous papers, with Industrial Assembly and 

Design, Office, Games, Sport Annotation and Collaboration. Finally, they go into limitations of 

AR which have remained mostly the same since the Azuma et al. surveys, also citing the issues 

with tracking and social acceptability while also adding portability and overload issues. They 

conclude that AR should pave the way for ubiquitous computing with more natural input. 

Finally, Rabbi et al. [9] in 2013 produced a survey on challenges and tracking for AR. They 

selected Azuma et al’s definition of AR from [8], [29] as the definition of AR they would use and 

discuss the framework of AR system tasks from [7]. This thesis will also use this definition of 

AR. 

These surveys have tracked the development of AR over the years, providing a window into the 

history of AR and the various technologies and solutions presented. Many details were given on 

the current technologies available, but generally they did not provide concrete recommendations 

or solutions for problems presented other than that technology would continue to progress. Many 

issues still remain and keep cropping up, such as social issues and content, whereas others such 

as tracking have been constantly improving. Very little was mentioned of interacting with AR 

content up until more recent papers (see 3D UI below) and generally seemed to be present in the 

3D interaction space rather than the AR space itself, as evidenced here. 

Following from the historical development of AR, we can now look into the current state of AR 

development. 
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2.3. Current State of Augmented and Virtual Reality 

For the last decade there has been an exponential increase in the availability and quality of 

augmented and virtual reality devices. However, there have been very few head-mounted AR 

capable devices available outside of research institutions and have only just started getting traction 

in the commercial sector (since the release of the HoloLens [31] in 2016). Recent attempts have 

been made with Google ARCore [32] and Apple ARKit [33] to allow spatial AR capabilities to 

be used on mobile devices (with high end specifications [1]). This thesis will use the term 

“Mobile-AR” to refer to handheld small computing devices, such as phones and tablets, using AR 

capability. These are still in their early stages and will require much better software tracking and 

hardware (such as depth cameras) to provide a stable enough experience for anything more than 

“gimmick” applications. 

Virtual reality could also be used to provide a virtual environment with similar spatial capabilities 

but will lose the ability to see the environment around the user and introduces different 

affordances, such as blocking the surrounding environment specifically for a mobile office [34], 

[35]. This thesis only touches upon virtual reality as it is tightly integrated with the history and 

design of augmented reality and also provides a means to testbed augmented reality applications 

without the need for augmented reality hardware, extensive spatially aware software frameworks 

(such as MARS [36] or Mesh [37]) and physical locations. 

2.4. AR/VR Mixed Devices 

Mixing the mobile and head-mounted technologies, the Oculus Quest [38] and Quest 2 [2] (see 

Figure 2-3 A) have the possibility of being spatially capable AR “standalone“ devices. These VR 

systems have high spec mobile hardware with the additional ability to use the “Passthrough+” 

feature to see the real environment. This feature is imperfect however, possibly due to latency 

issues and lack of colour. The passthrough feature can be seen in Meta’s Infinite Office proposal 

[23]. Another AR/VR mixed device is the Varjo XR-1 [39] (see Figure 2-3 C) which alternatively 

provides several passthrough AR features, with claims of low latency, however spatial registration 

requires prior setup of external trackers for the headset and possible additional “marker” trackers 

in the environment (the XR-3 [40] claims inside out tracking). The HTC Vive Pro [41] and 

Cosmos [42] (with XR faceplate, see Figure 2-3 B) offer a similar system also with hand tracking 

[43]. There is also dedicated passthrough hardware such as the Zed Mini [44] which can be 

attached to a headset to provide passthrough and spatial registration capabilities (see Figure 2-3 

D). All of these devices (except Quest) require a high spec PC and in some cases specifically 

Nvidia [45] graphics cards for vendor specific APIs or a requirement for tensor core hardware. 
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Figure 2-3. Devices that can currently be used as AR devices in a limited capacity. A. Oculus Quest 2, B. HTC Vive 

Cosmos with XR faceplate, C. Varjo-XR1, D. Zed Mini attached to an Oculus Rift. 

2.5. Standalone Head-Mounted AR 

The Microsoft HoloLens [31] (see Figure 2-4 A) and Magic Leap [46] (see Figure 2-4 B) devices 

remain the most promising for true spatial AR as they provide spatial scanning APIs available to 

developers and various other features such as hand tracking, as a standalone device. However so 

far, no applications outside of research (except specific industry assembly [47] or maintenance 

[48] tasks) have used this ability to create anything beyond placing 3D models in space or 

providing a set of window-based menus. There are other devices such as the Nreal glasses [49] 

(see Figure 2-4 C) which promise similar functionality but are targeted more at providing a “hands 

free” interface for a mobile smart device. There are other AR/XR devices that are not currently 

available [50]–[54] which are mostly for specific AR situations, pace setting in the case of Ghost 

Pacer [50] and augmented tabletop gaming for Tilt Five [52] (with possible potential for other 

desktop AR uses). There are also likely to be more devices produced using the XR2 [4] processor, 

used in the Oculus Quest 2, for other XR purposes. 

 

Figure 2-4. Augmented reality hardware. A. Microsoft HoloLens 2, B. Magic Leap, C. Nreal Light. 
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2.5.1. Handheld vs Headset 

The main requirements for spatial interaction are to be able to 

understand the environment. The original means of determining 

the position and orientation used a fiducial marker (see Figure 2-5) 

which can be scanned by a camera on a device. Alternatively a 

simultaneous location and mapping (SLAM) [55] algorithm 

running on a device can also determine its own position and 

orientation, which can be used in combination with an Inertial 

Motion Unit (IMU). 

Milgram et al. [27] defined the term egocentric to describe the 

form of AR where the user is immersed in the view of the environment. They go onto describe 

exocentric as the form of AR where the user is looking on the world from the outside. These terms 

are also used frequently in AR literature [56]–[58] and map very well to the use of head-mounted 

and handheld displays. 

A handheld device offers an exocentric view of the environment, which is a perspective of the 

real and virtual space looking through a camera lens with the view controlled by the user’s 

movement of the device. This generally lends to indirect interaction such as touch input with an 

overlaid 2D UI, as all major smartphones have a built-in touchscreen to take advantage of. An 

exocentric view should allow for more movement within the environment as the position and 

rotation of the viewer (phone) is not fixed to the user’s head as with egocentric, meaning that it 

can be moved around freely. The registration of objects (how a virtual object appears to be static 

in the real environment) also does not need to be as robust as the user view is not fixed to the 

environment view. Misalignment is also less likely to cause health issues such as nausea or eye 

strain, though bad registration may still cause user frustration due to interaction and visual issues 

that would be introduced. 

A head-mounted device offers an egocentric view of the environment, both real and virtual, 

meaning that the virtual overlaid environment is directly in the user’s field of view. This generally 

lends to direct interaction such as hands or pointers. This also means that the system must be very 

careful in its alignment of located virtual objects [59] as any failure in registration could lead to 

nausea. An egocentric view should allow for greater user presence in the feeling of virtual objects 

being “really there”. A head-mounted AR device also gives added privacy over a handheld device 

as it is harder to see what a user is looking at.  

Commercial augmented reality applications could move down one of two routes. The first is one 

based on handheld AR and the second is based on head-mounted AR. This gives rise to the 

Figure 2-5. ARToolKit fiducial 
marker. 
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question, would the same SEUI be able to interoperate between both forms of AR? If not, this 

splits the original question into two halves. This is something that requires investigation. 

2.6. Augmented Reality Software 

2.6.1. Three-dimensional Interfaces 

A three-dimensional interface leverages the ability of modern computers to render three-

dimensional graphics with APIs such as OpenGL, DirectX or Vulkan. This allows for more 

complex interfaces to be created than traditional two-dimensional GUIs. However, such interfaces 

are generally reserved for 3D games and often do not provide any additional affordance than a 

normal 2D GUI that is slightly at an angle. 

As Bowman [60] suggests there are large opportunities in the affordances available in a three-

dimensional user interface (3D UI). There are a wide range of interactions where the 

characteristics of the tasks of certain domains match with the characteristics of 3D environments. 

An application can then leverage a user’s natural skills in interacting with the real environment. 

This allows for more direct interaction with digital data and reduce cognitive distance of a user’s 

actions from system feedback of a task. Complex mental models of a virtual (or augmented) 

system would be able to be more easily learned by users, which should make complicated tasks 

easier to comprehend. 

There has been a large amount of research into three-dimensional user interfaces over the past 40 

years, but very few actual 3D user interfaces have appeared in general use. This is likely due to 

most (if not all) current 3D user interfaces being part of a very specific system designed for a 

specific purpose with their own set of interactions. This is valid for a specific use case, but this 

does not make it any easier for the next system to be developed for the next use case and ends up 

with minimal reuse of interaction design. If a set of standard interactions could be developed for 

3D UIs with 2D GUI equivalent widgets, such as buttons and sliders and not just “3D” versions, 

it would be much easier to design and create a 3D UI for a more complicated application more 

efficiently. This was also suggested by Bowman [61] and will be further discussed in Section 

2.7.1.  

2.6.2. Current Applications 

Current applications are influenced by the work of Wellner et al. [62] who established the idea of 

interfaces which focus on annotating real-world objects with additional information, which for 

this thesis will be called “Overlay augmented reality”. This is a subset of augmented reality which 

overlays information on objects in the environment. This form of interface can be seen 

implemented in work on museums [63], tourism and sightseeing [64], automatic translation [65], 
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map and related navigation systems [66]–[68], in-situ evaluation of three-dimensional products 

and other industrial design [6], [69]–[71] and education and training [72]–[77]. 

Overlay augmented reality is the most common and caters to single, very domain specific 

application areas. Techniques used in these applications however are not easily generalisable and 

normally require registration to specific features or objects in an environment. This limits the 

ability for this form of augmented reality to be used for applications that do not require a specific 

environment, object or input mechanism to function. This leads to a need to have a more 

generalisable way to interact and present abstract information to a user. 

2.6.3. Spatial Embodied Augmented Reality 

The primary affordance of any augmented reality system is the overlaying of tagged information 

on to the environment being occupied [78]. Overlay augmented reality such as Spark AR [79] or 

Snapchat filters [80] only provide a means to alter an existing video stream with generally 2D or 

semantically registered content (e.g., face tracking, overlaid translations, animated models). 

Many demonstrations of the Microsoft HoloLens show examples of applications where the system 

responds to objects in the room, such as tables, but the applications are themselves unrelated to 

the specific room. For example, Figure 1-1 shows an engine component viewed in an unrelated 

space. Other examples include HoloDesk [81] which used an optical see-through display and 

Kinect camera to create the illusion that users are directly interacting with 3D graphics and 

SpaceTop [82] which used a see-through display to allow for direct manipulation of 3D elements 

in the space above a keyboard. Both provided simple user interactions as proof of concept. 

Applications that lack semantic connection with the external space are clearly a new class of 

augmented reality application distinct from previous research. To reinforce the distinction, this 

thesis will refer to these types of interfaces a “Spatial Embodied Augmented Reality” or SEAR. 

This is different from “Spatial(ly) Augmented Reality” [83], which is the use of digital light 

projectors to augment physical surfaces with images. 

Spatial embodied augmented reality (SEAR) is a version of AR that places 3D content often 

referred to as “Holograms” [59] in registered space. Spatial embodied augmented reality has the 

potential to allow for much richer user interface experiences, allowing for natural input such as 

hand tracking and spatial awareness of interface elements while not being semantically tied to the 

world around the user. An example would be watching a movie on a screen placed in the 

environment, reading electronic mail or viewing a proposal of an engine component as with 

Figure 1-1. 

Augmented reality games for example use the environment around the screen or system, but 

project information unrelated to that specific location. It is these abstract data representations 
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presented by being projected into the physical world which provides a richer and more fertile area 

for the creation of general-purpose human computer interaction. 

It is the design of these informational environments where locational relevant information is 

embedded into the space around the user that are the design considerations of this thesis. Previous 

work in the field has largely concentrated on the low-level mechanisms by which an augmented 

reality system may align itself with the human vision system. With the release of commercial 

toolkits, the interaction design community needs to look more deeply into the process and 

opportunities on the mechanisms of design for augmented reality. 

2.7. 3DUI 

While there has been extensive research into human computer interaction in the field of virtual 

reality and augmented reality [7], [9], this work has been largely focused on the low-level details 

necessary to establish and create the illusion of a three-dimensional interaction space with the 

user. There has also been a considerable amount of research on the low-level aspects of interacting 

with this kind of information [84]. It should be noted that there are varied ways that three-

dimensional data can be engaged with and manipulated from the user’s perspective [85]. 

2.7.1. 3D Input 

Many means of interaction for 3D have been discussed [86] such as 3/6DOF “wands”/controllers 

[87], [88], gestures [89]–[92] , haptic/”data” gloves [93], voice [94], 3D mice (bats) [95], smart 

pens [96], passive surfaces with overlays [97], [98], tracked markers [99], [100], tracked objects 

[101], touch screen [35], [102], whole body (Kinect) [103], [104] and direct hand [43], [105]. 3D 

Input is a very fast evolving area with many researchers and commercial systems actively 

developing hardware and software systems. This means there is not a universally agreed on 

preferred 3D input mechanism. While there is a great deal of work on mechanisms for input, there 

is relatively little work on evaluating the effectiveness and utility of these in a complete system. 

One such work is that of Lubos et al. [106]. 

Lubos et al [106] describes a Fitts' Law experiment looking at 3D direct selection of objects. They 

examined the direct interaction space in front of the user, divided it into a set of interaction regions 

and compared different levels of selection difficulty. The results indicate that selection errors are 

highest along the view axis, less along the motion axis and marginal along the orthogonal plane. 

They state that immersive HMD environment 3D selection tasks, which require high precision, 

should be restricted to a level close to the eyes despite more comfortable interaction in the lower 

regions. For accurate selections of spherical targets, such as points, they suggest inflating the 

selection space using an ellipsoid cursor. 
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Buchmann et al. [105] presented a fingertip-based technique for interacting with augmented 

reality environments. They used an urban planning application to prototype the technique, 

allowing for various direct gestural inputs with a hand including grabbing, pointing and system 

specific interactions. The system uses a glove and table with fiducial markers implemented with 

ARToolKit [30] and haptic feedback was also provided. They found that haptic feedback provided 

greater confidence with interactions but found issues with lack of depth cues when interacting 

with a hand in the environment. They concluded that the interactions provided were versatile 

within the urban planning demo implemented and could be rapidly learned by novice users. They 

also posit a more robust tracking solution (than fiducials) is needed to improve usability with 

improved hand and finger tracking accuracy. 

This leads to a need to integrate input devices with mechanisms for interaction within a 3D 

environment. 

2.7.2. 3D Interaction 

Interaction with 3D environments has been highly explored in research over the years [60], [86], 

[107]–[110]. 

Bowman et al [61] described a taxonomy of virtual environment interaction techniques and 

proposed a systematic methodology for the design, evaluation, and application of interaction 

techniques for immersive virtual environments. These taxonomies were produced and evaluated 

for viewpoint motion control and selection and manipulation techniques using nine previously 

published techniques. These techniques were then applied to an immersive design application 

called “Virtual Habitat”, which was tested with 24 students finding that accessibility and 

constraints are two important factors affecting interaction performance in immersive 

environments and that user familiarity is the key to satisfaction. 

Bowman et al [109] later presented a broad overview of 3D interaction and user interfaces. 

Bowman postulated that most user-interaction tasks in a virtual environment can be divided into 

three categories: navigation, selection/manipulation, and system control. They report that “There 

are still no cohesive 3-D interface paradigms similar to the WIMP paradigm in desktop user 

interfaces”. However, they do not propose a mechanism by which they may evolve. 

Rauterberg [107] discussed the integration of virtual objects into an environment containing real 

objects to better access the virtual world of the computer. They discuss the innovation of user 

interfaces from command line to menus to direct interaction (GUI). They suggest using direct 

hand interaction to interact with virtual objects as a natural user interface (NUI) but acknowledge 

issues with direct interaction involving the loss of haptic feedback, lack of depth perception with 

2D data, input/render lag and lack of interaction with others. Rauterberg proposes the melding of 
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the physical perception space and the virtual action space to theoretically reduce cognitive load 

by allowing users to "get the feedback of the state of manipulated objects exactly at the same 

place where they manipulate these objects”. This thesis proposes a similar paradigm of displaying 

and manipulating data in the environment of the user directly. 

Beaudouin-Lafon [110] proposed an interaction model based on direct interaction for post-WIMP 

interfaces using instrumental interaction and gives an example using text find and replace. They 

describe instrumental interaction as a means of interaction between users and “domain objects” 

(3D objects or 2D UI elements) mediated by tools which transform user actions into commands 

affecting relevant objects and provide feedback of command success. 

This work shows that 3D interaction techniques are highly varied and can be implemented for a 

large number of different application areas. However, without a generalisable standard form of 

input or tried and tested techniques for a specific area, that can be reused without considerable 

effort to adapt to a new system or input device/method, augmented reality will remain a niche 

design area and a technology that fails to breach into a mainstream application space. 

2.8. 3D Desktop 

3D desktop refers to a desktop that incorporates 3D elements to provide the functionality and user 

interface to a computer system. These are frequently seen as an extension of 2D GUIs. Many 

different proposals have been discussed for implementing such a system including 3D effects on 

a traditional desktop [111], projections on the environment [98], [112], transparent screens with 

hand tracking [82] and AR headsets [96], [113]–[115]. 

As far back as 2001, Streitz et al. [116] presented a vision of the workspaces of the future, they 

believe the world around us will be the interface to information, represented via ubiquitous 

devices, some visible and others “invisible,” in the sense that they are embedded in the physical 

environment. They posit the concept of cooperative buildings which (re)act “on its own” after 

having identified certain conditions and will adapt to changing situations providing context-aware 

information according to knowledge about past and current states or actions. A test environment 

"i-LAND" was created, with various means of interaction DynaWall, InteracTable, ConnecTables 

and CommChairs. Mechanisms like “Passage” employing arbitrary real-world objects as 

“Passengers” (objects with associated data), interaction forms like “throwing” information objects 

on large interactive walls, and other activities seemed to provide new intuitive forms of 

cooperation and communication. The authors state that AR along with architecture (buildings), 

ubiquitous computing and computer-supported cooperative work are ” the necessary constituents 

for a framework of designing HCI in the future”. This paper focuses more on how interfaces to 

information can be embedded in a specific environment (a building) rather than how a general 

system for AR interaction could be designed. 
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DiVerdi et al. [114] present ARWin, a single user 3D augmented reality desktop window 

manager. ARWin uses (ARToolKit) marker-based tracking to allow multiple 2D desktop (X) 

windows and 3D workspace applications in a merged 3D AR environment. They postulate this 

allows persistent inter-application links and dataflows to be visualized graphically and makes 

possible interaction of applications based on physical proximity. They propose a taxonomy of 

objects within the environment as either physical tagged objects, physical-virtual hybrid objects 

or fully virtual. The implementation seems to mainly focus on use of 2D windows in space, 

providing events for proximity between applications to be used for interaction and a snap event 

to switch between 2D and 3D operation. A screen stabilised mouse is used for operation which 

they admit is not intuitive for an AR environment, proposing instead a world stabilised 3D input 

device or direct hand interaction be used (see 3D Input above). DiVerdi et al. further propose 

avenues to explore for using such an interface for inter-application interactions, allowing for data 

and control information to be more easily passed between programs/objects but determine this 

would need an established way to visualise such flow to avoid confusion. This paper provides a 

possible avenue for interaction between objects in a 3D AR environment, however it does not 

discuss how information should be arranged to best make use of such a system. A similar system 

was also proposed for VR [117] but was only presented as a concept. 

Serrano et al. [113] developed Desktop-Gluey a system that acts as a ‘glue’ to facilitate the flow 

of information and redirect input across multiple devices. They envision that Gluey will become 

the  “new desktop environment” allowing a user to create a desktop anywhere and anytime by 

using available display devices with any input device. They describe an implementation with an 

Epson  Moverio BT-100 headset (and webcam for tracking) but do not provide any details or 

evaluation. Serrano et al. then go on to provide a usage scenario detailing possible uses for the 

system including spatially laying out of information, allowing a mobile desktop environment and 

multi-user interaction using proximity. This paper seems to be mostly a future vision piece of how 

such a system could be used rather than any details of how it is to be implemented. This thesis 

has a similar interest in spatial arrangement of information but aims to actually evaluate its use. 

SpaceTop [82] is one example of a 3D desktop that fuses 2D and spatial 3D interactions in a 

single desktop workspace, focusing on office style work. Here the system demonstrated bimanual 

interaction and the use of a 3D user interface. This system demonstrated useful benefits for 

information-based AR. The authors state that “Despite advantages from spatial memory and 

increased expressiveness, potential issues related to precision and fatigue make 3D desktop 

computing challenging” as a reason for 3D spatial interfaces not being more widely used. 

An alternative 3D desktop was proposed by Agarawala et al. [118] using piles as the primary 

mode of organisation in a 2.5D space called "BumpTop". This prototype uses a pen as input to a 
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space with realistic physics simulation to allow manipulation and piling of objects in a virtual 

desktop. An interesting metaphor for a real-world interaction with objects such as paper is offered 

with a set of basic pen gestures. The study found that users were able to complete approximately 

88% of tasks without extensive training and felt they could effortlessly do the tasks again. This 

concept offers some interesting interface possibilities that should not need to have a pen for 

interaction. The concept of physics-based interaction and piling of objects will be explored in 

Experiment 3 of this thesis. 

The concept of a 3D desktop offers many possibilities for ways augmented reality could be 

applied and leads to how this may be used in a real-world context such as productivity work. 

2.9. Productivity with AR/VR 

Productivity applications are generally GUI applications that allow users to perform essential day-

to-day tasks such as word processing and email. Productivity is an application area that has a lot 

of potential for usability improvements using AR. There is ample evidence that increasing screen 

space by adding multiple monitors can improve performance in productivity applications [119] 

or allow for additional awareness of secondary tasks [120], [121]. 

There have been previous attempts at producing productivity applications for AR [82], [96], [98], 

[122]–[124] and VR [34], [35], [117], [125] attempting to leverage the ability to integrate 

additional layers of interactivity between information presentation, services and 3D interaction 

space. 

Li et al [96] in HoloDoc, discuss the use of paper documents in an augmented reality system. An 

initial study utilising a standard data analytic task (VAST 2006 Symposium Contest), in which 

participants were asked to review over 200 documents to determine if modern tools have solved 

many of the challenges highlighted by previous findings of manipulating digital documents in 

AR. HoloDoc was developed to allow interactions between physical documents and their 

associated digital data. HoloLens gestures and a NEO smart pen were used as interaction methods 

for the system, with fiducials (NCode) on paper for meta data binding. The evaluation study for 

HoloDoc used an academic synthesis task. The results determined that participants who were not 

familiar with the concept of mixed (augmented) reality could easily understand HoloDoc and 

were able to propose uses for the system within their daily research-based activities. The authors 

focus on augmentations of paper (as that is what they are doing), but don’t mention much about 

how virtual documents were handled. 

Biener et al. [35] investigated the feasibility using an immersive VR head-mounted display to 

increase the limited input space of a tablet. They explored how to spatially arrange and manipulate 

information within the joint interaction space of HMD-tablet interaction and implemented six 
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applications to evaluate this space. This work focuses on uses in constrained physical spaces (e.g., 

an airplane seat), and therefore focuses on use with a physical tablet for input, this does not allow 

for a full range of 3D interaction as is available with direct interaction but makes sense for the 

context given. Eye gaze is used to determine what screen is of current interest to a user, where the 

gaze method outperformed the bimanual (touch) method by approximately 30%. However, 

extended periods using this could lead to discomfort or eye strain issues (not mentioned). They 

found no significant differences between flat and depth visualisations but postulate using multiple 

layers has benefits of extending the amount of information that can be displayed and manipulated 

using a 2D screen. They also found depth parallax and occlusions may hinder the user’s 

performance. Biener et al. also mention that AR could be used as an alternative to VR but would 

have a limited FoV (field of view) with current headsets. 

Merino et al. [122] present a vision paper on the potentials and obstacles for the use of immersive 

augmented reality (IAR) in software engineering. They detail uses of augmented reality in other 

fields such as automotive and medical settings and ask whether the benefits of employing IAR 

found  in other fields can be transferred to tasks involved in software engineering. They analysed 

the potential benefits through the lens of a framework based on aspects mentioned frequently in 

AR and visualisation research literature to reflect on how IAR can support software engineering. 

They then present some “envisioned future” usage scenarios for software engineering with 

descriptions of imagined persons using the technology. Merino et al. postulate that IAR could 

boost cognitive abilities of software engineers by involving natural user interfaces and benefit 

from manipulating visual perception with haptics. They briefly touch on possible adoption and 

social issues of using AR devices in public. This paper is very focused as a vision piece that 

presents no concrete forms of interaction or evaluation. Most scenarios suggest usage with some 

form of whiteboard and all interaction spaces are anchored to physical objects. Though positioned 

as “guiding the steps to innovative research and applications for IAR in software engineering”, it 

provides no means or guidance to actually implement such systems beyond “exemplify[ing] 

multiple benefits of adopting IAR in software engineering”. 

These productivity applications demonstrate a desire to have increased screen and cognitive space 

available. This is achieved by using AR or VR to provide a means to either increase accessibility 

of space available for traditional windowed GUI applications or to provide additional contextual 

or spatial features to enhance the user experience and improve performance. 

2.10. Spatial Cognition 

Many systems make claims about the value to users by using depth to differentiate between 

different areas of an interface or even to allow spatial awareness to be used as a means to recall a 

previously used menu item more easily. In a 3D interface this ability should be able to be used to 
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truly leverage spatial awareness to enhance the user experience. Malone [126] suggests, in a study 

conducted in the 1980s, that users often use space to organise documents. Space helps to deal 

with the cognitive difficulties of categorising information and also remind users of actions that 

need to be performed. 

A system that leverages spatial cognition allows a user to use their inherent ability to remember 

where objects and their own body is in space [127]. A commonly used spatial cognition effect in 

a 3D virtual or augmented environment is proprioception [128], [129]. 

Mine et al. [129] shows a user study of virtual interaction techniques for body relative interaction 

using automatic scaling. They propose a framework for using proprioception for interaction. They 

discuss various 3D interaction techniques which were evaluated using a virtual object docking 

and virtual widget interaction task in various configurations. It was found that interaction with 

handheld widgets was easier than using widgets in fixed space which could not be moved. 

Toolspaces [128] used glances to provide the capability to store and access 3D widgets and other 

objects in interactive 3D worlds leveraging human proprioception through body-centric storage. 

Khadka et al. [130] evaluated how a method of virtual object storage affects memory. The 

memory task involved two parts of exposure and testing, in either the same or different rooms. 

Nine virtual objects were presented to a participant in random positions and orientations relative 

to either the physical props on a participant’s body (egocentric condition) or relative to physical 

props in relation to other objects in the VE (exocentric condition). They then performed a 

manipulation task moving each of the highlighted virtual objects to match the position and 

orientation of their corresponding target object, as a distraction. After completing the secondary 

task, a participant was tasked with remembering the position and orientation of each of these 

objects. They found that the egocentric technique improves task performance, increases accuracy, 

and reduces cognitive workload during memory task for virtual object storage in comparison to 

the exocentric technique in a virtual environment. This paper is focused on the differences 

between the egocentric and exocentric reference frame in the interaction space, this is different to 

the egocentric and exocentric reference frame in the presentation space explored in Experiment 2 

in this thesis (see Chapter 4). 
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Figure 2-6. Data Mountain with 100 webpages. 

Robertson et al [127] proposes the Data Mountain technique for arranging documents in a 3D 

space to allow spatial cognition to be used to find them later. They compared with using IE4 

(internet explorer) favourites to save webpages and found data mountain easier to recall past 

webpages. Data mountain allows users to place documents, which aids spatial memory. The 

prototype evaluated, uses a plane tilted at 65 degrees with a mountain background to provide 

passive landmark(s) (as shown in Figure 2-6) and interacts with the 3D environment in 2D with 

a mouse. Documents move around when another is dragged to maintain visibility of the mountain 

space. The spatial memory effect for data mountain was shown to be above a control sample. 

Cockburn et al. [131] attempted to compare a physical and virtual representation of a system 

similar to the data mountain with varying degrees of dimensionality starting at 2D, then 2.5D and 

finally 3D. Their results showed that performance deteriorated in both the physical and virtual 

systems as freedom to locate items in the third dimension increased. Users also found the 

interfaces with higher dimensions to be subjectively more ‘cluttered’ and less efficient. This work 

used a fixed perspective view, without any head movement factored in to reduce variables, but 

this would lessen the ability to allow embodied spatial effects to be used. It also uses a similar 

paper mock-up system as Experiment 1 in this thesis but as a spatial memory experiment rather 

than for prototyping (see Chapter 3). 
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Traditional memory techniques can also be used to learn an interface more easily as Perrault et 

al. [132] demonstrate with a memory palace technique applied to HCI in a set environment for 

generated loci (objects) which can be remembered weeks later, even if using someone else’s loci 

definitions. 

While the data mountain work was about a Desktop-based 3D UI, it is natural to wonder if an 

augmented reality system may also aid the use of spatial memory in a document management 

system. Given that the user would be actively moving in a physical environment while examining 

information it will be natural to assume that such a system may provide these benefits. 

This work suggests that an AR interface could be used to build software that is more capable of 

leveraging a user’s inherent skills to interact with a system more easily, reducing learning curves 

and providing a richer user experience. 

2.11. Embodied Interaction 

Another area of study within cognition, and tightly related to spatial cognition, is that of embodied 

cognition. Embodied cognition emphasizes the importance of the relationship between the mind 

and the body, and its interactions with the surrounding environment, in the acquisition, 

development and understanding of knowledge [133].  

Wilson [133] discusses six different claims of embodied cognition: cognition is situated, 

cognition is time-pressured, we off-load cognitive work onto the environment, the environment 

is part of the cognitive system, cognition is for action and off- line cognition is body based. Wilson 

states that one of the benefits of dividing up the space of embodied cognition is that it allows a 

greater distinction between on-line and off-line cognitive aspects. On-line activity is that which 

offloads cognitive work onto the environment for the current task which is usually a real-world 

situation. Off-line activity includes cognitive work which can use sensory and motor resources 

for mental representation and manipulation of things that are not present or abstracted. This ability 

to use abstract manipulations (termed symbolic off-loading in the paper) and use the environment 

to reduce the cognitive workload by making use of the environment itself in strategic ways is the 

focus of this thesis. 

Lee-Cultura et al. [134] provide an overview and analysis of embodied interaction and spatial 

skills summarising developments in research and practice the field from a decade of studies 

between 2008 and 2018. They postulate that procedures used to test spatial skills are generally all 

exercised in 2D space which creates a “2D bottleneck” which increases cognitive load with 

increased abstraction from the 3D space being evaluated. This bottleneck could also be present in 

other tasks primarily conducted in 2D space, such as office tasks as this thesis is investigating, 

which could similarly be improved by reducing cognitive load with the use of 3D space. 
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An alternate form of embodied interface is proposed by Fishkin et al. [135]. This alternate 

interface paradigm suggests that an embodied task with tightly coupled input and output 

metaphors can be physically embodied in a device to provide highly specific and familiar 

affordances for particular kinds of actions. In the paper Fishkin et al. set out design principles for 

this new form of interface that strive to produce an “invisible” interface and attempt to counter 

the previous embodied and tangible trend of producing interfaces on a “case-by-case basis”. These 

set of design principles focus on the physicality of a device and kinaesthetic action as the primary 

affordances of the usage and interactions provided by the device. The principles laid out are a 

good foundation towards an “invisible” interface, termed to suggest the interface will be so 

intuitive as to not be perceived as an interface but closer to a “tool” such as a hammer, which the 

function is immediately obvious. The question that arises is if every action for a task must be 

contained within a physical device, will there be enough space to contain the objects representing 

every possible action required in a typical GUI. This would be good reasoning for the use of 

augmented reality to produce devices on demand in the physical space but without the 

requirement to store all devices physically. 

Embodied interaction is an interesting design space for future interfaces and so far has had little 

interaction with the augmented reality design space (directly, it does do so indirectly very 

frequently). AR seems a good fit as both have similar goals in the design of interfaces that blend 

with the physical environment. A further reason to combine the two fields is in the area of 

embedding information in the environment, which is a focus of both AR and embodied cognition, 

but in different ways. AR embeds information directly in the environment with an interface either 

by overlaying existing objects with information or by placing virtual objects in the environment. 

Embodied cognition states that this is a natural form of interaction for humans in which 

information is offloaded to the environment by interacting with it, such as counting on fingers or 

writing on paper. This thesis wishes to combine these affordances and exploit embodied cognition 

with augmented reality for abstract data. 

2.12. Spatial Embodied Augmented Reality 

This thesis is driven more by information which embeds AR in the environment but lacks any 

semantic relationship with the environment, which we call “spatial embodied augmented reality 

(SEAR)”. Systems such as Magic Leap [17] demonstrate this embedded style of interface. Here 

three-dimensional information, for example potential routes up a mountain, are displayed within 

any context (see Figure 2-7). Many educational systems such as [136], [137] are good examples 

of these kinds of embodied augmented reality. 

Systems such as the Microsoft IllumiRoom [138] use augmented reality to augment the space 

around the player but did so for artistic and gaming effect. Augmented reality games for example 
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use the environment around the screen or system, but project information unrelated to that specific 

location. A game like Pokémon Go [139] is an example, in that the characters have no semantic 

relationship with the environment in which they are placed. 

 

Figure 2-7. Magic Leap interface. 

This thesis would argue that it is these abstract data representations presented by being projected 

into the physical world which provides a richer and more fertile area for the creation of general-

purpose human computer interaction. There is currently a lack of research into how such 

interfaces could be used and produced effectively which this thesis aims to address. 

2.13. Prototyping 

As mentioned in the introduction the purpose of this thesis is to explore how we can begin to 

develop three-dimensional augmented reality user interfaces in a commercial system. This goes 

beyond the kind of rough demonstrations common in many experimental systems.  It is about how 

to begin to design a large complex application using as much previous interaction technology as 

applicable to a new condition. This at the moment is largely a wholly unfamiliar experience. Any 

industrial design process must bring the needs of the users together with the potentials of the 

system at hand. This also requires designers to allow free speculation or risk pitfalls such as path 

dependence [24]. 

Path dependence is the claim that a sensitive dependence on initial conditions, such as a minor or 

fleeting advantage, can cause a “lock-in” of a design that impacts performance at a later date. This 

was seen with the “QWERTY” layout of keyboards influenced by earlier typewriter designs. This 

was practical for typewriters, by reducing typing speed to reduce collision of mechanical type 

heads, but this serves no purpose other than to impede the typing speed of current users of 
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keyboards. However, the keyboard design to so culturally ingrained in training and usage that it 

would now likely be impossible to correct this error after the fact. To avoid the same types of 

issues arising with augmented reality, it is important to ensure that all avenues of design are 

considered. 

To understand how to best start designing for augmented reality, it will be necessary to explore 

further the nature of prototyping used in many design scenarios. 

Prototypes can consist of either a high fidelity or low fidelity model. High fidelity prototypes are 

near or feature complete and as close to the finished product as possible in aesthetics. Low fidelity 

prototypes are generally only test condition complete and will consist of enough functionality, or 

simulated functionality, to evaluate an idea. Virzi et al. [140] conducted two experiments, using 

think aloud protocol, to determine if low-fidelity prototyping can be used to find usability 

problems in a system as effectively as a high-fidelity prototype. The results indicate that low-

fidelity prototypes are as effective as high-fidelity prototypes at detecting usability problems if 

both are feature complete for the test conditions. Both techniques uncovered the same usability 

problems for the most part, and at about the same level of sensitivity. 

Wizard of Oz [141] is a prototyping technique coined for the “man behind the curtain” in the 

classic film of the same title. This technique is often used for low fidelity prototyping with a 

human to simulating the functionality of a product before it has been implemented. Lee et al. [90] 

created an AR system using a Wizard of Oz setup for input response. A usability evaluation using 

multiple display types (HMD, monitor) and input modalities (voice, gesture) was conducted. 

Gestures were recorded with an image recognition system but not evaluated. Gesture and speech 

input types were classified and discussed, determining that speech input is usually preceded by 

gesture input. This shows Wizard of Oz to be a useful design tool which can be applied to the 

creation of augmented reality applications to simulate functionality without needing an 

implementation. 

Another means that can be used to prototype a low-fi system is to use microelectronics coupled 

with cardboard and conductive materials [142]–[145], cardboard and mirrors [146] or projected 

overlays [147], [148]. However, these methods require specialized software, hardware and/or 

materials. 

Paper prototyping [149] is another technique employed to simulate the implementation of a low 

fidelity artefact in order to evaluate it. Paper prototyping uses paper mock-ups that are cheap and 

quick to construct and equally quick and easy to change. This allows participants to rapidly 

understand the purpose of the prototype and are not inhibited to suggest changes to a design [150], 

[151]. Paper prototypes however assume some screen-based activity which can be simulated by 

the paper. 
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The concept of paper prototyping a 3D interface has previously been introduced as Three-

dimensional prototyping (3DPP) [152]. This is a means to extend the concept of paper prototyping 

to full 3D models of objects instead of just 2D, generally WIMP based, interfaces. Säde et al. 

[152] set out to see how low-fidelity three-dimensional paper prototypes (3DPP, a technique 

developed in the research project) could be used to test the usability of two alternative concepts 

for a drink can refund machine. The tests were carried out in the real environment with the actual 

users of the product. The tests took place before any software or hardware had been implemented 

and used paper prototypes as a quantitative evaluation method. They found the 3DPP modelling 

and testing method turned out to be useful and the results obtained had an influence on the product. 

In this case, the 3DPP mock-ups and user testing gave a correct estimation of the usability of the 

automatic product concept. This method was used to simulate the real-world functions of an 

object, in this case a can refund machine, not for virtual or augmented systems. This form of paper 

prototype would allow an augmented reality system to be cheaply and easily simulated and in 

such a way it could be modified on the fly during the design process. This could then be used as 

the “canvas” for users participating in the design process to get their ideas across to designers. 

2.13.1. Bodystorming 

Bodystorming [153] is the process of prototyping in context. It has also been used as a method to 

inspire embodied cognition in the design process [154], [155]. Bodystorming was originally 

designed as a practice to break down some of the barriers in traditional brainstorming. What made 

early bodystorming research practices significant is the emphasis on a representative 

environment. The objective here was to be able to view proposed ideas in the right social and 

spatial context in which the final product will be used. It was quickly recognized that 

bodystorming was naturally an embodied form of the ideation process, which seemed a natural 

fit for application design of ubiquitous devices. 

Segura et al. [156] later refine this work to create what they called ‘Embodied Sketching’ this was 

partly done with the use of prior prototypes. This work was then developed into ‘Embodied 

Storming’ [154] and ‘Experience Prototyping’ [157]. These use an actor with scripted behaviours 

to help designers develop the system. Schleicher et al. [154] discusses using ‘Embodied Storming’ 

to design a product in the environment it is to be used in. Acting and improvisation of scenarios 

are used to generate and tweak a design as it is being developed. It was found that it encourages 

communication between groups of designers and from their experiences some guidelines (10) for 

embodied storming were produced. An example is discussed, and it is highlighted that cross-

discipline communication was encouraged by the tasks. 

It seems that most of the methods working under the banner of bodystorming typically operate 

around a group of expert designers looking to maximize their empathy with users and do this 
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primarily via seeking spatial and/or situational fidelity. For the process of designing for a location 

free AR system based on user participation these methods, while attractive, are designer centric 

but point to the possibilities of a more embodied approach reflecting the nature of AR. 

2.13.2. Use-case Theatre and Informance Design 

Intertwined with bodystorming approaches have been a number of theatrical techniques including 

use-case theatre [154] and forum theatre [158], which involve prototyping the space and place of 

a product’s use by employing living personas or actors and props. Hine et al. [158] used ‘Forum 

Theatre’ to elicit design feedback from older adults by drama-based scenarios, which 

predominantly focused on the social activities of the technology presented. Iacucci et al. [159] 

discuss various cases of performance used in design and inferred three roles of performance in 

the design of interactive systems: exploring, communicating, and testing. 

These methods reach back to a system which derived from bodystorming called ‘Informance 

Design’ [148] by Burns et al. The original user study for informance design used Wizard of Oz 

and a GUI blended with a camera feed to simulate a “smart mirror”, with actors to roleplay 

dialogue between them in a simulated hairdressing setting. Here the word ‘informance’ is a 

portmanteau of information and performance. Informance design uses a system of live 

improvisation to be both enactive and evaluative.  

The ‘use-case theatre’ and ‘forum theatre’ methods reach back to ‘informance design’ [148], 

which is itself an extension of ‘bodystorming’ [153]. ‘Informance design’ explores design ideas 

in a way which is generative rather than analytic. It is based on a performance of a scene before 

an audience of peers and clients. These scenes are based on characters (or roles) which are 

identified by observation and interview. A script is written through a process of improvisation by 

the ’actor’/designers and possibly others. Design occurs primarily during rehearsal for both 

prototype and performance. A number of scenes are presented to the audience, promoting 

reflection and appropriation which can then be used in later participatory design sessions. 

The ‘informance’ method fulfils many of the needs of a design for a system without legacy, 

specifically it could be used as part of a participatory design method. It was a mechanism which 

could be used both for user elicitation and then for analysis such as is common in paper 

prototyping. This type of method would allow for an augmented reality system to be presented to 

users in a way it can be more easily understood. This thesis intends to follow the suggestion by 

Burns et al. to combine this method with additional participatory design techniques and involve 

users directly in the design process, not just with designers as was done in this work. 
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2.13.3. Augmented Reality Prototyping 

Nebeling et al. [160] gives a good overview of the difficulties of current AR authoring tools. In 

2011, de Sa et al. [161] introduced basic mobile AR prototyping using video processing and 

situated guerrilla evaluation techniques, evaluating an interface in the intended environment with 

passers-by. They found that using a video of the proposed system in the space it was recorded 

“felt real” and allowed for participants to understand the idea they were trying to convey, this 

promoted user participation and triggered imagination for features and usages. They also found 

that users felt the need for interactivity and that some affordances and features were not easily 

perceived well through video. Other researchers have also explored low fidelity prototyping for 

augmented reality using video processing methods such as [162]–[164]. 

ProtoAR was introduced by Nebeling et al. [163] in an effort to extend existing tools like DART 

[165] for the construction of AR interfaces without the requirement of programming expertise. 

ProtoAR uses Play-Doh and paper to create props in a mobile AR experience. The authors’ 

objective was to rapidly construct mobile AR application prototypes to both explore possibilities 

in design and to provide artefacts for user feedback. 

Hampshire et al. [166] describe a taxonomy of AR authoring frameworks primarily focused on 

low-level programming interfaces and high-level meta structures, addressing different levels of 

abstraction. This is mainly focused on prototype implementations of an AR system. 

However, these systems have been largely aimed at handheld/mobile augmented reality, which 

rely on the use of both tangibles and touchscreen interfaces. The implicit assumption is that design 

decisions are also extendable to head-mounted AR. It should also be noted that by introducing a 

screen, an extensive library of prior design methods is made available. These systems also tend 

to focus on the needs and limits of the technology, rather than beginning with the needs and 

potentials of the user. 

This work points towards the need for something which is cheap, fast to prototype, easy to revise, 

and exists well enough in the real world to scaffold the imaginations of non-experts, while 

allowing articulation of their vision. 

2.14. Conclusion 

This literature suggests there is still a need for a more comprehensive strategy to design successful 

AR applications. More work needs to be done to understand augmented reality and methods to 

design for its uses. With the release of commercial toolkits, the interaction design community 

needs to look more deeply into the process and opportunities on the mechanisms of design for 

augmented reality. The gap in knowledge this thesis seeks to approach is in the design of spatially 
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leveraged interfaces for use in productivity applications and the means to design and prototype 

these applications which do not have prior established standard mechanisms. 

2.15. Next 

The next chapter will detail the first experiment, investigating how elicitation and informance can 

be used to design spatial augmented reality interfaces. 
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Chapter 3 - A Spatial Informance Design Method to Elicit Early 

Interface Prototypes for Augmented Reality 

Part of this chapter is published as: 

Joe Cowlyn, Nick Dalton; A Spatial Informance Design Method to Elicit Early Interface 

Prototypes for Augmented Reality. PRESENCE: Virtual and Augmented Reality 2021; doi: 

https://doi.org/10.1162/pres_a_00344 

In this chapter, a participatory elicitation methodology called ‘spatial informance design’ is 

presented. This combines informance design, Wizard of Oz, improvisation, and paper 

prototyping, to be a fast and lightweight solution for ideation of rich designs for spatial interfaces. 

Research objectives are introduced to investigate the experimental method and determine if it can 

be used for spatial embodied augmented reality prototyping.  

A study using the spatial informance method produced similar and wildly different interface 

configurations and interactions for an augmented reality email application. Thematic analysis of 

the experimental data is applied to the collected data identifying 5 categories relating to the 

performance of the prototyping technique: Seeding, Affordance, Originality, Legacy and 

Improvisation and Facilitation. Quotes and actions performed by participants are detailed for 

each category giving an insight into the design process and prototype interfaces produced. The 

study, using augmented reality email as the design space, will guide others wishing to use this 

novel methodology through the process. 

3.1. Introduction 

Based on the research aim for this thesis: “Would non-specialist users find SEUIs natural and be 

able to take advantage of the affordances of which SEAR provides?” it was necessary to begin 

with a SEUI to experiment with. This created a new problem of how to design a SEUI. The 

approach taken in research such as [163] is for the experimenter to create a functioning prototype 

for an AR interface. This however has the additional problem that biases can be introduced at a 

fundamental level. SEUIs offer the opportunity to start with a system that has not been influenced 

by prior interface systems or limited by the initial visions of designers. 

To create a truly natural and intuitive system there needs to be a way of approaching users in an 

open-ended way, such as with paper prototyping of 2D interfaces. Prior work [160] has 

concentrated on rapidly moving between ideas and prototypes, but these works fail to approach 

the elicitation process as they already have the fundamentals of a design to experiment with. In 

order to overcome this, the first study aims to establish a baseline founded on user input. From 

https://doi.org/10.1162/pres_a_00344
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this baseline the research could grow naturally, reflecting its foundation in the original vision of 

the users. 

If this were a two-dimensional system, it would be natural to incorporate participants in the design 

as part of this early-stage process. However, as mentioned in the Literature Review (above) the 

techniques and approaches of previous user interfaces were not suitable for this new form of three-

dimensional interface. It was therefore necessary to begin by innovating the early-stage elicitation 

process in order to have a solid foundation upon which to build. Therefore, unlike the following 

chapters this experiment does not have any key hypothesis which is being tested experimentally. 

Instead, it has a number of open-ended research objectives. 

This chapter begins by laying out a set of research objectives for the study, then will discuss the 

methodology used for the study, followed by the study procedure. The results will then be 

presented as a combined thematic analysis of all participant sessions. The results will be grouped 

into 5 categories: Seeding, Affordance, Originality, Legacy and Improvisation and Facilitation. 

These results will then be discussed, and conclusions made. These results, along with those of 

Experiment 2 and Experiment 3, will then be discussed as a whole in Chapter 6. The next chapter 

will explore different arrangements of documents in space with different presentation methods 

and their performance. 

3.1.1. Research Objectives 

The research aim which this study seeks to address is: 

 “What processes and strategies are necessary when designing for SEAR?” 

This research aim informs the objectives of this study. The research objectives for this study focus 

on the creation of a vision for a specific SEUI prototype that has been informed by the input from 

users: 

1. Create a user-centred vision for how a SEUI would operate. 

2. Adapt a lightweight elicitation mechanism suitable for non-experts of 3D. 

3. This vision must have components that could be adapted to other knowledge work 

applications, much in the style of Widgets used in GUIs and smartphone UIs. 

4. Aspects of components should be implementable with current and near-term hardware. 

5. Some components from the vision should ideally work in both headset and handheld AR 

to allow for future experimentation. 

The primary contribution for this chapter is a new method of user elicitation based on a refinement 

of informance design during participatory design for the spatial case of augmented reality. This 

new method will be presented along with an example use case to evaluate the method. Specific 

findings will also be presented for the design of an augmented reality email system. 



39 

 

The rest of this chapter will describe the method that was refined and then go on to describe a 

case study. 

3.2. Methodology 

The work of Wobbrock et al. [91] on gesture recognition for surface computing showed the power 

of including users at an early design stage. This study found that eliciting users at an early stage 

produced interactions and gestures the designers had not previously considered, with only 60.9% 

of user gestures also found in their preliminary sample without user input. Additional implications 

for how users would use the proposed system and the means by which it could/should be 

implemented, were discovered which otherwise would not have been with traditional testing. This 

gives a good indication that a similar problem might be present in other technologies, such as 

SEUIs, especially with something as different to what interfaces previously existed in GUIs. 

The ambition of this study was to do a similar elicitation exercise but in this case for the whole 

vision of how an SEUI would function. This led to the problem of how to elicit users in such as 

way that both their imagination could be supported, but also ensure that a prototype can eventually 

be designed based on the given input. 

As covered in the Literature Review in Chapter 2, current processes of augmented reality design 

are highly designer centric. This is due to the complex nature of the technologies involved, and 

the difficulties of prototyping. Prior work [160] has concentrated on rapidly moving between 

ideas and prototypes. But these works fail to approach the elicitation process. Techniques such as 

ProtoAR and 360Proto offer the ability to create functional handheld AR systems using paper and 

other materials. However, they require actual hardware to prototype the design and are still 

operating mainly within the 2D aspects offered by a handheld system, over the potential 3D 

affordances that an AR system allows for. They also offer no means of user interaction with 

objects within the environment, which would be complicated with the systems they provide. 

These works are focused on designing for handheld AR allowing for rapid testing at the prototype 

stage, but these works fail to approach the elicitation process. After investigating previous 

methods used for augmented reality prototyping it was clear something simpler was required, 

without the need for any hardware or software. 

For a truly user centred system to be created there needs to be a way of approaching users in an 

open-ended way. Low fidelity prototyping was the next method considered for an approach to 

produce a system with minimal implementation but high ability to interpret ideas in a simple way. 

A popular technique used in low fidelity 2D interface design in Paper Prototyping. This technique 

uses paper mock-ups to simulate a 2D system, generally a series of screens and buttons, with 

simple materials which are easily able to be altered to accommodate changes on the fly. Paper 
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prototyping has also previously been used to simulate 3D objects as demonstrated by Sade et al 

[152]. This system used a 3D paper mock-up to simulate the interface for a can recycling machine 

with Wizard of Oz (see below) used for user interactions. The prototype(s) allowed the concept 

to be easily trialled in a real environment and multiple prototypes compared. However, this is not 

a suitable methodology for eliciting new ideas from users, only as a means to test and existing 

system. The concept could still be extended to simulate a 3D environment in an AR headset and 

the cheap materials could easily be altered as needed to accommodate new ideas, but something 

more was required. 

Another such technique for implementing a low-fidelity system is Wizard of Oz. Using Wixard 

of Oz over implemented design detail allows for implementations of an interface to be tested out 

without and need for complex recognition or emulation software. However, this technique would 

not work by itself as it usually requires some idea of what the system is that is being simulated 

and some means to easily create the simulation. Paper prototyping could also be used alongside 

Wizard of Oz to simulate a functional system, but this would still not give a complete means to 

produce a system as a user is actively interacting with it. 

This leads to how these techniques could be extended with improvisational techniques to adapt to 

what users are trying to do in the system. Various improvisation techniques were considered as 

are discussed in the Literature Review (see Section 2.13.1. ), such as Bodystorming, but the most 

promising was Informance Design. Informance Design [148] is a method for showing the context 

of a design and the function of the design itself, allowing designers to better empathise with the 

end users’ experience. The setting for a design is observed and recorded, then a script is made to 

be performed in front of an audience. This method itself is not suitable for the elicitation of ideas 

but the “informance” concept was what was needed for a new method with the ability to empathise 

with users. The concept of improvisation was also important as this could build upon Wizard of 

Oz techniques to give additional ability to adapt to users in an ad-hock manner. 

What was needed was something to support non-technical users in the creation of a vision for AR. 

In order to build upon these previous techniques to make a system, it was necessary to use 

facilitators improvising system functionality, of a concrete live three-dimensional ‘living sketch’. 

Facilitators would be the means by which users’ ideas would be given tangibility of interaction, 

on top of the paper that actually gives the physicality of the system. The principle affordance for 

the system and the method was that we already live in a 3D world. This could be leveraged in the 

simulation of a SEUI by translating physical 3D “props” as virtual 3D objects in a virtual system. 

Using improvisational techniques participants actively engage in an enacted scenario in a three-

dimensional way with their own ideas.  
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This combination of physical actions as virtual interaction helps both scaffolding the user’s 

imagination and allows them to communicate their vision with the facilitators and ultimately 

designers. From experimentation, the process was iterated on generating the following elicitation 

methodology called ‘spatial informance design’. 

The “Spatial Informance Design” method differs from “Informace Design” by focusing on the 

improvisation session and recruiting peers and clients to take part in them. The same use of space 

and environment is maintained to promote context for the growing empathy between designer and 

client. Scenes are also used, but in this context they operate like use cases with multiple use cases 

used per session. The process of reflection and appropriation happens during the improvisation 

process and with a stronger focus on recording and analysing individual participant’s experiences 

retrospectively. 

Next is an in-depth description of the new spatial informance design methodology. 

 

Figure 3-1. Hand with laser pointer and desk with sticky note controls, keyboard, printed emails, and email template. 

This is shown from the participant’s perspective as recorded by Tobii Pro Glasses 2. 

3.2.1. Domain 

The methodology begins with a preparatory phase identifying the application to be envisaged. 

The domain must be familiar to users which either requires prior knowledge or a briefing on the 

nature of the problem. The domain to be chosen would therefore need to be a familiar task to all 

of the participants within minimal or no explanation needed on how it currently functions. 

For this exploratory study, email was chosen due to its ubiquitous use in current desktop and 

mobile environments and as a common office task, would be instantly familiar to all participants. 
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The domain was also chosen due to it not being a task that requires a specific location to 

accomplish and an interest in a possible solution for email overload [167]. 

The aim for this study was to create the outline of a design for an augmented reality based 

electronic mail program. 

3.2.2. Spatial Context 

The basis for the method was to begin by operating in a specific spatial context, such as is found 

in bodystorming. In this case study, a room with chairs and tables was used to simulate office 

and/or knowledge work in context. 

3.2.3. Seeding 

For this method to work it needed something for users to be able to be initially shown to give 

them an idea of what was expected of them and what they might be able to achieve. Therefore, it 

was necessary to seed the experience to give the impression of a three-dimensional user interface. 

This gave users a starting point on which to acclimate with the process and to apply their ideas 

upon. For this specific case, a “washing line display” was created. This consisted of a string 

connected across two pillars in the room, along which were attached a number of printed emails 

(see Figure 3-2). Other seeded elements which were included were a secondary washing line to 

act as a “storage zone”, an A3 sheet containing an email template (see Figure 3-1), a printed 

calendar, a set of cardboard tubes labelled with possible contacts, a physical keyboard and a laser 

pointer. 

 

Figure 3-2. Experimental layout showing a desk, equipment and the ‘washing line display’. 

As a different example, for the context of a tower defence game, a cardboard fortress around the 

spot where the participant might stand could be built. 
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Seeding could also be artefacts that previous participants had created (see “Inbox” control on 

pillar and “post box” on table in Figure 3-2). As part of the initial briefing, it was important to 

establish with the participants that the seeding was simply an imaginary starting point and could 

be removed or adapted to their suggestions. The idea here was not to create a functional prototype, 

but more provide potential scaffolding for the participant’s imagination. This can be seen like set 

dressing; participants are located in a real room but representations of virtual objects such as the 

washing line are an imagined 'virtual projection' from the AR equipment. 

Seeding was felt necessary, as it helped set the scene and tone of the low fidelity paper 

prototyping. The seeding also helped overcome the “blank page” situation of having no initial 

starting point. While no seeding would have offered the possibility of eliminating prior 

agendas/conceptions, this was at the loss of other complex factors. In the end it was decided to 

include limited seeding to help scaffold the playful augmented-reality-in-reality nature of the 

process. However, it was also important to monitor the role of seeding and the study was to 

examine its impact as will be discussed in the evaluation (see Section 3.6. ). 

Additional to the seeding of the original environment, seeding was also allowed from previous 

participants to be propagated forward to iteratively offer interesting or novel ideas. This will be 

termed “organic seeding”. 

3.2.4. Individual Participants and Facilitation 

The core of the method is to introduce a scenario to participants individually, in this case an 

augmented reality email program, and then explain and possibly demonstrate the improvisational 

method. That is, the participant would act out their intended actions and the facilitators must 

endeavour to best realise those actions (see Figure 3-3). For example, if a participant announced 

the appearance of a dialogue box, the facilitators would pause the interaction, draw a dialogue 

box on card and negotiate with the participant the nature of intended features such as title and 

buttons. The interaction would be restarted with the facilitator holding the dialogue box up in the 

air for the participant to decide upon an interaction. It was possible for the facilitator to further 

probe and question the participant during the improvisation or after. For example, they might ask 

if there is the existence of a cancel button or if an action was cancelled, what might occur in 

response. 
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Figure 3-3. This image shows the process of improvising a participant's ideas. In this case P6 was instructing that the 

calendar would be the main focus of their arrangement. 

3.2.5. Improvisation 

It was made clear to participants that the scenario was purely brainstorming and that anything was 

allowed. Inspired by Wizard of Oz approaches, the facilitators being aware of the underlying 

technological difficulties, must probe for alternatives when a user requested some technology 

which might be challenging to create. In practice it may be necessary to inform participants of 

false constraints concerning what could be possible with technology. The improvisation provided 

several points which allowed the participant to imagine and discuss the spatiality and 

dimensionality of the application. As in paper prototyping, during the interaction the participants 

were encouraged to use the ‘think-aloud’ protocol [168]. Participants were always free to “pause” 

the augmented reality and engage in conversation with the facilitators to clarify the task or any 

other purpose. The essence of the improvisational process is to use physical objects (props) as 

stand-ins for the virtual objects or alternatively as the physical objects themselves. Best practice 

would be to clarify with participants the intended state of objects within their imagined AR 

system, as to whether they are intended as real or virtual. For example, a physical keyboard “prop” 

can serve as either a real physical keyboard or an imagined virtual keyboard. The facilitators exist 

to animate the props as might be expected in a user interface. 

3.2.6. Initiation and Tasks 

For the study participants were asked to wear an eye-tracking camera [169] which was useful to 

gain video and high-quality audio from the user’s perspective. However, for the purposes of the 

method a simple pair of safety goggles would also be an effective aid to immersion. The glasses 

are another prop or proxy for the AR glasses. Wearing them gave participants permission to 
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involve themselves in the task. Participants were also recorded by multiple cameras around them. 

Similar to paper prototyping, the participants are given a number of tasks. These tasks were to 

help focus the attention on various aspects of the email process. For example, in this test case the 

tasks were to examine a specifically defined inbox, respond to an email, create a new email, delete 

an email, add and remove a calendar event and retain a specific category of emails (work, AR/VR, 

AI) for later browsing. These tasks involve common activities to give an overview of possible 

interactions within a complete email system. Participants are also allowed to return to these 

actions at any time, giving the opportunity to re-invent and re-organise based on subsequent 

actions. The emphasis of the elicitation process was to facilitate the vision of the users. 

3.2.7. Role 

Participants took on the role of someone who must sort through a selection of email for someone 

else, categorize it, and respond to important selected communications. Other interface 

possibilities were explored through iteration of the prototype system. 

The task given to participants was as follows: “You are filling in for Roger Flass, lecturer in 

Computer Science at the University of Somewhere or Other. Roger has a special desktop accessed 

by putting on a pair of augmented reality glasses. You will see a variety of emails in front of you, 

a calendar behind you and space around you including a desk. You will need to interact with the 

augmented reality system to process the emails for Roger. You may need to reply to emails, 

update the calendar and file away emails for later use. Roger has an avid interest in augmented 

reality and artificial intelligence and would like any related materials to be kept for him to read 

later.” 

3.3. User Study 

Email was selected as an application problem which would be familiar to all our participants. This 

is in line with other productivity-based AR research [96]. The ultimate goal was to create a 

reusable toolbox of tested components for a range of information processing work-based 

applications. In real systems, users with knowledge of a specific problem domain would be 

recruited along with a process to define the application area.  While the choice of email was 

largely arbitrary its familiarity permitted wider recruitment of participants. 

3.3.1. Ethics 

The study received ethical approval from the faculty in the standard manner, see Appendix B 

Section 1. All information recorded from the participant was maintained with an anonymous 

identifier for each participant. The data from this experiment was stored in accordance with 

university data regulations. Participants signed a form to confirm informed consent at the 

beginning of each session. They were also debriefed at the end of the experiment. 
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3.3.2. Materials 

The most obvious aspect of the system was the ‘washing line’ (see Figure 3-2). This was the 

sample of emails used in the experiment containing a mix of simple one-line text emails, images 

and longer emails. The set contained 23 single page emails, 2 two-page emails, 1 four-page email 

and 1 six-page email. Three of the emails also contained full colour images. This gave a cross-

section of the variety of different possible types of email that could occur in actual inboxes. The 

emails were fixed on a washing line as A4 sheets with a Calibri font and text size of 28pt for titles 

and 11pt for main text. The from and to lines were coloured blue and sized 16pt. The participants 

were about 2m away from the line and were able to read the titles of the email without moving 

closer but had to move the email closer to read the main body. Emails were presented with their 

complete length shown, extended downwards. The email template we used for constructing a new 

email, using a standard layout for an email (to, subject, body) on an A3 sheet, was given to 

participants upon asking to create a new email (see Figure 3-1). 

A desk was setup in front of participants, with a pointer and keyboard, and was located with the 

washing line behind it. The use of a pointer was inspired by some VR systems to permit ‘touch at 

a distance’. Many current virtual and augmented reality systems use handheld controllers, and the 

laser pointer was a physical representation of both these input constraints. For the first few 

participants (P1-5) a table was set aside for contacts with a set of toilet roll tubes labelled with 

possible contacts, to the right. The calendar was a fixture of the experiment that evolved as it 

progressed. After P1 it was altered to highlight the current date of the task, with marker pen, and 

a large version of the date was added in a box at the bottom of the calendar. Sample meetings on 

the calendar were already added as post it notes. The position of the calendar changed between 

participants and the day of the experiment, on Day 1 it was primarily behind the participant, on 

Day 2 primarily in front. The calendar was behind the first participant of Day 2 (P6). The “storage 

zone” was suggested to participants as a place to keep emails not on the main line. This was 

located to the right of the participants on Day 1 and the left of participants on Day 2. 
3.3.3. Study Procedure 

In this user study, the focus was on the improvisational nature of the method and explored the 

ability for participants to understand what an augmented reality interface entails. As part of the 

study, it was important to find out if participants could feasibly use the provided materials and 

setting to develop their own user interactions with the system. The method begins with some 

samples called ‘seeding’. The experiment would determine if participants would use this and if 

they would be heavily influenced by it. 
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3.3.4. Participants 

Eleven participants (all male) were recruited with ages between 18-54 and four stated they had 

VR experience. Recruitment was by posters and email within the institution. Participants were 

given a £10 Amazon voucher for their time. The study was conducted with two sessions over two 

days. Five participants attended the first session (P1-5) on Day 1 in Location A and six 

participants attended the second session (P6-11) on Day 2 in Location B. The location of the 

experiment had some impact on the layout of the seeded items but not on the methodology. 

Table 1. Demographics Table for Participants of Experiment 1. 

Demographics P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Age 30s 20s 20s 40s 50s 20s 20s 20s 30s 20s 20s 

Gender M M M M M M M M M M M 

Job Acade

mic 

Technical 

Support 

PhD 

Student 

Acad

emic 

Acade

mic 

Student Student Student Resear

cher 

Student Student 

Previous VR Use 

(4) 

Yes Yes Yes No No No Yes No No No No 

 

3.3.5. Recording and Data 

Participants were filmed using Tobii Pro Glasses 2 [169] and fixed cameras located around them. 

Their vocal and gestural output was monitored, and their comments on the system and "think 

aloud protocol" [168] recorded as an important part of the prototyping process. The mock-up was 

developed and iterated in response to user feedback. 

The following data was collected: first-person video, third person video and facilitator notes. In 

total, 11 sessions with the method were enacted over the course of two days, 5 in Location A and 

6 in Location B, with 284 minutes (M=26m) of video between them. These were combined with 

notes and impressions created by the facilitators. These sessions were transcribed and then 

subjected to “thematic analysis” [170]. Once themes were identified they were reviewed, and 

coding re-applied to the data. Statements were classified using codes recording the responses and 

actions of participants. New sub-codes were then developed, based on patterns and the re-

occurrence of codes within each concept. NVivo was used for all coding. The results of this 

analysis are presented below. 

The results of the user study will now be presented looking at the categories that were identified 

from the participants, which relate to the performance of the “spatial informance design” method. 

Video 1 shows examples of the first-person video and designs produced by the method. 

https://youtu.be/Zfi7pGgH1aI
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3.4. Results 

After applying thematic analysis to the collected data, 5 categories were identified as relating to 

the performance of the prototyping technique: Seeding, Affordance, Originality, Legacy and 

Improvisation and Facilitation. 

3.4.1. Seeding 

As mentioned in the methodology it was important not to begin with a blank slate, but as with 

other participatory design experiments we setup a (simulated) basic system based on our ideas of 

what an augmented reality email system could look like, to give some indications of what was 

possible to the participants. The following categories relate to elements of seeding. 

3.4.1.1. Accepted 

A good example of seeding was the email template and the presentation of the emails. The email 

template used for constructing a new email was accepted by all participants without suggestion 

of modification. 

Very few participants mentioned anything about changing the size or shape of the emails or the 

size of the text. In response to this P1 stated “This is perfectly fine for the title of the email”. 

However, P7 and 11 wished to only have the titles displayed in their layouts. This may be due to 

the flat nature of emails, which would not appear to need any three-dimensional or spatial 

elements, and the standard layout of email across existing email applications. 

Another example was the washing line presentation of documents. Some participants rejected the 

line of emails horizontally across the visual space (P2,5,7,10), but others accepted the seeded idea 

(P1,3,4,8). 

A further example accepted by P1, was a suggestion by facilitators to add a meeting to the 

calendar. This suggestion was to push the email with the meeting details directly into the calendar, 

which would automatically update the event details. P1 “Yes just push it in”. P1 was also the only 

participant to use the contacts table to look up a sender of an email. 

Facilitators suggested to P5 that archive folders could be arranged in space, which was accepted. 

Facilitators also suggested that the contact from the email referenced when asking for a reply 

would be automatically added to the “To” field and the subject be taken from the other email, as 

is common in email applications, many participants agreed with this (P3,5,6,8). 

When a participant asked for a browser window, facilitators suggested having a screen pop up in 

front of them (using an A2 poster board) which was accepted by all participants. 

3.4.1.2. Rejected 

Most significant were ideas which had been seeded but rejected. For example, the Laser Pointer. 
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During the introduction, all participants were offered the use of a laser pointer, many decided 

against its use (P5-P11). P1 used the pointer combined with gestures. P2 and 4 held the pointer 

through most of the experiment but exclusively used hand gestures, this could be seen as feeling 

like they needed a controller for tactile feedback but also preferring direct interaction. P3 used a 

pointer exclusively. Others used gestures and/or voice. P5 and 7 specifically rejected the pointer 

when asked if they wished to use it. P7 “I feel like hand gestures would probably be much better 

… people wouldn’t really try and use [a pointer] as much”. 

Many other seeds were rejected by participants. P1 was offered a trash can but instead threw the 

email on the floor behind them to delete, “Can’t I just throw it on the floor?”. Facilitators 

suggested to P2 that a “magic wand” metaphor could be used for applying controls to an email 

however P2 wanted the controls to be contextual dependent on what is currently “held” (selected) 

and to be grabbed to activate. Delaying sending of an email that then fades into the distance, that 

can be stopped if required was suggested to P4 and 5, P5 rejects this preferring to “organise in 

terms of actions on me”. Facilitators also suggested possibility for vertical stacking to P8, but 

they said, “maybe for this horizontal is better … to see things better”. It was suggested to P11 that 

the emails could curve around them to be closer, but they rejected it saying they preferred them 

going off into the distance, P11 “I could also have, this is all real estate for apps to be in. So I can 

just turn my body to have apps here because all of this is free space. Whereas this is, this is my 

tools. This is my searching. This is my. Inbox. This is my emails.” 

3.4.1.3. Transferred 

Part of the methodology was the ability to iteratively offer interesting or novel ideas from previous 

participants to following participants. This enhances the options and stimulation of the 

participants who were unsure of what they wanted in their interpretation of the system and see if 

the ideas would propagate forward. 

The first situation where this happened was when P1 suggested that when an email is removed 

that other emails would move up to fill the gap. P1 “They’ve all moved up” “Gap has closed”. 

We had not thought of this so subsequently this was asked of following participants if they wanted 

the same which most did (P2,3,5,7,8,10,11) with an additional animation (P4 and 9 specifically 

did not want animations to depict actions). 

Another situation was having controls on the desk for various options such as new email and 

replying. After P2 there was a set of labelled controls (sticky notes) on the desk. P3 attached 

controls to emails instead of the desk but used the desk controls for filters. P4 rejected controls, 

instead opting for voice commands without it being mentioned. P5 also used the controls on the 

desk but had it so that they pressed with a hand to use them instead of a pointer. 
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P9 requested a clock that was put up in the storage area and persisted through to P11. P10 did not 

mention the clock, but P11 incorporated it into their design. 

There was also one instance where, while waiting for their turn, a participant (P7) saw the action 

of a previous participant (P6) and adopted one of their ideas, in this case using a “scrunching up” 

gesture to delete an email. This was interesting as this was a completely novel means to delete an 

email that as far as we know is unlike any existing interface, and yet it was adopted by a following 

user. 

3.4.1.4. Extended 

This subcategory relates to participants who took an idea we had seeded for them but expanded 

its use beyond its original means but retained the same use within the system. 

One idea that was taken by some participants and extended was desk controls. Controls were 

transferred from previous participants, originally as sticky notes on the desk. Most participants 

took this idea and instead attached the controls to the actual emails instead (P3,6,7,8,10,11). This 

makes sense as it implicitly encodes the selected email with the functionality, to apply controls to 

an email, instead of having an email context that the controls are then applied to. 

P10 “The way I imagine it is you pick something from the [washing line], so it comes up to you 

and then besides it …  you get all the functionalities you may need for an email” 

P11 “Right. Okay, so I've got it down here. Um, If I was wanting to do some form of like replying 

to it, um, maybe toolbar on this side or toolbar on this side where it's like, um, just like, I will, I'm 

like, I'm picturing, like I brought it out and it's here and it's like, okay, I need to respond to this. 

Maybe a gesture should like, bring out toolbar on the side.” 

Email length was depicted by our initial setup as the longer the email the longer the sheet of paper 

it was displayed on to show the entire length. This was expanded on by many participants. 

Suggested layouts were to have the email in a box/window and be able to scroll down 

(P5,6,7,9,10), fade the emails as they get too long to be displayed in view (P3,5) and to denote 

the length with the thickness of the document instead of length (P7,9), P9 “Like a book”. 

P6 changed the emails to be segmented by day on the calendar but when selected would retain 

the line order but newest right to oldest left instead and closer to the user. 

P9 “I would actually have it around me”. Then decided they would like a “physical stack” of 

emails on the desk that represents the inbox. P9 “Makes more sense, in my world, to look down 

on email”. “I don’t see email as something where I’m contemplating anything, I see email … as 

very direct”. Wanted email displayed below them (on desk) as “want to see forwards in VR, to 

not lose omnipotence”. 
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P10 Suggested having email “in a circle around you” and browse it by rotating the circle, “Slide 

through them until you find what you need”. 

P11 wanted most recent emails on the right and oldest on left. “More logical as you read from left 

to right”. P11 also wanted multiple rows for different folders. 

3.4.1.5. Adapted 

This subcategory relates to participants who took a seeded idea and used it for a new or novel 

context or purpose. 

An interesting one was the task given to participants. All participants were given a task brief on 

arrival, but few actually stayed with that task (most never mentioned it) and for the experiment it 

seemed better to accommodate a generally first-person driven narrative that the participants 

supplied than to force the one given. P1 did not follow the prescribed task and created their own, 

P1 “So I’ve just arrived at work, but I’ve been checking my emails on the train on the way in ... 

I’ve flagged several for follow up”. P6 was the only one to follow the task. 

A part of the seeded environment that was not used as expected was the “storage zone”. The 

storage zone was rejected by P1 in favour of using the desk as a “task in progress” area, P1 “If I 

put [emails] up here it will just become another inbox and fill with junk”. Later they suggested 

using this area as an “Uncertainty area” to contain emails that may later need to be referenced by 

an email returned from someone else. P2 decided to have a floating options menu above the 

storage zone and have buttons for different folders such as sent items and flagged emails. P3 

moved emails into folders spatially arranged in the storage zone, such as Admin and Waiting, to 

deal with later. P11 wanted application icons to the left to open things such as calendar and 

contacts. 

There were other instances where participants took an existing artefact or layout and used it for a 

different purpose, such as P1 used the desk controls for applications instead of email interaction 

and P9 took the washing line and used it to hold browser tabs instead of email. 

3.4.2. Affordance 

This category relates to participants using the available extra space offered by the system and the 

freedom given by the situation to come up with new ideas that would not otherwise be possible. 

3.4.2.1. Blending Reality 

Blending refers to elements which merged the virtual with the physical. This suggests that users 

are comprehending and imagining the augmented reality and its possibilities and utility. For one 

participant, P4 wanted to take advantage of the views of the physical world. 
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P4 “I think it probably depends on, on what the use case is. I would say if, if there, if I don't need 

to kind of see the edges of the document, then I'll probably want. The rest of my periphery, I'm 

available to, even if it's just to look out the window at something, I won't want it clogged with 

this, but it'd be nice to have the ability to expand something. Um, uh, so, so maybe you could see 

see more and less, but I think it definitely would like the ability to keep it as a window. So, so the 

physical world is still there if I want it to be.” 

F1 “Yeah. I mean, this is, I mean, there's a lot of debate about when, well, I mean, Okay on the 

technicalities. The augmented reality. No augmented reality could actually block anything at the 

moment. It will tend to be seethrough-ish. Um, but so, so yeah, you don't always see the ghost of 

whatever's in the room behind it.” 

P4 “Yeah. Yeah. But, but I don't just want to see the ghosts. I just want to see it. Nice. Pretty tree 

out the window. Um, that isn't true with translucent shape.” 

3.4.2.2. Spatial 

This subcategory refers to the use by participants of the spatial nature of the augmented reality 

system. 

P1 had email on the desk as “an open issue that needs to be closed”. P2 wanted to be able to “pull 

the email off the screen” once it was composed and send by throwing. P3 wanted new email to 

appear at their current location, so it could remain in view of the calendar and the calendar in-

front of them to avoid having to turn around, locating it not behind the emails but to the side 

instead. P9 wanted to pick up documents and move them between folders (stacks of documents 

on the desk) by hand and push them off the desk to archive them. P9 also wanted a clock on wall 

as an example of “low fidelity” “passive” objects in the background that could be unconsciously 

referred to. P11 wanted email displayed at a “comfortable angle” just below the eyeline, fixed in 

space. P4 wanted email to scroll to be triaged more effectively. 

P4 “Um, so I'm just browsing my email, so I would probably, um, maybe flick, flick through 

them. Um, so I'd haven’t answered these ones that are in front of me from newest first, um, and 

then I'd make a gesture for the line to shift.” 

(Gestures left to right, hand held out flat). 

P4 “Yeah. Some of them thinking that this would scroll. A steady speed so that I could, um, read 

this subject and who it's from. And then I could do that for, there's not too many new ones, so I 

glance at everything first. And then, then, um, maybe decide which to read in more detail”. 
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P5 was asked if they would be interested in having other applications placed in the environment 

as peripheral displays (such as twitter, BBC. etc.), but rejected it saying, “I would find that quite 

distracting”. 

3.4.2.3. Dimensionality 

This subcategory identifies elements where participants have responded to the volume and depth 

of the spatial interface. 

A means of having both original and reply emails next to each other for reference was suggested 

by participants (P1,2,8,11) and usually the desk space was used. This is a feature that is not 

available in many current email applications. P11 “And maybe it would be like, maybe not on 

top, because I would still need to know what the guy was saying, because I always hate when an 

email's like, I go to one and I have to respond to it, but I don't remember what things. So having, 

like, having that to like one side, like just not completely in vision, but just there.” 

3.4.2.4. Embodied and Physically Inspired 

This subcategory covers physical elements which impacted on the ideation process. 

During the experiment, we specifically introduced the choice of standing (P1,3,4,6-8,10-11) or 

sitting (P2,5,9) while using the AR system, while standing was the starting position. P2 when 

asked if they would prefer to stand or sit said they would prefer sitting, P2 “I think I prefer sitting 

down as well, because it feels more natural the way I would write an email. I think when I'm 

standing up, I feel more like I’m in a virtual reality game I don't feel like it's is formal … But then 

again, some people might want that more interaction, but I think this feels more natural for me.” 

Many participants wanted a virtual keyboard (P1,2,3,5,6,7,10,11) which appeared when needed, 

via a text field. This is very similar to how a virtual keyboard on a mobile device functions. 

3.4.2.5. Limitations 

This subcategory relates to participants who were sensitive of the limitations of the technology 

and user interaction involved in the system design. 

Gestures were offered to P1, but they said, P1 “Even a gesture is too much effort”. P1 was very 

against “large gestures”, they relate to Wii games that used gestures that could be done with less 

movement as efficiently as with more. P1 “I might [do] big gestures for the first couple of days 

… but after a while I will be minimising those movements”. 

P4 wanted to use a voice command “Send” and a dialogue box with tap gesture to confirm sending 

of the email, this may be influenced by unreliability of voice systems. 

P9 had email “billboarded” and fixed to the user’s view at a fixed distance (not fixed in space), 

to avoid perspective issues. P9 “While I’m composing [email] I want everything billboarded”, 
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they wanted email flat in view to avoid motion sickness (in VR). P9 also suggested altering the 

text font/size in 3D to be larger than in 2D. 

3.4.3. Originality 

This category relates to participants that generated entirely new ideas, unrelated to the seeding 

and environment provided. 

3.4.3.1. Gestures 

Gestures were suggested to participants to interact with the system, with no examples provided 

by facilitators. Participants generally acted out gestures in combination with a verbal description 

of what they were doing. 

P1 suggested a “typing gesture” to call a virtual keyboard. P1, 2 and 11 suggested a grabbing 

gesture to bring email closer to view. P2 pulled out, by hand, the name and date from an email 

and add to calendar automatically when pressed onto the day. P2 returned an email to the main 

line from being held by “throwing it back”, P7 also threw an email towards contacts to send it. P5 

pointed at an email to bring it closer. P6 wanted to “grab and stretch” to enlarge web page 

windows. 

P6 “So the browser comes up and then this has got this information again with the same system 

of the email that would just have like a scroll. But if I wanted to enlarge it or grab it and then 

stretch it.“ 

P6 mimes grabbing corners of the window with both hands and pulls outwards. 

P6 “Okay. And so sort of like, you know, when you code in one of the boxes in web, and it's got 

the little corner where you can like drag it out, it would sort of be like that, but you could just sort 

of yeah. Pull it out” 

P7 grabbed email and dragged it to an archive button on a menu to put in the archive folder. P7 

also made a gesture moving their hands towards each other to close the calendar. P8 “point or tap 

at email to bring closer”, “Wave upwards to put it back in the list”. P9 “Physically rearrange 

folders” by moving emails between stacks by hand. P9 also wanted to “Drop a match [into bin] 

and set on fire” or drop into a shredder to permanently delete emails. P10 used a “circle” gesture 

to summon a search bar. P11 wanted a clock icon for time which the hands could be moved with 

a twist gesture to set the time. P11 also pushed the calendar back onto a tool panel to close and 

deleted email on the washing line by “plucking” it down at distance. 

Another interesting observation is that all but one participant (P4) consistently held the emails in 

a hand to read, they would often take it from the hand of the facilitators (who were simulating a 
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floating document), this may be due to the physicality of the paper or a wish to control the viewing 

angle in 3D space. 

3.4.3.2. 3D Desktop 

As mentioned in the Adapted subcategory above, many of the participants went beyond the given 

brief of organising someone else’s emails, additionally designing other parts of an augmented 

reality system such as browsers and “desktop”. 

P2 wanted emails to curve around above them from left to right. P3 wanted email with dates to 

have a conflict system with the calendar that would detect if there was an existing event at the 

time/date and show if it was in conflict or free. Then it would require just a click to accept or deny 

a new event. P3 deleted emails with events by declining the event, which would then remove the 

email. They did not delete emails, only filtered to folders and archived. 

P6 wanted all the email system to be controlled through the calendar. Had a calendar mode also 

available to look at events rather than email and  buttons to switch between modes of “email, 

calendar, events”. P6 layered browser screens (in depth) for tabs and had the ability to have 

multiple applications open (calendar, browser). Notifications from an application flashed the 

“tab” of an app and placed an exclamation mark on the icon. P6 had emails disappear once a date 

had been used as a link to the calendar and an event was added. They could also directly drag 

email to a persistent located “trash can” icon to delete (with collision). 

P7 suggested having images of contacts behind the email line, which you could then throw an 

email towards them to send it. P7 wanted ability to have multiple applications which when a new 

application was opened, the previous application would disappear “to avoid clutter”. 

P9 wanted multiple desks around them with locations instead of folders “I like things conceptually 

split”. “I want my peripheral and vision around the room”, “I like the idea of conceptually 

different documents … and different apps in the 3D space, but then I work in 2D, because we 

write in 2D … especially email”. Wanted management of actions to be done in 2D for 3D and 

they described using an image with categories (e.g. “WIP”) on desktop background to group 

documents for tasks and allow notes to be directly written on desks. 

P11 wanted application icons to the left to open things such as calendar and a clock which shows 

time in the environment with the calendar to show the date. P11 wanted to say “Link” and have 

the system display a number next to each email link and then say “Link [number]” to open a 

specific link. Popup window would then open to the right of the email with a browser in “Free 

space”. They could then drag out a contact from the list to start a new email. 

Many participants (P1,2,4,5,6,9) also wanted to be able to open a spatially located browser 

window by clicking on email links. 
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3.4.3.3. Input Modality 

This subcategory relates to conditions where participants suggested alternate input modalities 

from gestures. 

P1 suggested voice search, unprompted, to find an email they needed reference of based on 

another email. Voice to search the emails and other parts of the system were suggested by a further 

4 participants (P2,4,6,11). Voice was also used by a few participants for dictation, which was 

suggested by them (P2,8,11). P4 wanted voice commands for most the functions within their 

design, and suggested eye tracking and keyboard shortcuts (tab) to select email fields. 

3.4.4. Legacy 

This subcategory relates to participants who used layouts, conventions or interactions that 

presently exist in email applications or existing technology such as desktop computers or mobile 

smart phones. 

3.4.4.1. Arrangement 

The arrangement of the documents, originally on a washing line, was one of the major parts of 

the setup to be modified by participants to fit a more legacy feel. All arrangements, other than the 

original washing line, were suggested by the participants. The potential interfaces were produced 

to the participant’s requests using available materials and facilitator acting out of functionality, 

for participants to fully conceptualise their ideas. 

P1 decided to have a similar layout to Gmail [171] which has a list of buttons for Inbox, Sent, 

Deleted, etc. which can be clicked to return to the given state. P2 decided to have a persistent 

screen and desk as their main workspace area as with a desktop computer, P2 “Virtual desk space 

… with multiple monitors [for] different purposes”, such as displaying emails and web search, P2 

“I want it to be like a normal browser”. P5 suggested ordering vertically “like an old-style roller 

blackboard” with new email at the bottom. P6 wanted “Standard computing conventions but 

touching it instead of clicking it”. P7 wanted the emails to be vertical “like Gmail”. P10 also 

preferred emails to be vertical “like Gmail and Outlook”. P11 wanted an interface to the side of 

the calendar day screen with an “Outlook” [172] style dialogue box. 

P9 wanted to have all email textual interaction to be managed in a 2D “billboard”. P9 “Doesn’t 

make sense to have anything but a 2D canvas”. They used a “real mouse” to select text in email 

to edit and wanted to see a “carrot” (2D cursor) on the email billboard as is found in a desktop 

email application. P9 also wanted to scroll canvases with a mouse wheel within a fixed window 

size and have minimal difference in the editing mode to a desktop email application, with Outlook 

style email interactions at the top of email. They also mentioned automatically adding an event to 

the calendar if date was clicked in an email, P9 “like iPhone” (iOS). 
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A few participants suggested a trash can without prompt (P2,6,7,9) as a means to delete email. 

This is likely a holdover from desktop computers which have a trash can icon for deleting files. 

3.4.4.2. Gestures 

Gestures were also influenced by mobile email applications. 

P1 used a “tap” gesture to select the input fields when creating an email, this is very similar to 

how it would be done in a mobile email application, used by most participants (P1,6,7,8,10). P5 

used directional swiping gestures for interaction. P5 “This is how I archive things normally with 

my mobile app”. P6 scrolled and tapped with a hand to select a contact from the list. P10 clicked 

on or slid up or down to open email and swiped email down or to the right to delete it. P10 slid 

email left to archive it and slid left and hold to open a list of “categories” to put the email in, with 

a new category option. 

P4 used a “Wave away … Minority Report style” (swipe) gesture to remove a window. This was 

the only instance of a non-existent legacy interface influencing a participant’s design. 

Participants (P1,2,4,5,11) wanted screens to be minimised or removed by swiping down, this is 

equivalent to closing an application on mobile task managers. 

3.4.5. Improvisation and Facilitation 

This subcategory relates to situations where the improvisation aspects of the design procedure 

helped participants come up with novel ideas. 

3.4.5.1. Clarification 

This subcategory relates to instances where participants used improvisation to clarify the context 

of an action. 

Facilitators suggested clicking on a button to summon a virtual keyboard to P1 which was 

improvised, P1 “How did I do this?”. P1 then decided on their own method of a “typing gesture”, 

miming typing in mid-air. 

P1 after acting out the motion of pushing email into calendar, deliberated on how to handle an 

existing event that was being rescheduled, “just thinking what I wanna do”, they then pushed the 

email into the calendar to add an event and removed the old meeting by pulling off the sticky 

note. 

P2 was not sure if they could throw an email to send it but having it acted out made them more 

confident. They also kept rearranging the controls on the desk to try and find an arrangement they 

preferred. 
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P3 acted out a typing gesture in mid-air (like P1) and facilitators brought a keyboard to them, 

which allowed them to clarify use of a virtual keyboard. 

P4 was trying to articulate a system to prioritise emails and look at them in more detail from the 

scrolling list but was unsure of how, so facilitators acted it out with sticky notes clarifying what 

they were after and decided on a “selection” tap gesture. 

Most participants at some point would describe an action and facilitators would act it out, which 

allowed them to clarify if what the facilitators thought they meant was actually what they meant 

or not, P10 “Yes, something like that”. 

3.4.5.2. Artefacts 

A major artefact within our email application was the calendar. We added this to see how 

participants would interact with dates in emails, but the calendar was heavily used throughout by 

all participants in a variety of different ways [P2,3,6,7,8,9,10,11] . 

P2 wanted a calendar in a window. P6 wanted all the emails to be contained within the calendar. 

P7 clicked on a date in an email and said it would “bring up calendar icon”.  P11 had the calendar 

not open until the application icon was selected. P10 wanted automatic detection of dates in an 

email that would allow the calendar to open contextually. 

P10 “I would maybe have one of the functionalities on the side and probably have an AI detector 

one day dates in the text, so it can automatically, yeah. So, if it's highlighted and then you have 

an option to automatically add that to your calendar and from there, you actually set up everything 

in detail.” 

3.4.5.3. Challenging Participants 

This subcategory relates to situations when facilitators challenged a participant with a question or 

suggestion to get a response. 

This was carried out through most of the experiment to get a set of interactions intended to 

eventually be incorporated into a finished augmented reality design. Questions such as how they 

would create an email, view, send, reply, delete, search, add an event to calendar, clicking 

hyperlinks and what they would do in the event a new email arrived. These questions helped to 

guide participants through the sort of actions present in an email application and provide with a 

consistent set of interactions, though interpreted wildly differently between participants. 

Questions were also asked of the layout of the design such as what position they would have a 

particular item or object, if they wanted the email washing line like we had it arranged or if they 

had an idea of their own. These sorts of questions were very useful in sparking participants to 

come up with novel ideas of their own and not worry about what was already seeded. 
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3.4.5.4. Original Task 

The original task for the participants was “to reply to emails, update the calendar and file away 

emails for later use. Roger has an avid interest in augmented reality and artificial intelligence and 

would like any related materials to be kept for him to read later”. Replying to emails and updating 

the calendar were covered in the categories above. However, to categorise and file away the 

emails the participants came up with a variety of different strategies. 

Various participants (P1,2,4,9,10,11) suggested a flagging system that puts previously flagged 

emails at the front of the queue, this was not suggested by facilitators. P1 suggested that they 

would use an integrated mobile app to flag emails previous to using the AR system. P1 “So I’ve 

just arrived at work, but I’ve been checking my emails on the train on the way in ... I’ve flagged 

several for follow up”. 

P2 had a control that would appear to the right of emails to flag them and a separate area to hold 

them. P7 suggested that new emails should be flagged. P9 suggested the ability to colour code 

emails to denote different types. P11 used filters that could be applied to emails to group them. 

Length was mentioned by participants during triage as a means to prioritise time, P1 “I’m going 

to look at this [other email] because its shorter than [long email]”. P1 moved email to check later 

to the back of the queue. 

P3 moved emails into spatially separated folders in the storage area, such as Admin and Waiting, 

to deal with it later. P3 wanted their calendar schedule of week to the right of email with the 

contained date highlighted, showing any date/time conflicts, a button to accept/decline/reschedule 

the calendar event, and when an option is selected the email would disappear. P3 also had email 

filters to filter emails with specific words in the title or body into folders automatically, filtered 

emails “drop down and disappear”. Folders were presented as stacked emails with titles visible 

with folder name on top. 

P4 wanted the emails to “scroll at a steady speed so I could read the subject and who it’s from”. 

P4 also suggested a system to flag emails to look at in more detail from the scrolling list with an 

air tap “selection” gesture. 

P5 wanted to archive emails. P5 “It would just disappear into a folder”. P5 “I subscribe to inbox 

zero, that’s my secret”. Default archive folder for current year. “Point and hold” (long press) on 

email to get options of where to archive. Also had “Action” and “Waiting” folders like P3. P5 “I 

don’t like being second guessed”, rejected automation of system for importance of emails and 

archiving and wanted to stack emails in folders. They mentioned a dislike of “Gmail” automatic 

filtering and were against the current use of “threaded” emails for chain messages. 
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P6 wanted to make sure that emails they saved were separate from “the client’s” (Roger’s) folders. 

A new folder button when clicked would bring up a “create folder” window with a name field to 

enter on a keyboard and then click to produce a new folder which would appear at the top of the 

view. They wanted emails to be able to be dragged (with finger) into folder to save them. 

P7 grabbed email and dragged it to an archive button on a menu to put in an archive folder. A 

different button was present for each folder which could be clicked to open the folder, replacing 

the main line with the emails from the folder. 

P8 had a button at the top of the email line with “icon of a folder”, this could then “tap and come 

up with a list of all the folders you’ve got” to the side of the email, with new folder at the bottom, 

which could be clicked with a confirmation. The email would then animate going into a folder. 

The list of folders would be available to the side of the user, which can be tapped to open a folder, 

replacing the line with the folder emails. Then the inbox folder button could be tapped to go back 

to the main line. 

P9 colour coded 3D documents to denote importance/urgency, which was visible only in 3D mode 

not in 2D. They could pick up documents and move between folders (stacks of documents on 

desk) by hand. To archive the emails, they would just push them off the desk. 

P10 slides email left to archive, or slide left and hold to open list of “categories” to put the email 

in or use new category option to put them in a not previously defined category. 

P11 used an archive button located on the email to add it to a folder. 

3.5. Limitations 

3.5.1. Method Limitations 

The limitations of the method are in the specificity of the intended case. The focus was on head-

mounted augmented reality and while it may be applicable to other forms of head-mounted 

devices such as virtual reality, and possibly to other forms of augmented reality such as mobile 

and projector, it was not evaluated if this is the case. However, there is a degree of confidence 

that this method could successfully be applied to different use cases of spatial augmented reality 

interface design. 

A further limitation could be in trying to apply the method to later stages of design fidelity. The 

method was intended specifically for early design stages to elicit user input and generate routes 

for design, so it is unlikely to apply well as an evaluation method for later stage more concrete 

designs. 
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3.5.2. Result Limitations 

The major limitation with the results is that only male participants were available to take part in 

the experiment. This may have caused biases in the designs that were created due to gender, 

however without repeating the experiment with female participants there is no way to be sure of 

this. 

3.6. Discussion 

In this study the results (see Section 3.4. ) were very qualitative, focusing on the experience of 

participating in the design of a new type of interface for an augmented reality email application. 

The experiences of the participants were combined and thematically analysed to give an overview 

of how the spatial informance design method could be used for augmented reality interface design, 

as a means to quickly generate different ideas for an interface in early stages of prototyping.  

3.6.1. Findings 

The results were divided into categories and subcategories using thematic analysis to relate 

themes across the data from all participants. This analysis identified 5 categories Seeding, 

Affordance, Originality, Legacy and Improvisation and Facilitation. For this discussion, these 

categories will be further combined, and cross referenced into the following 3 categories of 

Seeding, Affordance and Gestures. Following this implications for elicitation and design will be 

given for designers who are looking to prototype future AR projects. 

3.6.1.1. Seeding 

For the seeding of participants (see Section 3.4.1. ), the worry was that they would be biased 

towards the starting setup of the “washing line” display and other seeded elements. However, this 

was not the case as many participants modified or completely altered how they wished the 

documents to be displayed, how other elements were displayed or added completely new elements 

to their interface (such as web browsers). As well as this two of the main seeded ideas, the laser 

pointer and contacts table, were almost universally rejected by participants. This suggests that 

participants were not overly biased by the starting setup and were able to use it as a means to start 

creating ideas in the space, without needing specialist design knowledge or skills. 

From this perspective, it appeared that the initial seeding and the context, of being within an 

imaginary augmented reality dealing with electronic mail, was enough to scaffold ideation. The 

process of carrying over ideas from previous participants, when the current participant was clearly 

unsure, created interest in areas for transference, extension, and adaptation. All of which seem to 

suggest that participants found the existence of previous concepts stimulating. Yet this does not 

seem a limit to truly original ideas, such as P2 pulling the emails off the screen or other ideas 

afforded by the nature of the system. 
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3.6.1.2. Affordance 

The affordance (see Section 3.4.2. ) given by the augmented reality system was utilised in many 

different ways by participants. Participants were also able to imagine how they could use the 

space provided (see Section 3.4.2.2. ) by the environment to have added benefits over traditional 

desktop GUI. They were able to physically place documents, virtual objects, and interface 

elements as they wished and in doing so were able to comprehend that they could use this added 

dimension of spatial freedom to their advantage. Affordances such as the ability to have multiple 

emails present to reference during email composition (see Section 3.4.2.3. ) or the ability to have 

multiple browser windows available and locatable in space were ideas put forth by participants, 

without facilitators having to explain how this would work or the technicalities involved. 

Participants also were able to comprehend the nature of an augmented reality interface, in that it 

does not obscure the world around the user, enabling elements of the environment to be used or 

accessed at the same time and in the same space as the virtual environment (see Section 3.4.2.1. 

). Participants who had previously used VR but not AR could still understand this naturally with 

the informance aspects of the method. 

All the interfaces produced by this method are focused on spatially locating the elements of the 

interface within the surrounding environment. Interactions with the physical environment are 

more in the ability to spatially locate surrounding interface elements (the main component of 

SEAR) rather than interacting with physical objects in the environment (Tangible/Overlay AR), 

though this also occurred in some of the sessions (such as with physical keyboards). This form of 

interaction may also be possible in a VR application but would not offer the same spatial and 

body cues as are available when the surrounding environment and actual body of the user are also 

visible. 

3.6.1.3. Gestures 

Gestures (see Sections 3.4.3.1. and 3.4.4.2. ) were a big part of the interfaces designed by 

participants, this is unusual in existing interfaces, so this suggests that the nature of augmented 

reality lends itself to gestural input. This is consistent with the current technological push in 

AR/VR headsets to use hand tracking (such as the HoloLens 2 [31] and Meta Quest [2]). It is 

possible that participants have been previously influenced by these technologies, but our sample 

had a very low number (4) with previous VR experience, suggesting this is not the case. Gestural 

input was also not particularly suggested as a means to interact with the system by facilitators, it 

was given only as an example along with pointer input and voice (see Section 3.4.3.3. ). Most 

participants used some form of gesture in their designs, and many seemed to be primarily 

influenced by legacy input technology (see Section 3.4.4.2. ) primarily smartphone touchscreens. 

There were however participants who created completely original gestures (see Section 3.4.3.1. ) 

to interact with, such as throwing an email to send or delete, this shows an ability for the method 
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to remove inhibitions of participants from feeling they must conform to previous design 

paradigms such as GUI or WIMP. Participants were also very keen to combine what would be 

considered separate applications such as email, calendar, and web browser as a single 

interoperable system with aspects spatially located in the augmented environment (see Section 

3.4.3.2. ). This suggests a desire to break from the separated nature of traditional desktop apps 

and instead have something more akin to a paper notepad, which does not ascribe a purpose other 

than to be written on but can be used for many different purposes. 

3.6.2. Implications for Elicitation 

On of the biggest worries for the process of seeding (see Section 3.2.3. ) was that it might provide 

a consistent bias towards one kind of user interface. It seems, from the rejected category (see 

Section 3.4.1.2. ) that there was no significant bias towards seeded elements. It was observed that 

participants quickly engaged with the improvisation process without initial extended periods of 

uncertainty or confusion. From this perspective, it appeared that the initial seeding and the 

context, of being within an imaginary augmented reality dealing with electronic mail, was enough 

to help scaffold the suspension of disbelief. The process of carrying over ideas from previous 

participants (see Section 3.4.1.3. ), when the current participant was clearly unsure, created 

interest in areas for transference, extension (see Section 3.4.1.4. ), and adaptation (see Section 

3.4.1.5. ). All of which seem to suggest that participants found the existence of previous concepts 

stimulating. Yet this does not seem a limit to truly original ideas (see Section 3.4.3. ). 

As with all elicitation processes there are potentially a divergence of ideas, along with areas of 

commonality. As always, it would be up to the interaction designer to impose order and 

consistency along with an implementable system onto the speculations generated from user input. 

From the gesture section (see Section 3.4.3.1. ) we can see that certain elements such as throwing 

of email to send or dropping to delete, were both unexpected and surprisingly common across 

participants. This does reinforce the findings of Wobbrock et al. [91] where they found four 

participants “threw” an object off-screen to delete or reject it. The rejection of any previous 

system or real-world analogy (such as a trashcan or mailbox) suggests that being immersed in the 

world created a new set of affordances to which our participants responded to intuitively. 

From an interaction design perspective, the process certainly pushed far away from prior 

conceptions of what an augmented reality email prototype might include. For example, users 

wanted controls which appeared around the element being modified (see Section 3.4.1.4. ). This 

makes a huge amount of sense in an augmented environment, where a user’s attention could be 

far away from any inspector or virtual menus. 

As importantly, it also seems clear from the affordance category (see Section 3.4.2. ) the 

participants were engaging in the design of a spatial interface. The use of side-by-side emails for 
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replying (see Section 3.4.2.3. ) suggest that the method was unburdening people from previous 

user interface limitations, allowing design of a natural AR interface making use of the spatial 

nature of AR. This and the above elements suggest that the method was successful in eliciting a 

high-level idea of how the user interface might operate, for participants who had little or no prior 

experience, while using a very low fidelity model in terms of material requirements. 

3.6.3. Implications for Design 

In this section we will outline some of the more significant insights for the specific test case of 

augmented reality email and summarize elements mentioned in the categories above. It was clear 

that many participants would prefer to stand (see Section 3.4.2.4. ), possibly to allow them to 

reach into a greater volume of data. This may be partly due to the embodied nature of the 

conditions, and it may also be due to the tacit realisation that freedom of movement would allow 

interaction with a wider field of information. An AR system should certainly consider the ability 

to operate in both standing and sitting modes. Handheld pointing devices also were rejected (see 

Section 3.4.1.2. ) for more fluid unencumbered hand and gesture tracking. The use of simple voice 

commands (“new mail”, “reply”) (see Section 3.4.3.3. ) and gestures (see Section 3.4.4.2. ) seem 

to be a natural mode of operation. However, participants seemed to expect dialogue boxes, as are 

familiar from traditional GUI, for input when the machine needed more information from a user 

(see Section 3.4.2.5. ). Virtual keyboards were expected to appear in-front of the user when 

required (see Section 3.4.2.4. ). This is interesting as it also suggests an egocentric view influences 

where uses want a keyboard to appear, as on a mobile application the keyboard appears bellow 

the text box to be interacted with, however in three dimensions it was found participants expect 

the keyboard to appear in-front of the user (this is also how virtual keyboards function in virtual 

reality applications). 

Incoming email should certainly be laid out physically in space (rather than attached to the user’s 

location) although the configuration between washing line and alternatives like circular carousel 

or vertical stacking was not in strong agreement. Gestures such as drop-to-delete and potentially 

throw-to-send, particularly if they do not require large movements, seemed to be a natural 

expectation. 

Users took advantage of the extra space an augmented reality system could offer, and they 

expected to be able to use this in a kind of email triage mode (see Section 3.4.5.4. ). This would 

involve being able to place emails in a location of significance for future reference, prioritise 

emails and save email for later. All participants expect to strongly merge email with a calendar 

application for scheduling (see Sections 3.4.3.2. and 3.4.5.2. ). With the calendar either being the 

focus of the application or clearly present within it. Users expected natural language parsing of 

the originally received email to identify times and dates within emails to allow for easy integration 
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with the calendar. Users also expected hyperlinks within emails to be interactable from within the 

email application and have close integration with a web browser spatially located within the same 

interface. Controls should be attached to the object in question, and it was expected that a virtual 

keyboard (see Section 3.4.2.4. ) would be used for text entry. Finally, email was expected to be 

integrated with other platforms such as mobile (see Section 3.4.5.4. ). 

3.7. Conclusion 

The main aim of this study was to establish a baseline vision for a specific SEUI prototype that 

was founded on user input. This baseline would allow following research to grow naturally and 

reflect the original vision of their users. For this to be possible a new form of elicitation was 

required for an SEUI specifically, as previous prototyping techniques for AR were not suitable. 

A form of open-ended and low fidelity elicitation was needed to be able to det ideas from non-

technical users quickly and cheaply. From these requirements “Spatial Informance Design” was 

created.  

For this study, research objectives (see Section 3.1.1. ) were chosen to evaluate this technique. 

The outcomes of these research objectives will be discussed below. 

3.7.1. Create a user-centred vision for how a SEUI would operate. 

Through the use of Spatial Informance Design, a user centred vison for how an SEUI would 

operate for the case study of email was successfully created. This method was explored as a new 

participatory design method for spatial augmented reality based on “Informance Design”. The 

output for this study was a general design for a future AR system. 

3.7.2. Adapt a lightweight elicitation mechanism suitable for non-experts of 3D 

Overall, this study provides support for the validity of Spatial Informance Design as a lightweight 

elicitation method which is open to non-experts. The participants were not experts in the field of 

AR design but were able to demonstrate a functional SEUI without any necessity to understand 

the technicalities of how it could be implemented. With seeding (see Section 3.2.3. ), participants 

were free to speculate about an interface they had never seen the like of before. These responses 

were both rich and diverse, yet showed areas of consistency, and pointed in directions which were 

compatible with future technology without any actual implementation. In addition, the materials 

required for the method are low cost and functionality that can be improvised is only limited by 

the imagination of those involved in the process. 

The analysis of the data is time consuming, but it pushes the designers to focus on a user centric 

approach avoiding many early pitfalls. Participants took advantage of the potential that augmented 

reality had to offer and this kind of reaction was a key milestone any elicitation process should 

have for AR. The elicitation process using real spaces, improvisation, and facilitators dancing 
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email away into the distance, provided an open and positive space. This allowed users to imagine 

and communicate while focusing in on the task, creating a kind of immersive sketch book. Spatial 

Informace Design created a rapid system which could be used early in the design process to 

imagine spatial interfaces which have minimal prior precedent. 

The method (see Section 3.2. ) would be best used as a complement to other prototyping methods 

as an early design elicitation to allow participants the freedom to give ideas unencumbered by 

implementation details. Once it has been used to elicit a range of ideas from participants a more 

concrete prototyping system should be used to flesh out the implementation details of the system. 

The variation of designs presented during this experimental application of the Spatial Informace 

Design method, suggests that it would be best to have an interaction designer impose order and 

consistency to the designs generated if the intention is to produce a higher fidelity design for an 

implementable system. 

This lightweight process could then be used to feed into more realistic prototyping methods which 

have been previously published [165] and in doing so, avoid long term downsides of “path 

dependency”. 

3.7.3. Aspects of components should be implementable with current and near-term 

hardware. 

Components suggested by participants could easily be implemented with current or near-term 

hardware that is capable of supporting an SEUI. Event tracked gestures, as were suggested by 

many participants, should not require much more than the cameras already being used for location 

tracking and some form of robust gesture recognition algorithms or machine learning. 

Alternatively, a subset of gestures could be sampled and tested for complexity to minimise large 

or multiple movements, for example by keeping to just grab and drag gestures. This would make 

them much easier to be incorporated into a design in the short term.  

3.7.4. Some components from the vision should ideally work in both headset and 

handheld AR to allow for future experimentation 

The participants were informed at the start of the study that they would be operating in headset 

augmented reality, with glasses provided to add to the immersion of the method. On examination 

of the design produced many of the components would be viable to be tested in both handheld 

and headset AR interfaces. 

One element which was interesting was the variety in arrangement of documents in space 

presented by the participants (See Section 3.4.4.1. ). The experiment started with the seeded 

washing line, but many other arrangements were suggested. This document list presentation 

seemed to be something which many knowledge working applications were likely to use. It 
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presented an opportunity to investigate a single aspect of design which could be incorporated into 

a reusable widget or component. This was chosen as the basis for the next chapter. 

3.8. Summary 

The purpose of this study was to create a user centred design for a headset SEUI system which 

could then be built upon and explored in future experiments. The main contribution to knowledge 

of this study was a new form of user elicitation for 3D headset augmented reality called ‘Spatial 

Informance Design’. This method allows designers to envision many possible interfaces for an 

AR headset device with non-technical users in a quick and low-cost session. As discussed above, 

the study demonstrated that Spatial Informance Design is a rich source of SEUI interactions and 

widget possibilities that can be assessed and categorised by designers. These ideas can then be 

taken forward into more featured prototypes to be evaluated for viability. 

3.9. Next 

The next chapter will detail a continuation of a single aspect of the designs produced by the 

participants of Experiment 1 from the Spatial Informance Design method. Experiment 2 

investigates the performance of different layouts of documents in space. The experiment will also 

investigate differences in how documents are presented in either an exocentric (handheld) or 

egocentric (headset) view.  
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Chapter 4 - Does Document Layout Matter in 3D Augmented 

Reality? 

The previous chapters focused on an experiment into early-stage prototyping of an augmented 

reality interface which produced many different document layouts by participants. Following on 

from these findings, this chapter focuses on an experiment into performance of different document 

layouts in augmented reality. The design and development of an experiment to determine if there 

are any measurable differences between six different document layouts in three-dimensional 

space and between headset (egocentric) and handheld (exocentric) viewpoints is presented. The 

procedure followed by the experimenters and participants is detailed, where 8 documents per 

layout are shown to a participant with the last one repeated from an earlier one to test locational 

memory effects. 

The results of the experiment are presented showing a heavy user preference for the handheld 

condition and for “horizontal plane” arrangements (Circle, Line, Deck and Step). The data also 

shows a large difference in accuracy and time to find a document between the handheld and 

headset conditions. It was found that there was a significant locational memory effect in time to 

find a repeated document for the headset condition with a complimentary arrangement (Circle). 

The ”vertical plane” arrangements (Spiral and Wall) are shown to be significantly slower, less 

accurate and more demanding on users in both conditions. 

4.1. Introduction 

Based on the findings of the previous augmented reality paper prototyping co-design experiment, 

there was a point of interest concerning the different layouts of the emails produced by the 

participants. 

The central objective of this thesis is to identify if augmented reality could improve the user 

experience over the traditional two-dimensional GUI. One of the potential advantages of an 

augmented reality GUI would be to allow documents to be presented consistently in a spatial 

context. Rather than trying to wrap a virtual large two-dimensional screen around the user (as in 

Feiner et al. [115]) it would be possible to use a three-dimensional arrangement of windows and 

documents to take advantage of the third dimension. The implication being that we would be able 

to comprehend a larger number of documents than with a larger 2D display. The other implication 

is that users would have the ability to spatially locate themselves and documents within the virtual 

space allowing for spatial memory to be used to locate documents after initial viewing (as in Mine 

et al. [129]). 

A question is, if the trend of using headsets by industry for AR applications is the correct direction 

to be taken, or if other avenues should be explored to avoid potential issues of path dependence 
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[24] and a potential lock-in of a less performant system (see Literature Review Prototyping). With 

the advent of widely available and affordable smart phones, mobile devices are becoming more 

and more prevalent in our environment and daily lives. The increasing computing power of these 

devices allows for a greater range of functionality than was originally thought possible in a 

handheld device [173]. This offers an alternative system to headsets for AR that should also be 

explored.  

The potential of handheld augmented reality devices can best be pictured as if one is trying to 

view the informational landscape through a small 11 by 7 cm letterbox. A user is trying to 

potentially comprehend a large dataset (for example thousands of products on a commercial 

website or a month’s worth of email) through a relatively tiny port hole. One alternative is to view 

the screen not as a tiny flat conventional GUI but rather an information-flashlight illuminating a 

traditional shop or library. By using perspective-based methods pioneered in such applications 

such as Perspective Wall [111] and Bi-Focal Display [174], [175], 3DUIs using a spatial 

metaphor, it may be possible for people to browse complex data sets easily and more importantly, 

intuitively. Mehra et al. [176] in a 2D context referred to static peephole navigation: the peephole 

is static, and the user moves the spatial layout behind it (scrolling) and dynamic peephole 

navigation: here, the spatial layout is static, and we move the peephole across it. They report that 

static peephole navigation took 24% more time than dynamic peephole navigation. Thus, it seems 

that a handheld augmented reality device might be used more quickly as an ‘information 

flashlight’ over conventional means. 

It is also necessary to test performance of an AR interface with alternative presentation spaces, in 

this case egocentric for headsets and exocentric for handheld. This presentation of space with 

either an egocentric or an exocentric display is an interesting consideration in the development of 

an augmented reality application. An egocentric display usually consists of a head worn device 

that projects a video stream of the virtual environment directly in front of the user’s view either 

with a half-silvered mirror and/or projectors or by combining with a video stream of the physical 

environment. This can also be achieved using a CAVE [177] with head tracking or a light field 

display. An exocentric display usually consists of a mobile smart phone using the inherent screen 

and cameras. This type of display method is usually used held in the hand with the camera pointed 

at the physical environment and the screen displaying the virtual environment over a video stream 

of the physical environment. This can also be achieved by projecting virtual information over a 

physical object with a projector or a three-dimensional volumetric display. The difference 

between the two presentation types primarily consists of the viewpoint of the user. In an 

egocentric view, the user’s view is directly augmented with virtual environment visible as their 

primary view and can move their head around to view more of the virtual space. In an exocentric 

view the user has a view into the virtual environment the size of the display used, which they can 
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move around as desired to see more of the virtual space. This raises questions about if it is possible 

to use handheld augmented reality for productivity applications. Both presentations offer different 

advantages and disadvantages which were worth exploring in a specific context such as document 

presentation. 

This chapter begins by explaining the research objectives and hypotheses for the experiment, then 

will proceed to the design and the procedure of the experiment. The results will then be presented 

with comparisons between ego and exocentric presentations and each of the six arrangements of 

documents. The results will be grouped into subsections, covering time to hit a correct documents, 

accuracy, NASA TLX, spatial memory and user preference. These results will then be discussed, 

and conclusions made. These results, along with these of Experiment 1 and Experiment 3, will 

then be discussed as a whole in Chapter 6. The next chapter will explore user arrangements of 

documents in space. 

4.2. Research Objectives 

The premise of this chapter is that of the research sub-questions: 

“Would non-specialist users find SEUIs natural and be able to take advantage of the 

affordances of which SEAR provides?” 

“Would a single SEUI design be interoperable between handheld and head-mounted 

SEAR presentations?” 

Based on these sub-questions, research objectives for this experiment are: 

• Investigate differences between spatial arrangements of documents. 

• Determine if ego and exocentric presentations of documents are equivalent. 

• Clarify the role of spatial memory within an SEUI. 

4.3. Hypothesis 

The sub-questions and objectives of this experiment create the following hypotheses: 

1. There are advantages for a SEAR over other systems for non-specialist users. 

2. There is a difference between handheld and headset interfaces. 

3. There is a performance difference between spatial arrangements of documents. 
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4.4. Method 

4.4.1. Method Choice 

The exploratory methodology used in Experiment 1 was a means to capture a set of design 

possibilities for an AR interface. While eliciting different interfaces for SEAR in Experiment 1, 

it was common for participants to try different document layouts. This led to an interest as to how 

different layouts would affect the utility of the system produced. There was also a question based 

on previous research as to if producing an interface for both handheld and headset AR was 

possible or if both types of interface would perform differently. 

The exploratory methodology used for Experiment 1 would however not answer the objective 

questions proposed by this thesis in seclusion. To do this, there needed to be a shift in 

methodology to a more rigorous investigation to probe into the utility of a specific aspect of the 

design of a 3D GUI component, in this case document layout. To this end a more formal 

methodology was selected to establish the viability of a specific component of an SEUI. This 

would permit a detailed quantitative and qualitative approach to test hypotheses about the use of 

a 3DUI. The specific aspect chosen to be investigated was the arrangement of documents in space. 

4.5. Experiment 

To test how to best automatically present and arrange documents for maximum comprehension, 

it was then required to consider what sort of presentation should be investigated. From the 

previous experiment participants suggested several alternative representations for document 

layout. Each arrangement had potential advantages and disadvantages, but it seemed open for an 

experimental analysis. 

An experiment was devised to look more closely at the layouts of documents in 3D space using 

the original “line” layout (based on the “washing line” from Figure 3-2), layouts based on the 

input of participants of the previous study (see Chapter 4 - 3.4.3. Originality and 3.4.4. Legacy 

sections), and additional layouts presented from internal discussion. This experiment proposed 

six different layout conditions and two different AR viewpoint conditions. This was intended to 

quantitively and qualitatively evaluate if there was actually any difference in the ability to find a 

document in augmented reality 3D space. To do this the six different layouts of documents would 

need to be evaluated to determine if there are any spatial advantages to any particular 

arrangement. 

4.5.1. Experimental Development 

In order to determine if there were any effects between different versions of AR, the experiment 

was conducted in two different conditions: handheld “chameleon” [178] (passthrough) augmented 
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reality and head mounted (blended) augmented reality. These two conditions would test any 

indication of difference between exocentric (handheld) and egocentric (HMD) augmented reality. 

These conditions were both tested using the same hardware; a mobile 

phone running Android with ARCore [32] for the handheld condition 

and an additional headset called Aryzon [179] (see Figure 4-1) for 

the head mounted condition. The Aryzon headset is an inexpensive 

cardboard construction with lenses into which a smart phone can be 

inserted to facilitate augmented reality applications. To develop this 

experiment Unity [180] was used, as it has support for augmented 

reality on mobile and other platforms, and a specific API layer called ARFoundation [181]. 

From the first study, emails were used as the displayed documents due to the commonplace use 

of email applications on mobile and desktop devices used every day in workplaces. Email also 

provides a body of textual and image data that can be easily displayed and reordered due to having 

no inherent order required to view it meaningfully. This allowed for a random order to be 

produced for experimental conditions. 

The study simulated the presentation of 27 sample emails (see Appendix A) of six different 

possible arrangements in an augmented reality environment. The sample emails used in the 

experiment contained a mix of simple one-line text emails, images, longer emails which retained 

their size in the environment and dense text. The set contained 23 single page emails, 2 two-page 

emails, 1 four-page email and 1 six-page email. Three of the emails also contained full colour 

images. This gave a cross-section of the variety of different possible types of email that could 

occur in actual inboxes. These emails were the same corpus used for the previous prototyping 

study. 

4.5.2. Experimental Design 

This experiment was designed to look at how best to use virtual space to present a browsable set 

of email documents. 

Figure 4-1. Aryzon headset 
https://www.aryzon.com/ 
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Figure 4-2. Circle arrangement, shown outside for clarity. 

 

Figure 4-3. Spiral arrangement, shown outside for clarity. 
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Figure 4-4. Deck arrangement, shown at an angle for clarity. 

 

Figure 4-5. Step arrangement, shown at angle for clarity. 
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Figure 4-6. Line arrangement. 

 

Figure 4-7. Wall arrangement. 

The arrangements were in two classes. Those which lay in the horizontal plane (HP) including 

Circle, Line, and Deck, and those which used height as an additional dimension or vertical plane 

(VP) including Step, Spiral and Wall. In the Circle arrangement (Figure 4-2) the documents were 

in a set radius around the participant, facing the centre. The Spiral arrangement (Figure 4-3) had 

the same setup as the Circle arrangement but also had a gradual incline upwards as it rotated going 

around and over the lower documents. The Deck (Figure 4-4) was an arrangement of the 

documents stacked on top of each other away from the participant with a set distance between 

them. The Step arrangement (Figure 4-5) had the same setup as the Deck arrangement, but each 

document was moved upwards as they moved away, so appear to overlap with the top (title) 

visible. The Line (Figure 4-6) arranged the documents horizontally away from the participant to 

the right with a set gap between each document. The Wall (Figure 4-7) arranged the documents 



76 

 

in-front and above the participant so that all documents were visible but spaced in a ranked manner 

as to not overlap and to prevent clipping with longer documents. 

For this thesis, the arrangements will be split into two groupings: Horizontal Plane and Vertical 

Plane. The horizontal plane arrangements will include Circle, Line, Deck and Step. The vertical 

plane arrangements will include Spiral and Wall. Figure 4-8 shows an abstracted view of each 

arrangement. 

 

Figure 4-8. A diagram depicting the different possible arrangements in the experiment. a. Step, b. Deck, c. Line, d. 
Wall, e. Spiral and f. Circle. 

To browse the emails in the handheld condition, the participant moved the phone to view each 

email through the lens of the AR system. The phone was held in the Aryzon headset during use 

in the HMD condition and was secured to the participant’s head with an elastic strap. 

In all cases the interface was designed so that the user could read the titles of the document from 

a reasonable distance away. It was felt important that, as the subject was electronic mail, the 

documents would be readable without moving the screen. The documents were adjusted so that 

they appeared to be relative to the size of a standard A4 paper sheet in the augmented environment. 

Video 2 shows each of the six arrangements and interactions in the handheld condition. 

Source Code for this experiment is available on GitHub. 

4.5.3. Pilot Study 

Five participants took part in a pilot study to evaluate how to best implement parts of the 

experimental system and procedure. This pilot resulted in the addition of the selfie stick to hold 

the phone under the exocentric condition, this helped protect users from heat and to reduce fatigue 

from holding their arm up for extended periods. The size of the documents was also enlarged (in 

both conditions) to be better visible in the headset condition (from A5 to A4 size). 

https://youtu.be/JFX9eXfedO8
https://github.com/v012065/ArrangementExperiment
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4.5.4. Participants 

In total 13 participants took part in the experiment (3 female, 10 male). The ages of participants 

were between 18 and 51 (M = 32.8, SD = 7.43). Participants were recruited by email on a 

university mailing list and advertisements located on campus. Three participants were left-handed 

and eight had previous phone AR usage. See Table 1 for full details of participant demographics. 

A £10 Amazon Voucher was given to each participant as compensation for their time. The 

handheld experiment took around 20 minutes on average (M = 20.68, SD = 5.61), the HMD 

experiment took around 24 minutes on average (M = 24.33, SD = 9.03), plus an additional 5-10m 

for initial setup and 5-10m for forms of which time taken was not recorded. Three participant’s 

results had to be excluded from the headset condition, two due to data corruption and another was 

unable to finish due to nausea. 

Table 2. Demographics Table for Participants of Experiment 2. 

Demographics P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 

Age 30 31 22 30 51 24 30 31 26 37 42 33 33 

Gender (3F) F F F M M M M M M M M M M 

Handedness (3L) R L R R R R R R L L R R R 

Game Hours Per 

Week 

1-3 0 0 7-9 1-3 7-9 1-3 10+ 10+ 10+ 0 0 1-3 

Previous AR 

Headset Use (4) 

Yes Yes Yes No No No No Yes No No No No No 

Previous 

Smartphone AR Use 

(8) 

Yes Yes Yes No No No Yes Yes Yes Yes Yes No No 

Preferred 

Presentation 

Scree

n 

Scre

en 

Scre

en 

Scre

en 

Scre

en 

Scre

en 

Scre

en 

Scre

en 

Scre

en 

Screen Screen Screen Screen 

Preferred 

Arrangement 

Step/

Circl

e 

Dec

k 

Deck Deck Line Circl

e 

Step Circl

e 

Deck Step Line Step Deck 

 

4.5.5. Ethics 

Institutional ethics clearance was applied for and received for the experimental procedure, see 

Appendix B Section 2. All information recorded from the participant was maintained with an 

anonymous identifier for each participant. The data from this experiment was stored in accordance 

with university data regulations. Participants signed a form to confirm informed consent at the 

beginning of each session. 

4.5.6. Procedure 

The participants were taken through the purpose of the experiment via an information sheet, then 

gave informed consent. They were then familiarized with the use of each presentation mode of 

the augmented reality system detailed below. The participants were first introduced to the 
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handheld condition. Before the main experiment took place, the participants were encouraged to 

acquaint themselves with each of the six possible arrangements. Each arrangement was associated 

with a condition in the experiment. They were allowed a test run of selecting a few documents to 

ensure any learning effects that may occur during the experiment were minimised and that they 

had a clear idea of what to expect. 

During the experiment, a banner (see Figure 4-9) was displayed to the participant showing which 

document was to be found based on its title. The participants were able to move around freely 

within the space containing the documents. A red dot was visible in the centre of the view in both 

conditions to help with aiming. All user interface elements (the banner and target dot, see Figure 

4-9, not documents) were visible with the right eye only for the headset condition due to software 

limitations, the documents were rendered fully stereoscopic. Document locations were 

randomised for each arrangement but were kept the same between each trial during an 

arrangement block (see below). 

 

Figure 4-9. Experimental banner displayed detailing which email title is to be found by a participant. 

Before each arrangement, the participant was able to relocate the centre of the documents to a 

comfortable position to account for differences in participant height, room position and tracking 

error.  

An ACGAM R1 Ring Controller (in game mode, see Figure 4-10) was used for the experiment 

to keep the input the same across both presentation conditions, removing a variable and also 

making input easier. In handheld mode the controller allowed easier input due to the phone being 

at a distance on the selfie stick and in headset mode access to the screen was not possible within 

the Aryzon container. 
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Using the controller in their free hand, participants could also move the order of the documents. 

In all arrangements the participant could increment or decrement position (Circle/Spiral rotate, 

Deck/Step/Line move to next/previous) except in the Wall arrangement. All participant input to 

the experimental program was handled using the ring controller. A selfie stick was used to hold 

the phone in order to reduce fatigue during use with a handle hold and to protect the user from 

the excessive heat generated by the phone during ARCore use. 

 

Figure 4-10. Experimental equipment for Handheld condition. 

The participant’s verbal feedback was recorded using a microphone attached to a PC. A 

Chromecast dongle connected to an USB capture card was used to record the participant’s on-

screen actions for later analysis. Additionally, the participant’s real-world motion was recorded 

using a webcam on a tripod. A PC was used to record all the data from the capture card, webcam 

and microphone using OBS (Open Broadcaster Software). This allowed all inputs to be 

composited into a single 30 fps video output for later analysis. The phone software was developed 

for the experiment for Android 9.0 using Unity 2019.1.2f1, AR Foundation V2.0.0 and AR Core 

V1.8.0 and was run on one of two identically set up Pixel 2 smart phones. Two phones were used 

as the application drained the batteries very quickly so having one active and one charging at all 

times reduced experiment downtime. 

4.5.6.1. Time to Accurately Hit a Document 

For each of the 6 arrangements the participants were asked to find 8 different documents as 

quickly and as accurately as possible. The time taken was recorded from the presentation of the 

title to the selection of the document (correct or not) which was recorded by software. This 
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recorded time was used as a measure of the degree of difficulty in using that arrangement. Along 

with time to identify a document, ability to identify a document correctly was also recorded as 

another measure. 

For each arrangement there were 8 trials. For each trial, the participant was instructed to search 

for the email title specified on the banner (Figure 4-9) which also shared the augmented reality 

space with the documents. The participant would indicate the selection by pressing a specific 

button on the Ring Controller, which would trigger a ray from the centre of the screen into the 

augmented space. If a document was in the path of the ray a selection was triggered, otherwise 

there was no effect. When a correct document was found the banner would display “Correct” for 

3 seconds before starting the next trial. If it was not correct, “Incorrect” was displayed instead. At 

the beginning of each arrangement block the banner displayed “Click to start”, until the user 

pressed the selection button to begin. At this point the software trial timer began. The banner 

could be repositioned by the participant as desired with a button on the controller. When a 

document was found by the participant and they clicked the select button on the controller, the 

end time of the trial was marked in a record file in smart phone memory. 

4.5.6.2. Accuracy 

The selection time was recorded regardless of if it was the correct document or not. If the selection 

was in error this was also recorded. 

4.5.6.3. Spatial Memory 

The first seven documents were randomly selected, from the 27 possible documents, with the only 

limitation being that the same document was not chosen twice. The last document in each set was 

a repeat of one of the first six previously seen documents. The seventh penultimate document was 

avoided to remove the possibility of asking for the immediate previous document. This repeated 

document was intended to test for any locational memory effects, similar to the retrieval task used 

by Cockburn et al. [131]. 

On completion of the whole task, the participant then answered a perceived locational memory 

questionnaire with the question “Do you think you were able to find a previously seen email?”, 

consisting of a 5-point Likert scale per arrangement between a value of 5 for Yes and 1 for No, 

and several experiential and demographic questions, consisting of Age, Gender, Dominant Hand, 

Weekly Game Time, Previous AR Usage, Previous AR Phone Usage and Preferred Arrangement. 

4.5.6.4. NASA TLX 

At the end of each trial the participant would put down the phone and complete a NASA TLX 

[182] perceived measure of effort for using the arrangement. After filling in the TLX, they would 

pick up the phone and resume the task. This also follows AR best practice, to allow for frequent 

breaks in an AR application. When all arrangements in a condition were completed the banner 
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displayed “End”. As mentioned, the final (eighth) trial was a repeat of an earlier found document. 

Users were encouraged to use the think aloud protocol, commenting on their actions, during the 

experiment as additional insight into their process. 
4.6. Results 

The two principle conditions in this experiment were those of handheld exocentric and headset 

egocentric conditions. Each of these presentation methods had six arrangements of Circle, Line, 

Deck, Step, Spiral and Wall. Four different measures were taken per arrangement: Time to 

Accurately Hit a Document, Accuracy, NASA TLX and Time to Find a Repeated Email. 

Participants also filled in a questionnaire at the end of the experiment with two measures: Spatial 

Memory and User Preference. 

4.6.1. Time to Accurately Hit a Document 

The time to find a document after being presented with the title and a value of hit (1) or miss (0) 

was determined for each document by the software and was recorded in a csv file. This data was 

then tabulated and times for documents that were incorrectly selected (a miss) were removed from 

the dataset. Then an average was calculated for each time taken per arrangement in a condition. 

These averages were used for the comparisons below and are summarised by Figure 4-11. 

4.6.1.1. Handheld 

For the handheld condition a within-subjects One-Way ANOVA on the time to find a correct 

document was conducted and found a significant effect of arrangement (F (5,72) = 7.20, p = 

0.000). Fisher pairwise comparisons at 95% confidence, revealed two groupings. One that shows 

arranging documents in either Spiral (M=20.46s, SD=8.64) or Wall (M=21.21s, SD=10.13) and 

the other which consisted of all the others Circle (M=14.20, SD=4.19), Line (M=12.72s, 

SD=3.91), Deck (M=10.003s, SD=2.833) and Step (M=11.67s, SD=4.59). 

Using a Fisher individual test for difference of means, no significant difference was found 

between the Spiral and Wall (T= 0.30, p = 0.762) conditions. Also, the group of Circle, Line, 

Deck and Step had no difference to each other (p > 0.09).  However, there is a significant 

difference in time to find a document accurately between the two groupings (p < 0.014). See 

Figure 4-11. 
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Figure 4-11. Comparison of average time to hit a correct document for both handheld and headset conditions. 

4.6.1.2. Headset 

For the headset condition a within-subjects One-Way ANOVA on the time to find a correct 

document was conducted and found a significant effect of arrangement (F (5,58) = 5.09, p = 

0.001). However, a Fisher pairwise comparisons at 95% confidence revealed three groupings, 

with two distinct groupings (p<0.04) between Wall (M=24.68, SD=9.72) and Spiral (M=24.01, 

SD=8.65) at (p=0.850) and Step (M=14.15, SD=9.54), Line (M=13.59, SD=6.95) and Circle 

(M=10.751, SD=2.508) at (p>0.3). The Deck (M=17.02, SD=10.32) condition did not fall into 

any concrete group between the two other groupings. 

4.6.1.3. Comparison 

A T-test of average times to find a correct document for each arrangement between the handheld 

and headset conditions showed significant effect for Deck (p = 0.000) and Circle (p = 0.005) but 

not for the other arrangements (p > 0.05).  

4.6.1.4. Summary 

For the handheld condition there was two distinct groupings of (G1) Spiral and Wall vs (G2) 

Circle, Line, Deck and Step. There was a significant difference in the time to find a document 

accurately (faster in G2 than G1) between groupings but not within the groups. 

For the headset condition there was also two distinct groupings (G1) Spiral and Wall vs (G2) 

Circle, Line and Step. Deck did not fall within either grouping. There was a significant difference 

in the time to find a document accurately (faster in G2 than G1) between groupings but not within 

the groups. 

There was a significant effect for Deck and Circle between the two conditions but not for the 

other arrangements. 
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4.6.2. Accuracy 

Accuracy was determined as the percentage of hits made out of the total possible hits of an 

arrangement in a condition. A value of hit (1) or miss (0) was determined for each document by 

the software and was recorded in a csv file. This data was then tabulated, and an average taken of 

each set of accuracy values per arrangement in a condition. These averages were used for the 

comparisons below. The averages were then converted to percentages to be displayed in Figure 

4-12. 

4.6.2.1. Handheld 

For the handheld condition, no significant effect (F (5,72) = 0.77, p = 0.576) was found for the 

accuracy of finding a correct document using a One-Way ANOVA. 

4.6.2.2. Headset 

For the headset condition there was also no significant effect (F (5,58) = 1.92, p = 0.106) for the 

accuracy of finding a correct document. 

 

Figure 4-12. A graph of hit rate for each condition. 

4.6.2.3. Comparison 

A T-test of the average accuracy of each arrangement between the handheld and headset 

conditions showed significant effect for the Step (p = 0.026) and Wall (p = 0.030) conditions (see 

Figure 4-12 but no significant effect for the other arrangements (p > 0.088). Within both 

presentation conditions there was no significant effect of accuracy (p > 0.473). 

4.6.2.4. Summary 

There was no significant effect of accuracy of arrangements within either condition. 

There was a significant effect for the Spiral and Wall arrangements between conditions. 
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4.6.3. NASA TLX 

At the end of each arrangement the participant would complete a NASA TLX [182] perceived 

measure of effort for using the arrangement. This measure gives 6 different measures of Mental 

Demand, Physical Demand, Temporal Demand, Performance, Effort and Frustration. Each of 

these values are presented to the participant in 15 pairs and one is chosen as more important per 

pair, this gives a weighting between 0 and 5 for each measure. Participants then provide an overall 

score for each measure on a 10-point scale from Low to High, giving a score from 0 to 100. The 

scores and weightings are multiplied together for each measure giving the final weighted scores. 

These scores can then be added together to give the overall weighted score for an arrangement. 

Both overall (full bars) and individual measure scores (bar segments) can be seen in Figure 4-13. 

4.6.3.1. Handheld 

For the handheld condition, a within-subjects One-Way ANOVA was conducted for the overall 

weighted TLX value and found a significant effect for arrangement (F (5, 72) = 10.02, p = 0.000). 

Fisher pairwise comparisons at 95% confidence, revealed two groupings of Spiral (M=609.0, 

SD=235.5) and Wall (M=721.2, SD=242.6) at (p = 0.999). This is opposed to Circle (M=366.5, 

SD=234.5), Line (M=354.2, SD=224.5), Deck (M=244.6, SD=181.7) and Step (M=352.3, 

SD=238.7) at (p > 0.5). There is again significant difference between the two groupings (p < 

0.01). 

4.6.3.2. Headset 

For the headset condition, a within-subjects One-Way ANOVA was conducted for the overall 

weighted TLX value and found a significant effect for arrangement (F (5, 60) = 4.22, p = 0.002). 

Fisher pairwise comparisons at 95% confidence, revealed three groupings, showing significant 

difference between Wall (M=969.1, SD=232.5) and Spiral (M=807.3, SD=297.3) at (p=0.191) 

from Line (M=549.1, SD=318.9) and Circle (M=510.5, SD=275.0) at (p=0.753). Step (M=592.7, 

SD=258.3) and Deck (M=611.8, SD=326.5) at (p=0.876) have a third grouping overlapped 

between the two other groupings. There are significant differences between the Wall/Spiral and 

Line/Circle groupings of (p<0.04). 

4.6.3.3. Comparison 

A T-test of overall weighted TLX value for each arrangement between the handheld and headset 

conditions showed significant effect for Deck (p = 0.001), Line (p = 0.047), Step (p = 0.000) and 

Wall (p = 0.007) but not for the other arrangements (p > 0.090). 

4.6.3.4. Summary 

For the handheld condition there was two distinct groupings of (G1) Spiral and Wall vs (G2) 

Circle, Line, Deck and Step. There was a significant difference in aggregated weighted TLX 

values (higher in G1) between groupings but not within the groups. 
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For the headset condition there was also three distinct groupings (G1) Spiral and Wall vs (G2) 

Circle and Line vs (G3) Step and Deck. There was a significant difference in aggregated weighted 

TLX values between G1 and G2 (higher in G1) groupings but not within the groups or with G3. 

There was a significant effect for Deck, Line, Step and Wall between the two conditions but not 

for the other arrangements. 

 

Figure 4-13. A graph showing the composition of weighted NASA TLX results of each condition for handheld and 

headset. A lower value is better. 

4.6.4. Spatial Memory 

At the end of each condition the participants were asked “Do you think you were able to find a 

previously seen email?” on a 5-point Likert scale from 1 (No) to 5 (Yes) for each arrangement in 

each condition (see Appendix C Section 2). This was done to give a perceived measure of how 

easy it was to find a repeated document in each arrangement in a condition. This data is 

summarised by Figure 4-14. 

To give a quantitative measure of spatial memory, the previously mentioned time to accurately 

hit a document times (see Time to Accurately Hit a Document above) were used to take the times 

for each accurately hit final email and the times for when they were previously hit in the same 

trial. An average of these values per arrangement in a condition were then determined and used 

for the comparisons of Time to Find a Repeated Email below. This data is summarised by Figure 

4-15. 

4.6.4.1. Handheld 

For the handheld condition, a within-subjects One-Way ANOVA was conducted on the self-

reported preference Likert scale and found a significant effect of arrangement (F (5,72) = 8.98, p 

= 0.000). Fisher pairwise comparisons at 95% confidence, revealed multiple groupings but a clear 

distinction (p<0.02) between the Deck (M=4.231, SD=1.092), Line (M=3.923, SD=1.115) and 

Step (M=3.538, SD=1.266) conditions at (p>0.4) and the Spiral (M=2.077, SD=0.954) and Wall 

(M=1.769, SD=1.363) conditions at (p=0.515). The Circle (M=3.000, SD=1.354) condition did 

not fall into any concrete group between the two other groupings. 
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Figure 4-14. Graph showing average self-reported spatial memory scores for handheld and headset conditions. 

4.6.4.2. Headset 

For the headset condition, a within-subjects One-Way ANOVA was conducted on the self-

reported preference Likert scale and found a significant effect of arrangement (F (5,60) = 4.15, p 

= 0.003). Fisher pairwise comparisons at 95% confidence, revealed two clear groupings (p<0.05) 

between Deck (M=3.455, SD=1.128), Line (M=3.273, SD=1.104) and Step (M=3.182, 

SD=1.079) conditions at (p>0.5) and Circle (M=2.182, SD=1.168), Wall (M=2.091, SD=1.514) 

and Spiral (M=1.818, SD=0.874) conditions at (p>0.5). 

4.6.4.3. Comparison 

T-tests for the six arrangements of the handheld and headset conditions found significant 

differences for the Deck (p= 0.023), Circle (p = 0.021) and Line (p = 0.009) but not for the other 

conditions (p > 0.083). 
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Figure 4-15. Graph showing the average times to find a repeated email opposed to first viewing in handheld and 

headset conditions. 

4.6.4.4. Time to Find a Repeated Email 

The timings between the originally found and repeat emails were processed to find an objective 

measure of locational memory effects which found a significant difference from a T-Test for the 

handheld condition (p = 0.007) and for the headset condition (p = 0.008). However, a within-

subjects One-Way ANOVA of the repeat timings found there was no effect of arrangements for 

the handheld condition (F (5,68) = 0.46, p = 0.805) or the headset condition (F (5, 49) = 0.35, p 

= 0.883). 

For the headset condition, comparing the time to find a document against the time to re-find the 

same document, a T-test found a significant difference between the averages for Circle (p = 0.026) 

and Deck (p = 0.045) but not the other arrangements. The average to re-find a document in the 

Circle arrangement was 27.62% faster (average of  16.29s vs 11.79s) and in the Deck condition 

was 33.53% faster (average of 11.99s vs 7.97s). 

For the handheld condition, comparing the time to find a document against the time to re-find the 

same document, a T-test found a no significant difference between the averages for all 

arrangements (p > 0.07). 

Between the handheld and headset conditions, comparing the time to find a repeated document, a 

T-test found a significant difference between the averages for Circle (p = 0.01) and Deck (p = 

0.01) but not the other arrangements. 
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4.6.4.5. Summary 

For the handheld condition there was two distinct groupings of (G1) Spiral and Wall vs (G2) Line, 

Deck and Step. Circle did not fall within either grouping. There was a significant difference in 

self-reported preference (higher in G2) between groupings but not within the groups. There was 

no effect of arrangement for time to find a repeated email. 

For the headset condition there was also two distinct groupings (G1) Circle, Spiral and Wall vs 

(G2) Line, Step and Deck. There was a significant difference in self-reported preference between 

G1 and G2 (higher in G2) groupings but not within the groups. There was no effect of arrangement 

for time to find a repeated email. 

There was a significant effect of self-reported preference for Deck, Line and Circle between the 

two conditions but not for the other arrangements. There was also significant effect for time to 

find a repeated email for Circle and Deck but not for the other arrangements in the headset 

condition. 

4.6.5. Preferences 

At the end of the experiment participants were asked which arrangement and condition they 

preferred. Each participant selected one condition and one arrangement each, this was used to 

determine user preferences for each arrangement and condition. The arrangement preferences are 

summarised in Figure 4-16. 

The Deck arrangement had the highest preference, followed by Step. The Spiral and Wall 

arrangements received no user preference. One participant was excluded due to selecting too 

many options. 

All participants selected the handheld presentation as their preferred condition. 

 

Figure 4-16. A graph showing the number of users who preferred each arrangement. 
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4.7. Limitations 

4.7.1. Method Limitations 

One primary limitation of this work is its use of text as the primary medium of display. It should 

be acknowledged a similar experiment could be repeated using images rather than text. It is 

possible that perspective elements in the screen image prevented easy recognition of the text. The 

reason for choosing text was the prevalence of text in many application interfaces such as 

electronic mail and social media. 

Another limitation is that the participants were not permitted to reorganize the electronic mail 

documents. This is for several reasons, the primary one being minimizing the length of time of 

the experiment. Allowing users to reconfigure the document order to allow them to impose some 

spatial organisation, such as with the Data Mountain [127], may have helped users in being able 

to recall the locations of documents. It would however have taken considerable time due to the 

need to reorganize the documents to prevent the confounding process and document order being 

remembered between conditions. It should be also pointed out many text strong applications such 

as electronic mail and social media have external arrangements imposed on the documents as was 

done in this experiment. This method of imposed arrangement is shown to be equally viable in 

Physical loci [132]. As such, participant re-organization was rejected from this early more 

exploratory experiment (see Chapter 5 for expansion on this). 

4.7.2. Spatial Limitations 

A limitation of the system was that the augmented reality environment was not explicitly mapped 

to any discernible feature in the room and instead could be positioned by the participants as and 

when needed. This may have diminished spatial knowledge acquisition due to physical 

environment cues not aligning permanently with the virtual cues. However, the physical 

environment cues were still present as they could be observed in the augmented screen space and 

the participant’s own vision. 

4.8. Discussion 

The experience and analysis of Experiment 1 (see Chapter 3) led to an interest into the proposed 

alternate arrangements of the emails in space. The arrangements provided, and others developed 

during internal testing, were then implemented as another experiment to test differences in how 

the arrangements would affect a participant’s ability to find and remember documents in space. 

Six arrangements were evaluated: Deck, Circle, Line, Step, Spiral and Wall (see Section 0). 

Along with the original “washing line” arrangement (see Figure 3-2), various document 

arrangements were proposed during the first study. These included altering the “washing line” 

arrangement from horizontal to vertical (see Section 3.4.4.1. ), roller blackboard (see Section 
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3.4.4.1. ), curving the line around the user (see Section 3.4.1.2. ), a circle around (see Section 

3.4.1.4. ) or spiralling around the user and up and stacked documents on a desk (see Section 

3.4.3.2. ). These arrangements were used as the basis for Experiment 2. 

The Spiral (and Circle suggested as a half circle) arrangement were suggestions from the 

participants of Experiment 1.  

The Wall arrangement was taken from the concept of “Evidence Boards” used in TV crime shows 

to lay out details of cases, it seemed this would be a sensible use case in AR to display large 

amounts of data in a spatial manner.  

The Circle arrangement was taken from participant suggestion and also from the inventory system 

in the original “Tomb Raider” games. 

The Line arrangement was from the seeded “Washing Line” arrangement of documents from 

Experiment 1 (see Figure 3-2), this seemed like it would be a sensible arrangement based on the 

tools available (string, paper, clips) and gave a good indication of what could be an augmented 

layout for email, being a chronologically listed data type.  

The Deck arrangement, based on a set of stacked documents (as also suggested by participants in 

Experiment 1) or a filing cabinet. 

The Step condition, based on a stack of documents with titles visible and also partly on email 

application vertical listing (as suggested in Experiment 1). 

Referring back to the research objectives, the presentation of the arrangements was tested, 

comparing between handheld and headset augmented reality. 

The results fell into five categories: Time to Accurately Hit a Document, Accuracy, NASA TLX, 

Spatial Memory and Preferences. These categories included results from both the handheld and 

headset conditions, and each of the six possible arrangements tested. 

4.8.1. Time to Accurately Hit a Document 

The first research objective was to investigate differences between spatial arrangements of 

documents. This was primarily addressed by the differences in timings to accurately hit 

documents between arrangements. From the timing findings (see Section 4.6.1. ) across both 

handheld and headset conditions, we can see there were two significant classes of document 

arrangements. The first class consisting of Spiral and Wall conditions appeared to be significantly 

slower than the other four conditions (Circle, Deck, Line and Step). What makes these groupings 

interesting is that they correspond to the use of more three-dimensional user interfaces in the case 

of the Spiral and the Wall conditions. The Spiral and Wall arrangements have information 

displayed above and below the eyeline, whereas the others are more in-line with the user’s view 
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horizontally (see Figure 4-8). These “vertical” arrangements correspond to more three-

dimensional spatial groupings than the other arrangements which are more akin to a 2.5D 

grouping. This will be defined as a 2.5D case due to its operation in the horizontal plane at the 

height of the user. In both cases time taken to complete was lower (faster) in the 2.5D case. This 

corroborates with the findings by Cockburn et al. [128] where increased dimensionality showed 

a deterioration in performance. These more 3D arrangements also had an increase in Mental 

Demand and Effort, reported in the NASA TLX questionnaires (see Figure 4-13), which could 

correlate with a requirement to keep track of more space in the user’s view in spatial memory. It 

should also be noted that these groupings were reproduced in the spatial memory timings (see 

Figure 4-15). This then brings up the question of why it seems to be more difficult for participants 

to interact with more three-dimensional arrangements than ones that present less dimensions. 

From examination of the video taken from the user’s perspective it was unclear precisely what 

the users found difficult in the cases of elevated material. One possible explanation could be 

difficulty of reading text above the eye line. However, text above the participant’s eye line was 

no harder to read than that which was more greatly to the right or left. Participants rarely used 

more detailed text below the headlines to identify the email but did however use images and 

length. The necessity of raising the viewpoint up to the upper documents was more difficult in 

practice. This makes the impedance of the raised cases perplexing and in need of further study 

and experimentation. 

4.8.2. Accuracy 

There was no significant effect of accuracy (see Section 4.6.2. ) in either presentation, this could 

be due to an accuracy of 95%+ in all arrangements, giving a very low difference between 

arrangements as shown in Figure 4-12. 

4.8.3. Spatial Memory 

The next research objective was to clarify the role of spatial memory within an SEUI. When 

examining spatial memory (see Section 4.6.4. ), there is evidence that users gained performance 

benefit from some of the arrangements. Time to find a repeated document was the same for all 

arrangements except the Circle and Deck which was faster but only in the headset condition. This 

may suggest there is a larger difference in locational memory effects between conditions with 

specific arrangements. Due to this the locational effect appears only to be achieved by using a 

headset, which should be considered when designing for an SEUI. 

The final research objective was to determine if ego and exocentric presentations of documents 

are equivalent. The data suggests that these are not equivalent, as there is no measurable locational 

effect in the handheld condition opposed to an effect for two of the arrangements in the headset 

condition. 
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The user reported ability to find a repeated document does not fully align with the actual recorded 

data. The Spiral and Wall conditions are low as expected which does correlate with the 

experimental findings, however a preference for the Wall arrangement in the headset condition 

contrasts with the significantly increased time to find a document. The Circle arrangement is 

ranked as the 4th best to return to a document in the headset condition by the participants was 

actually the fastest (and most accurate) in the recorded data. The Deck arrangement was selected 

as the preferred arrangement for both conditions, this is collaborated by the handheld data but is 

actually the 3rd slowest in the headset condition. This suggests that the feeling of mental demand 

and frustration as reported in the NASA TLX is skewing the participant’s perception of speed 

during the tasks. This has implications on the possibility of adoption of these interfaces for users 

and requires more investigation. 

The spatial memory results (see Section 4.6.4. ) showed that there appeared to be a significant 

effect of arrangements between the headset and handheld conditions but not within. T-tests for 

the self-reported spatial memory scores for the six arrangements suggest that participants felt that 

the Step, Spiral and Wall arrangements were not as affected by the presentation condition being 

used. They also showed that participants perceived the Deck, Circle and Line arrangements 

performed better in the handheld condition. It should be noted that except for Circle, the groupings 

for returning to a previously found document were similar to the Timing (see Section 4.6.1.4. ) 

and NASA TLX (see Section 4.6.3.4. ) groupings. 

Specific arrangements such as the Circle condition with the headset presentation showed a 

significant spatial memory effect over the handheld condition (see Section 4.6.4.4. ), also being 

the fastest (see Figure 4-11) and most accurate (see Figure 4-12) overall. However, the self-

reported spatial memory scores (see Figure 4-14) were significantly lower in the headset than the 

handheld conditions, which is in contrast to the actual results. The Step condition was also 

consistently quick to find a repeated email (see Figure 4-15) in both conditions and was also rated 

as worse by participants. The Deck condition was more suited to the handheld presentation, being 

significantly faster than in the headset condition (see Section 4.6.1.3. ), this was also collaborated 

by the self-reported spatial memory scores (see Figure 4-14). This may be due to the Deck 

arrangement allowing a “sweep” style of browsing in the handheld condition where a user can 

move the phone through the documents to quickly look through them, whereas in the headset 

condition you would have to move your head through the documents which is not as natural. This 

is possibly the same reason for the Line condition differences. 

There was significant difference found between conditions for the Deck, Circle and Line 

arrangements in the self-reported memory scores (see Section 4.6.4.3. ). This suggests that 

participants felt that the Step, Spiral and Wall arrangements were not as affected by the condition 
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being used and that the Deck, Circle and Line arrangements performed better in the handheld 

condition (see Figure 4-14), which is in contrast to the actual locational memory data for the 

Circle condition and supports the Deck and Line conditions (see Figure 4-15). 

This shows a possible skewing of the perception of how well arrangements performed by 

participants, particularly in the headset condition, possibly due to an increase in Frustration and 

Effort shown in the TLX results (see Figure 4-13) in the headset over the handheld condition. 

This has additional implications on the ability to get users to adopt a headset augmented reality 

system, without ensuring a reduction in the perceived issues. This could possibly be achieved by 

using a passthrough headset instead of a combiner lens, however this comes with different issues 

such as latency. 

4.8.4. NASA TLX 

The NASA TLX (see Section 4.6.3. ) scores show correlation with the other result categories 

particularly in that it possibly shows the issues with the headset condition, in that it has 

significantly higher Frustration, Mental Demand and Effort scores than the handheld condition 

(see Figure 4-13). 

The Deck, Line, Step and Wall arrangements show significant differences between presentation 

conditions (see Section 4.6.3.3. ). The Wall and Spiral arrangements have much larger scores than 

the other arrangements and are significantly higher within each presentation condition, further 

showing perceived issues from the spatial memory scores and correlates with the timing and 

spatial memory quantitative data. 

If we then examine the results from the user perception of the conditions (see Section 4.6.4. ) 

again, we find the same groupings appear. This seems to confirm the results of the timing findings 

(see Section 4.6.1.4. ). It can be observed from Figure 4-13 that Frustration played a major part 

in the elevation of the scores, along with Effort and Mental Demand. 

4.8.5. Preference 

Figure 4-16 shows the user preferences for each arrangement. This shows the same grouping as 

the timing data (see Section 4.6.1.4. ) for Circle, Deck, Line and Step vs Spiral and Wall. Spiral 

and Wall received no user preference, which is likely due to the issues shown in the Figure 4-13 

NASA TLX data. All users preferred the handheld to the headset condition, which may be due to 

the high transparency of the rendered images making it more difficult to see the documents than 

with the passthrough of the handheld condition. 

An additional objective of this research was to identify and map out the use of augmented reality 

as a way of breaking through the peephole interface of current mobile phones. An interest of this 

experiment was to see if the findings of Mehra et al. [176] that dynamic peephole navigation (the 
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screen moves to locate the information) is faster to locate in a big picture than static peephole 

navigation (moving the information on the screen), which could be used to develop a new kind of 

interface in augmented reality. While more information can be displayed and stored in three 

dimensions using the vertical height dimension, timing and preference data strongly indicate that 

this mode with strong parallel in the physical world was inferior to maintaining all the information 

at the same height (see Sections 4.6.1. and 4.6.5. ). These initial findings seem counterintuitive. 

4.9. Conclusion 

The initial objective of this experiment was to look in depth at one element of the interface designs 

which emerged from Experiment 1 (see Chapter 3). Hypothesis 1 stated there are advantages for 

a SEAR over other systems for non-specialist users. The results found that participants did appear 

to be able to use spatial memory to aid recall of previously discovered documents with certain 

arrangements in the headset condition (see Section 4.6.4. ), which also corroborates with work 

such as Data Mountain [127]. This spatial memory is not available in CLI, Desktop or Mobile 

interfaces and as such is an affordance which is unavailable in other user interfaces. This offers a 

utility that cannot be found in other UI systems. As such it seems safe to conclude it is true that 

non-specialist users would find the affordances of a SEAR useful. 

Hypothesis 2 stated there is a difference between handheld and headset interfaces. The results 

found that the largest difference was found between the handheld and headset conditions opposed 

to between spatial arrangements (see Section 4.6.1.4. ). Therefore, there are significant differences 

between presentation of space for some arrangements. The largest spatial effect was found with 

the Circle arrangement in the headset condition (see Section 4.6.4. ), the largest difference to find 

a repeated email between handheld and headset conditions (see Figure 4-15 and Section 4.6.4.4. 

). The Deck arrangement took a significantly longer time to find a repeated email in the headset 

compared to the handheld condition. With this difference in the ability to utilise spatial memory 

only in the headset condition, it can be concluded that there is a difference between the 

presentation of space between handheld and headset in a SEUI. 

Hypothesis 3 stated that there is a performance difference between spatial arrangements of 

documents. The experiment was designed to determine if there was any preferred or more 

effective arrangement of documents in an AR environment and to find ways to take best possible 

advantage of augmented reality presentation. Based on the findings of this experiment (see 

Section 0) there are definitive differences between arrangements. The Spiral and Wall 

arrangements were found to be consistently slower (see Sections 4.6.1. and 4.6.4. ), demanding 

(see Section 4.6.3. ) and disliked (see Section 4.6.5. ) over all recorded metrics. Also as stated 

above the Circle arrangement was faster and the Deck arrangement was slower in the headset 
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condition than the handheld condition. Therefore, it can be concluded that there is a clear 

difference between the performance of difference arrangements of documents in a SEUI. 

4.9.1. Implications for Design 

The design conclusions are therefore that designers can assume spatial memory will have a 

significant observable effect for certain arrangements (Circle and Deck) in the headset condition. 

Secondly designers should use different arrangements depending on what tasks they intend to do. 

If they need to be able to have a set of documents remembered and selected quickly, then then the 

Circle arrangement in the headset condition should be preferred. If they need a fast interface for 

selecting from a set of documents quickly in handheld, the Deck or Step arrangements can be 

used. If a user does not need to remember where a documents are and need them listed for 

selection, then the Step arrangement should be used. The Spiral and Wall conditions should be 

avoided if possible as they are significantly slower than the other arrangements. 

Finally, designers should avoid extended periods of data searching with arms held out using the 

handheld interface to avoid the so called “gorilla arms syndrome” [92]. 

The main contribution to knowledge is that there is an improved spatial effect for some of the 

arrangements, as detailed above, but only when used with the complementary headset 

presentation condition. 

4.10. Summary 

The purpose of this experiment was to determine if there were any measurable differences 

between six different document layouts in three-dimensional space and between headset 

(egocentric) and handheld (exocentric) presentations. The main contribution to knowledge of this 

experiment was that there is an improved spatial effect for some of the arrangements in the headset 

condition. This also shows there is an affordance to using a SEUI over a traditional 2D GUI as 

this spatial effect is not available. This experiment also highlighted issues with more 3D 

arrangements such as the Wall, which raised questions as to the viability of SEUIs. 

4.11. Next 

The next chapter will continue investigating the SEUI interface component of spatial document 

arrangement. Experiment 3 will investigate why participants were less performant with more 3D 

arrangements and if users are unable to naturally interact with a three-dimensional interface. This 

will be done by allowing participants to make their own arrangements and recording their use (or 

not) of space within a simulated AR environment. 
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Chapter 5 - How is 3D Space Used to Spatially Group Documents 

in Augmented Reality? 

The previous chapter covered an experiment into performance of different documents layouts in 

augmented reality. This experiment found that participants appeared to prefer more two-

dimensional layouts of documents in space to more three-dimensional arrangements. Following 

on from these findings, this chapter investigates how participants would use space to arrange 

documents naturally without the constraints of an external arrangement. An experiment was 

created where arrangements of spatial or colour groupings of documents could be made by 

participants freely in a simulated AR environment. 

Hypotheses and research questions were proposed to investigate how users would go about 

grouping documents in space, focusing on what methods they would prefer to use for grouping 

between spatial and colour. The design of the experiment is provided detailing what methods the 

experimental application includes, the components used to produce it and the general flow of the 

experiment. 

5.1. Introduction 

Based on the findings of the previous experiment, it seemed apparent that participants prefer more 

two-dimensional arrangements of documents in space to more three-dimensional arrangements. 

If this is true it would suggest that non-specialist users would not find SEUIs natural or be able to 

take advantage of the affordances. In order to further investigate if users are indeed unable to 

naturally interact with three-dimensional interfaces, a different approach was necessary. If users 

were able to arrange the documents themselves would this facilitate the use of three-dimensional 

space? Additionally, would allowing users to impose spatial organisation themselves have helped 

to recall the locations of documents as was seen previously with the Data Mountain [127] by 

Robertson et al.? And would doing so provide an interface experience that could “take advantage 

of the affordances” of a SEAR system? 

To further understand this, a final experiment was constructed which allowed free form placement 

of documents in space. The question here was if the users would naturally take advantage of the 

spatial dimension. Would users tend towards using space in a largely wrap around way, such as 

with the Circle layout, that seemed successful in the previous experiment? Or instead prefer using 

height or depth for arrangements? Alternatively, users might instead want to avoid spatial 

arrangements all together. 

An experiment looking into the groupings provided by a series of participants was developed, 

allowing for an interesting comparison on how they would actually use the space and tools 

provided in order to group documents, when provided with a set of specific groups and emails. 
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These arrangements would be constrained to logical groupings of emails to provide a baseline for 

what participants intended their groupings to actually be. It was also necessary to provide an 

alternative means to arrange documents. Colour arrangement [183] was decided as a secondary 

means of grouping to space, providing a simple visual distinction of grouping. 

This additional user choice in how the interface is used, reaches back to the user centred nature 

of the original study and goals of this thesis. Allowing the user to group documents and giving 

multiple means to do so, provided a way to see how a user might actually use a SEUI in practice 

with a specific component of the interface and further inform the prototyping process for SEAR. 

This chapter begins by explaining the hypotheses and methodology of the experiment, then will 

proceed to the design and procedure. The findings for individual participants will be detailed, 

followed by experimental results synthesising the individual findings. These results will then be 

discussed, and conclusions made. These results, along with those of Experiment 1 and Experiment 

2, will then be discussed as a whole in the next chapter (see Chapter 6). 

5.2. Research Objectives 

The premise of this chapter is that of the research aim: 

“Would non-specialist users find SEUIs natural and be able to take advantage of the 

affordances of which SEAR provide.” 

Based on this aim, research objectives for this experiment are: 

• Investigate how non-specialist users would order documents in space with no prior 

arrangement. 

• Investigate if non-specialist users would prefer to use space for grouping by providing an 

alternative grouping mechanism. 

• Identify if non-specialist users would choose to group semantically related documents in 

three dimensions. 
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5.3. Hypothesis 

This premise creates the following hypotheses for this experiment: 

• Non-specialist users will use 3D space to arrange documents. 

• Non-specialist users will use all the space provided to produce arrangements. 

• Non-specialist users will prefer to use spatial arrangement over an alternative grouping 

mechanism. 

5.4. Method 

5.4.1. Method Choice 

The original objective of this thesis was to identify if augmented reality could improve the user 

experience over the traditional two-dimensional GUI. Findings from Experiment 2 suggested that 

there was an issue with more 3-dimensional arrangements of documents, which led to the question 

of the actual utility of using a fully 3D interface. In order to test this further, this experiment would 

need to test if users would choose to use a 3D interface if given the option to use an alternative 

(colour) and if they would choose to arrange documents in 3D. 

To further investigate this based on the findings of Experiment 1 and Experiment 2, the next best 

step was to produce a near working prototype of a SEUI system and allow users to trial the system. 

This also continues the user centred design philosophy of this thesis, by including user evaluation 

and feedback at every stage of the design. The means by which the system could be implemented 

were mostly informed by the circumstances and hardware availability (see below). This provided 

an opportunity to develop something that could be more easily empirically tested by end users, 

while also being able to compare the experiences of users with a consistent environment. For this 

experiment a qualitative approach was chosen, to investigate how users would use the system 

instead of trying to determine how “good” the actual system was. This avenue of investigation 

was more suitable to test the hypotheses for the experiment and also build upon the original 

objective. 

5.4.2. Hardware 

Due to the Covid-19 pandemic the experiment was not able to be conducted in person. To account 

for this the experiment was developed as a simulated AR environment using a VR standalone 

headset. This allowed participants with their own VR hardware to be recruited and removed the 

problem of conducting the experiment in person. However, this also introduced requirements to 

manage the experiment and experimental data collection remotely. To do this a remote server was 

set up for data collection and the in-headset view of participants would ideally need to be recorded 

over video chat. 
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The Quest platform [2] was chosen as the application platform due to availability, standalone 

processing and ease of development. The Quest/Quest 2 hardware was readily available to 

consumers during the period of the experiment and was at a cheap enough price for mass adoption 

to start, providing a pool of participants available to promote the experiment to. The Quest 

platform also provides standalone processing so does not require a tethered PC like other VR 

headsets to render the simulated environment and process the 6DoF movements and input. The 

Oculus platform also provides ease of application development using Unity, Unreal or Android 

APIs and the ability to sideload custom applications onto the device directly. There is also a 

community around the Quest platform and a distribution platform called SideQuest [184] that can 

be used to upload an Quest application to be publicly available. SideQuest also provides a native 

application which can be used to install applications directly to a Quest device and can stream a 

live view of the headset. An alternate application called Oculus Developer Hub [185] can also be 

used to install applications and record the in-headset view but requires a Meta Developer login 

and is slightly more complex to use. These platforms facilitated the distribution of the application 

and recording of the in-headset view, allowing the experiment to be performed remotely. 

5.5. Experimental Design 

The experiment consists of a virtual environment 

constructed to place the user in an office 

environment as would be a common scenario for 

possible future AR office work.  

To conduct the experiment remotely it was 

necessary to give all instructions from inside the 

VR environment itself. The environment of the 

experiment included a series of desks with 

monitors and keyboards, and a standard office 

layout (see Figure 5-1). This office environment 

was produced using the Unity Snaps Prototype 

Office prefabs [186]. The participant is placed at 

a desk, with a monitor to give instructions. The 

objective was to simulate an AR experiment in 

VR. This would allow a consistent environment, 

which would not be possible in reality. Inside the 

VR, on the monitor is a post-it note which reads “Put on the AR Glasses”, and the glasses are a 

3D model on the desk that are physically interactable with hands. There were also other desk 

items such as a mug that could also be picked up and had realistic physics (see Figure 5-2). In 

reality, the participant’s hands held the Quest controllers to interact with the environment. In the 

A 

Figure 5-1. The experimental environment, using the 

Unity Snaps Prototype Office prefabs, shown from 

above. Label A shows where the participant would be 

positioned during the experimental session. 
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application a representation of hands was displayed with an animated 3D model, that tracked the 

left and right controller positions and locations. The hand model was from the Oculus Integration 

prefabs [187], with modified animation scripts. The hand was able to show various positions 

based on the participant’s finger positions on the controller. Virtual objects could be interacted 

with by pressing the trigger button, which caused the hand grip the object, and a pointing gesture 

could be made by releasing the trigger, allowing environmental buttons to be pressed manually. 

Once the glasses were put on, the virtual monitor on 

the desk in front of the participant would start 

displaying a set of messages detailing the 

experimental procedure (see Appendix C In-headset 

Onboarding). These messages were advanced by the 

participant pressing a forward-arrow button located 

to the right of the monitor. The messages could also 

be put back to the previous one by pressing a back-

arrow button located to the left of the monitor. Once 

all messages had been read, a consent form was 

presented with an “Accept” and “Decline” button (see Appendix C Consent Forms). After consent 

was given a down-arrow button appeared below the monitor which, when pressed, started the 

experiment portion of the application. After pressing the down-arrow button, a participant ID 

would be generated on the server and returned to the experimental program. If consent was 

declined the participant was encouraged to exit the application.  

Figure 5-2. Virtual hand and mug in virtual office 

environment. 
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Figure 5-3. Participant’s desk space with monitor, buttons and cubes on desk. The participant could also enable a 

colour palette, on their left hand, and use their right index finger to colour cubes. The blue box represents the position 

of the participant’s head but was not present during the experiment. The white line shows the physics cut-off point, 

above which cubes will stay in place and below which cubes will be subject to gravity and physics interactions, this is 

only here for demonstration purposes and was not present in the application. 

Once the experiment portion started, a set of cubes (see Figure 5-3) appeared on the desk. The 

cubes were there to represent the email documents and reduce space when placed in the 

environment. Cubes were used due to being a basic 3D primitive for easier manipulation and also 

to allow for physics-based interactions such as are in BumpTop [118]. In total 40 emails were 

used, 5 of which included full colour images (see Appendix A). This gave a cross-section of the 

variety of different possible types of email that could occur in actual inboxes. All emails were 

kept to a single page to focus the experiment on arrangement due to content rather than length. 

The email documents were sized so that they appeared to be relative to the size of a standard A4 

paper sheet in the virtual environment. The emails had a Calibri font and text size of 28pt font for 

titles and 11pt font for main text. The from and to lines were coloured blue and sized 16pt font. 

The order of all emails on the desk were randomised at the start of the experiment. 
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Figure 5-4. The document associated with a cube is displayed when the cube is in contact with a hand. 

The cubes when picked up off the table display the full-sized document. The documents remained 

full size as long as they were held, or a hand was touching (see Figure 5-4). If the cubes were 

released, they stayed in place and the document was hidden again until the participant placed a 

hand within the cube. Cubes were not able to be placed below the level of the desk and would 

reset to desk height to avoid dropping on the floor or passing through the table. Cubes also would 

drop onto the table, with realistic physics, if released at half monitor height or lower (see Figure 

5-3). 

To test if people actually preferred the use of three dimensions to group documents, it was 

necessary to provide an alternative “grouping” mechanism. Cube colour was chosen as a simple 

and obvious mechanism which could be used either as an alternative to, or in combination with, 

spatial arrangement. 
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Figure 5-5. Index finger brush and palette on left hand from front (Left) and side (Right).The palette contains 9 colours 

(Red, Blue, Yellow, Purple, Orange, Green, White, Black, Grey). 

The mechanism to a select colour was a colour wheel button on the monitor (see Figure 5-3), 

which when pressed enabled a colour palette object (see Figure 5-5) containing 9 colours (Red, 

Blue, Yellow, Purple, Orange, Green, White, Black, Grey) on the left hand. The right index finger 

could then be “dipped” into the colours on the palette and the tip became the chosen colour. If the 

finger was then put on a cube, the cube was then tinted the chosen colour. 

The participant was free to pick up cubes from the desk, place them in free space and colour them 

with their finger. They were then able to group the cubes as desired. The participants were 

instructed to group documents with predefined groupings of VR/AR, AI, Teaching and Spam. 

Once all the cubes had been placed within the environment, a save button would appear on the 

monitor which when pressed would end the session and save recorded data. 

For all participants, the final positions of documents and their colours were recorded. All recorded 

data was converted to a single XML file and was uploaded to the experiment server. If an error 

occurred on upload, the server could not be contacted or the backup had been enabled, the 

application would record the data locally. 

At the end of the experiment, the monitor would display the participant ID and a link to the 

experiment questionnaire. They were also directed to a button that would open the questionnaire 

in the in-headset browser. Given the anonymity of the remote participation, it was possible that 

they might attempt to do the same experiment twice. To counter this if the participant tried to run 

the experiment again, after putting on the glasses, they would be presented with a screen telling 

them they had already participated and would display their participant ID, and a link and button 

to the questionnaire. 
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Video 3 shows the experimental application in action, with a demonstration of how documents 

can be arranged using the system. 

Source Code for this experiment is available on GitHub. 

 

Figure 5-6. Playback engine with control overlay visible. 

5.5.1. Playback Engine 

A playback engine was developed allowing the recorded data to be played back in real time, 

display the end layout and query the emails located in the environment. This application was used 

to produce most of the participant layout diagrams (see Participant Sessions). It allowed for simple 

manipulation of the camera angle and position to view the layout as desired, making it much 

easier to analyse how emails were grouped and how they were placed within the environment. 

Each email could also be selected to determine which email (by number, see Appendix A) was 

positioned in which group (if any). Where data was not available the same process could be 

enacted by going through the video and checking which email (as can be seen when a participant 

picks it up) was placed in a position. However, using the playback engine was much quicker than 

manual data processing (hours vs minutes). 

Video 4 shows the playback engine in use within the Unity editor allowing for recorded data to 

be loaded, played back and inspected. 

https://youtu.be/apNnn5LyCmw
https://github.com/v012065/SpatialApplication
https://youtu.be/b1TLxsRXBTY


105 

 

 

Figure 5-7. SideQuest listing for the experimental application. https://sidequestvr.com/app/1684 

5.6. Experiment Procedure 

There were two different procedures to the experiment depending on if the participant was 

supervised by experimenters or an independent participant who discovered the application’s 

SideQuest [184] listing themselves. The difference in procedures would not cause any difference 

in results other than that the supervised version provided additional data (video recording, voice 

recording, in-application movements, guaranteed filling in questionnaire). For the independent 

version, only final layout and groupings were recorded and the questionnaire was optional. 

5.6.1. Supervised Participants 

The experiment began by setting up a video stream from the headset, using either Oculus 

Developer Hub [185] or SideQuest, and a voice channel. Remote participants communicated over 

video chat software such as Teams or Zoom. 

The video stream from the headset allowed for the headset view to be recorded. The experimental 

procedure would then be explained, and informed consent requested from the participant. The 

participant was then required to load the application onto their Oculus Quest device (this may 

have been done prior). Once complete, the participant put on the headset and launched the 

application. The application guided them through the experimental procedure within the headset. 

Informed consent was explained again and obtained before starting the data collection within the 

application. 

5.6.2. Independent Participants 

Independent participants would acquire the application via SideQuest after either discovering it 

on the platform or following an advertisement. The SideQuest listing (Figure 5-7) had screenshots 

https://sidequestvr.com/app/1684
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from the experiment application and gave an overview of the experiment, procedure, data 

management and incentives. They would then be able to “sideload” the application onto their 

device using SideQuest. Once complete, the participant put on the headset and launched the 

application. The application guided them through the experimental procedure within the headset. 

Informed consent was acquired via the application before the experiment portion began. 

The procedure was the same as for supervised participants, except they did not have their 

movements recorded during the experiment and no local copy was saved unless a server error 

occurred. 

5.6.3. Experiment Epilogue for Both Types 

At the end of the experiment, the application displayed their participant ID (an 8-digit value) and 

directed them to fill in the questionnaire online either by hyperlink (which they would need to 

remember or write down) or a button that opened the in-headset browser. The questionnaire 

consisted of Demographic, Experiment, System Usability Scale (SUS), Presence Questionnaire 

(PQ) and Immersive Tendencies Questionnaire (ITQ).  

5.7. Results 

For this experiment, as previously stated, only remote participants with access to their own Oculus 

Quest device could be recruited. Participants were recruited from internal email and the SideQuest 

platform (Figure 5 7) [178]. Advertisements for the experiment were distributed on VR Discord 

channels and the r/OculusQuest subreddit. Supervised participants received a £10 Amazon 

voucher for their time. Independent participants could enter into a free prize draw for a £50 

Amazon voucher if they emailed their participant ID to the experiment email. 

5.7.1. Participants 

The experiment consisted of 11 participants, 10 supervised participants and 1 independent 

participant. They were recruited from reddit, SideQuest [184] and email advertisements. The 

independent participant did not fill in the questionnaire. Participants were in the age range of 18-

57 (M=37.4, SD=16.54), with six male and four female. All participants were right-handed but 

one. All participants also had previously used an Oculus Rift [188] headset (one had also used an 

Oculus Go headset) and had previous experience of augmented reality on a smartphone. Three 

participants had previously used an AR headset (HoloLens [31] and Aryzon [179]). Length of 

time using a VR headset each week ranged from 0-12 hours (M=1.8, SD=3.6). 

Four participants admitted to playing games Daily (three Weekly, two Monthly and one Never) 

and for 0-30 hours in the previous week (M=7.6, SD=8.8). See Table 3 for full details of 

participant demographics. 
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Table 3. Demographics Table for Participants of Experiment 3. 

Demographics P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Supervised (10) No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

VR Headset - Quest Quest 2 

w/ Link 

Quest Quest Rift 

CV1 

Quest 

2 

Quest 

2 

Quest 

2 

Quest 

2 

Quest 

2 

Age - 30 44 57 23 19 57 18 18 51 57 

Gender (4F) - M M F F M M M F F M 

Handedness (1L) - R R R R R L R R R R 

Job - Contra

ctor 

Dentist Admini

strator 

Innovat

ion 

Special

ist 

Stud

ent 

Reader Student Studen

t 

Profes

sor 

Dentis

t 

Game Play 

Regularity 

- Weekl

y 

Daily Daily Monthl

y 

Dail

y 

Weekl

y 

Daily Month

ly 

Never Weekl

y 

Game Hours Per Week - 5 8 7 - 30 7 16 - - 3 

Headset Use Hours Per 

Week 

- 4 12 0 0 0 1 0 1 0 0 

Previous VR Use 

(10) 

- Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Previous AR Headset 

Use (2) 

- No No Yes Yes No No No No No No 

Previous Handheld AR 

Use (10) 

- Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

 

5.7.2. Ethics 

Institutional ethics clearance was applied for and received for the experimental procedure, see 

Appendix B Section 3. All information recorded from the participant was maintained with an 

anonymous identifier for each participant. The data from this experiment was stored in accordance 

with university data regulations. Participants confirmed informed consent at the beginning of each 

session. 

5.7.3. Questionnaire 

As mentioned in the methodology participants filled in Demographic, Experiment, SUS (system 

usability scale) [189], PQ (presence questionnaire) [190] and ITQ (immersive tendencies 

questionnaire) [190] questionnaires. Participants took an average of 11 minutes 21 seconds to 

complete the questionnaire. See Appendix C Section 3 for the questionnaires. 

5.7.3.1. Experiment Questions 

The participants mostly used an Oculus Quest 2 to take part in the experiment (3 Oculus Quest, 5 

Oculus Quest 2, 1 Oculus Quest 2 with Link [191], 1 Oculus Rift CV1), differences in the platform 

used are unlikely to affect the results as the inputs are very similar (using the same Oculus 

platform) and visibility is good on all headsets. 
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All participants agreed that they were able to spatially arrange documents and that the ability to 

spatially arrange documents was useful. Most participants preferred using space over colour to 

arrange documents and thought that using cubes to reduce document size in space worked. Five 

participants said they would use the application for email tasks if it was able to do so. All but one 

participant (P8) felt they were in a VR environment over an AR environment. See Table 4 for a 

summary of the questionnaire. 

5.7.3.2. SUS 

The system usability scale (SUS) [189] is a quick tool for measuring the usability of an interface, 

consisting of a 10-item questionnaire with five response options for respondents; from Strongly 

agree to Strongly disagree. Research shows that SUS is reliable at small sample sizes and can 

effectively distinguish between usable and unusable systems. A score of 68 has been determined 

as the average score for a usable system [192]. This experiment found the average as (M=73, 

SD=14.18), suggesting the experimental system is perceived as usable by participants. 

5.7.3.3. PQ and ITQ 

The presence questionnaire (PQ) and immersive tendency questionnaire (ITQ) [190] are designed 

to measure the effects of a virtual environment on participants. The PQ measures effects of 

immersion within the experimental application and the ITQ determines the participant’s 

predisposition to being immersed in various activities. There were no interesting effects found 

after processing the PQ and ITQ data. 

Table 4. Table of questionnaire features of interest. P1 did not fill in the questionnaire. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Could spatially arrange documents (10) - X X X X X X X X X X 

Spatial preference (7) - X X  X  X  X X X 

Colour preference (5) - X X X  X  X    

Space was useful (10) - X X X X X X X X X X 

Colour was useful (6) - X X X  X X X    

Cubes worked for size reduction (8) -  X X X X X  X X X 

Would use application for email (5) -   X X  X  X  X 

5.8. Participant Sessions 

The next section breaks down the results of the experiment on a per participant basis. It is clear 

that each participant will be arranging the documents in a personal way. Once all the individual 

results have been qualitatively described similar features between participant sessions will be 

extracted and summarised. 
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5.8.1. P1 

 

 

Figure 5-8. P1 final grouping. P1 can be seen as a cube (A) representing their head position at the end of the 

experiment. The arrow pointing from the cube shows the forward-facing direction of P1. The rings show the different 

spatial groupings and are coloured in the colours used: Orange (B), Red (C) and Black (D). The orange arrow (B2) 

points from the lowest cube in the Orange grouping to the highest. The gravity cut-off point is shown with a white line 

(E). The side view (F) shows, with a purple line, that the Black group is further forward than the Red group. Orange 

cubes are displayed as Cyan (see Section 5.10.5. ). 
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5.8.1.1. Arrangement 

P1 was an Independent participant so there was no data recorded for the in-session arrangement 

of emails. 

5.8.1.2. Final Grouping 

P1’s arrangement consists of three groupings to the right and left of the participant (as can be seen 

in Figure 5-8 B, C and D). The left grouping (Figure 5-8 B) seems to consist of a variety of emails 

(3 Teaching, 7 AR/VR, 6 AI, 3 Spam) and are coloured Orange. The grouping most likely 

originates above the desk, at the point just above the gravity cut-off (Figure 5-8 E) and goes 

backwards and up moving away from the desk and towards the participant (as shown by the arrow 

at Figure 5-8 B2). The cubes are quite evenly distributed and spaced apart. On the right side there 

are two groupings one just above the desk at the gravity cut-off, coloured Red, and one slightly 

above coloured Black. The lower grouping (Figure 5-8 C) consists mostly of Teaching emails (7 

Teaching, 1 AR/VR, 1 AI, 5 Spam), this may be intended as a Spam grouping. The upper grouping 

(Figure 5-8 D) consists of most of the AR/VR and AI emails (3 Teaching, 7 AR/VR, 6 AI, 3 

Spam) suggesting this is some sort of combined group of the two. Both right groupings have much 

less distance between cubes. The lower grouping is about the same height as the left cubes and 

upper grouping is above them. They are more static in positioning the lower grouping being in 

line with the desk and the upper being above it (see Figure 5-8 F). Not much more can be 

determined as only the end arrangement is available to comment on. 

  



111 

 

5.8.2. P2 

 

Figure 5-9. P2 pre-final and final grouping. As can be seen from the images, P2 arranged all documents first and 

coloured them after. They also altered the groupings themselves, reducing grouping B from 5 to 3 emails, increasing 

grouping C from 3 to 4 emails, tidying up grouping A from 4 horizontal rows on the right to 3 and putting a Red cube 

at D. For the final grouping there were 4 distinct groups: A Green, B Grey, C Blue and a single Red cube at D. P2 can 

be seen beginning to colour the cubes using the pallet. 

5.8.2.1. Arrangement 

At the start of the experiment P2 moved backwards about 2 meters before moving back to the 

desk, which appeared that they had space available to move around in, they then reset the 

environment slightly back. They started by opening the colour pallet and placing cubes to the left 

and above the monitor. The cubes above the monitor were placed left to right, taking cubes from 

the back of those on the desk left to right, when the right edge of the monitor was reached, they 
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started going down the right edge of the monitor, curving away from it. When the bottom of the 

monitor was reached on the right, they started placing the cubes from the top of the monitor again 

to the right of the other cubes. When they reached 4 rows to the right of the monitor, they started 

placing cubes above the row above the monitor (see Figure 5-9 A). The other group was placed 

to the left of the monitor moving back towards P2. A third group was started to the right, away 

from the other cubes, moving backwards (Figure 5-9 C). At one point they attempted to place a 

cube below the right side of the monitor but were unable to due to the gravity cut-off, so instead 

placed it in the bottom right of the monitor (Figure 5-9 E). 

After arranging the emails, P2 went back through them and coloured them. One of the left cubes 

was moved to the group above the monitor. The group to the right was coloured Blue and neatened 

up (see Figure 5-9 C). The group to the right was coloured Black and then Grey and changed from 

horizontal to vertically stacked (see Figure 5-9 B). All the cubes around the monitor were coloured 

Green in one go, followed by the single in the monitor (Figure 5-9 E) which they coloured Red 

and attempted again to place lower on the monitor, settling for leaving it on the desk below (see 

Figure 5-9 D). They then neatened up the Green cubes around the monitor, keeping a similar 

arrangement but more evenly spaced (See Figure 5-9 A). They then were debriefed, giving a 

description of what their groupings were and completed the questionnaire. 

5.8.2.2. Final Grouping 

The final arrangement of P2 consists of 4 distinct groupings of 4 colours. The main group around 

the monitor, coloured Green (Figure 5-9 A), contains all the Teaching and AR/VR emails, and 

most of the Spam emails (and 1 AI, email 15 see Appendix A) defined by P2 as “Main emails”. 

The Blue grouping (Figure 5-9 C) to the right contains 4 of the AI emails, all of which are 

conference or webinar invites (emails 35, 36, 37 and 39), which P2 defined as “AI news”. The 

Grey grouping (Figure 5-9 B) to the left contains the rest of the AI emails and 1 Spam email, all 

containing images (2 ACM newsletters (emails 10 and 40) and 1 Amazon web services (email 

32)) which P2 defined as “Ads”. The single Red email (Figure 5-9 D) is an AR/VR email (image, 

email 27) defined by P2 as “Junk”. 

5.8.2.3. Dialogue 

P2 could only communicate over the chat function of Zoom. P2 had some comments after the 

experiment detailing what their arrangements were (see above). They discussed the ability to mark 

multiple documents using their finger, issues they had with grabbing the documents and wanting 

to place cubes in the monitor and in folders. This discussion was in response to the debrief after 

the questionnaire. 
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5.8.2.4. Quotes 

5.8.2.4.1. Arrangement 

Any junk I wanted to add to a recycle bin 

Which I marked red and put on the table 

I put AI news to the right 

And I put general ads to the left 

and my main emails up at the top which gave me more room since that was most of the documents 

5.8.2.4.2. Colour affordance 

I realized I could mark multiple documents at once by running my fingers through them to do 

mark them by group. 

That made it easier 

5.8.2.4.3. Grabbing issues 

I had some confusion with the grabbing motion 

I usually use the grip to grab 

I learned I needed to pinch to grab 

5.8.2.4.4. Place in screen 

I actually wanted to use the screen, the monitor itself to place objects 

But I couldn't 

Like I wanted to place them inside the monitor and have it expanded like a folder 

5.8.2.4.5. Folders 

I was hoping it would expand like into bubbles where I could place documents within the bubble 

as I used a pulling motion away from each other 

Or just tap to open bubble 

I prefer a X or close button nearby the bubble to close it easily 
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5.8.3. P3 

 

Figure 5-10. P3 final grouping. This arrangement consists of 4 spatial groupings that can be seen at A, B, C and D. 

Label E shows a Black cube that was moved after the groupings were arranged but before the final grouping was saved. 

Differences can also be seen between pre-final and final arrangements at labels F and G. 

5.8.3.1. Arrangement 

P3 had a fairly large room available for them to move in (as could be seen from the webcam 

footage) but stayed in place. P3 started off colouring cubes as they read them, only colouring the 

first cube of a group and placing others of the group next to them on the desk. They only opened 

the colour pallet when they wanted to colour a cube. They would check the email of the coloured 

cubes to remember which group they represented. Working through they read each email in turn, 

stating where they were to place it. They were aware that cubes could be placed in the air, as they 

left some there when reading. They took cubes from the desk to arrange depending on where they 

currently were next to, but generally worked from edges to the middle. The Red cube was placed 

first stated as being “News”, then the Blue as “Teaching” and Green as “AI”, these two became 

groups on the left. Then the Black cube was placed becoming a group on the right stated as “VR”. 



115 

 

They stated what group they determined each email to be out loud as they went. The Red cube 

was on the left corner closest to P3 but was moved to the group next to it. Once they had placed 

all the emails, they then went back through them all and checked where they had put them, the 

cubes became closer together after this and the groups moved closer to the middle of the table 

(see Figure 5-10 F and G). Two cubes stated as being Spam were placed to the right of the monitor. 

At the end of the session, they completed the questionnaire. 

5.8.3.2. Final Grouping 

The final arrangement of P3 consists of 4 distinct groupings with 4 colours used on 4 cubes. The 

top left grouping (Figure 5-10 A) with the Green cube (email 36 see Appendix A) contains all the 

AI emails. The bottom right group (Figure 5-10 C) contains all but one of the AR/VR emails. The 

top right group (Figure 5-10 D) contains two Spam emails, both images (emails 21 and 32). The 

bottom left group (Figure 5-10 B) contains all Teaching and remaining Spam emails and the one 

AR/VR email (conference registration, email 34). This group also contains the other coloured 

cubes, which are both Spam emails (emails 14 and 25). The Black cube was moved from the 

bottom right group to the left (see Figure 5-10 E) at the end and is the AR/VR email (as they 

originally thought it was). The Red cube, originally stated as “News”, was the only one not to 

have additional cubes placed next to it and was rolled into the Teaching group near the end. 

5.8.3.3. Dialogue 

P3 also mentioned issues with grabbing in the application at the start of the experiment. During 

the experiment they stated what groups the colours would denote. They asked if they needed to 

colour all the cubes at the end, F1 said they didn’t have to. 

5.8.3.4. Quotes 

5.8.3.4.1. Grabbing issues 

[3:48] P3 “Should be [easier] to pick it up with the grab button” 

[5:10] P3 “Problem is that your hand is in the mail, but I guess I don’t need to read the mail” 

5.8.3.4.2. Groupings and Colour 

[5:33] P3 “I will colour the news red, because news is sometimes bad” 

[6:21] P3 “Let’s do the teaching in blue” 

[7:00] P3 “Let’s do AI white” (realises white is the default colour) [7:08] P3 “err, not white, no 

not white, do AI green, put it over here” (puts cube on desk) 

[7:32] P3 “VR, lets colour it, black” 

[7:53] P3 “AI, I think AI is green” (reaches to green cube to check email, puts new cube next to 

it) 

[15:53] P3 “I think I’m finished; do I have to colour all the cubes?” F1 “you don’t have to, if you 

don’t want to”  
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5.8.4. P4 

 

Figure 5-11. P4 final grouping. The white circle shows the spherical arrangement of documents within the space. The 

box labelled P4 shows where P4 was standing for most of the session. Orange cubes are displayed as Cyan (see Section 

5.10.5. ).  

5.8.4.1. Arrangement 

P4 began by trying to get a feel for the interface but kept placing cubes through the desk, causing 

them to fall through. They eventually got a handle on how the palette and cubes worked and 

started placing them to the left of them at eye height, they then started placing them to the right 

and above. P4 coloured cubes Orange and Green to start with, then Yellow. They took cubes from 

the left and front of the desk and worked their way along to the right. They read each email before 

placing and colouring it. Emails were placed in any available space at about arms reach, starting 

at left to right then up, at an even spacing in any available space, forming a sort of sphere around 

them (see Figure 5-11). They found they could not place cubes within the desk gravity so instead 

placed them further above the current cubes and behind and to the right of themself. Some cubes 

were possibly coloured accidently as the brush was moved through them. They exclusively used 

their left hand to place cubes, due to using right hand to the hold brush. At the end of the session, 

they completed the questionnaire. 

5.8.4.2. Final Grouping 

There are no real spatial groupings to the arrangement by P4, there are however 4 different colour 

groupings (see Figure 5-11). The Orange group contains 2 Teaching and 5 AR/VR emails, the 

Green group contains 8 Teaching, 2 AI and 6 Spam emails, the Yellow group contains 1 Teaching, 

2 AR/VR and 1 AI email and the Red group contains 1 AR/VR, 1 AI and 3 Spam emails. The 

Green group may be Teaching emails, Orange may be AR/VR but it is unclear what the groupings 

actually are as they contain a section of all groups with differing email types. 

5.8.4.3. Dialogue 

No session dialogue was recorded for P4.  
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5.8.5. P5 

 

Figure 5-12. P5 final grouping. The white circles show the 3 distinct groupings made by P5. 

5.8.5.1. Arrangement 

P5 started by taking cubes from the bottom left of the desk. They took some time at the start 

working out the interface and attempted to use the colour palette (pushing around cubes on the 

desk with it before closing). They read each email in turn going along the desk, left to right, and 

placed them in a pile relating to a group. At the end they used the colour pallet to push the left 

group closer together. At the end of the session, they completed the questionnaire. 

5.8.5.2. Final Grouping 

The final arrangement by P5 consists of 3 distinct groupings. No colour was used due to issues 

discussed above. All the groupings are quite tight together on the desk and concentrated to the 

left side. The top pile (Figure 5-12 B) contains the AR/VR emails, the bottom left pile (Figure 

5-12 A) contains the AI emails (and 2 Spam, both mention cloud services, emails 19 and 32 see 

Appendix A) and the bottom right pile (Figure 5-12 C) contains the Teaching and Spam emails 

(and 1 AR/VR, webinar, email 31). 

5.8.5.3. Dialogue 

P5 expressed that they would have used colour if able but preferred the spatial arrangement 

because they are “quite a visual person” and “for me that organises things in my mind more if I 

can physically shift it to different locations”. 

5.8.5.4. Quotes 

5.8.5.4.1. Colour 

[24:32] (F1 asked if would have used colour if could) P5 “Yeah, I think I would have done, I’m 

quite a visual person but I think … my favourite bit was the spatial, so I think if I was to choose 

which I would prefer to do, it would definitely be the spatial over the colour.” [24:47] P5 “Cause 
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I think, for me that organises things in my mind more if I can physically shift it to different 

locations.”  
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5.8.6. P6 

 

 

Figure 5-13. P6 pre-final and final grouping. The final grouping (F) shows the 4 distinct colour groupings: A Red, B 

Green, C Blue and D Black, and multiple spatial groupings made by P6. Differences can be seen between (E) and (F) 

showing that P6 tidied up the groups after placing them and divided them into subgroups. 
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5.8.6.1. Arrangement 

P6 started by using both hands to place cubes in the air around them. They were able to quickly 

grasp how the interface worked with minimal prompts from the facilitator. They then opted to 

keep the colour pallet on the entire time, using the function of the application which only has the 

“brush” enabled when the index finger is extended. However, they did often accidently colour 

cubes unintentionally while moving them (Figure 5-13 G), which they then would later recolour 

the desired colour. When recolouring cubes in a group they would generally recolour the entire 

group that colour. From this point they only used the right hand to place cubes and colour them. 

The Red emails were originally stated as “Opportunities” and Blue as “News”. When they 

remembered there were groups stated in the start text they went back and checked, altering the 

position of a cube. They often attempted to read the whole email in order to put it in the group 

desired. They worked their way from the closest emails on the desk, then right to left along the 

rows. The groups were placed from the left (Figure 5-13 A), then right (Figure 5-13 C), then 

behind (Figure 5-13 B) and then above (Figure 5-13 D) was the last group to be started. They 

stated they were put above so they “don’t have to look at them”. Subsequent emails were placed 

in the groups laid out as required. Once all emails were placed in groups (Figure 5-13 E), P6 then 

rearranged the cubes into subgroups within the group space (see Figure 5-13 F), stacking what 

they determined similar emails on top of each other, specifying them as “opportunities and 

enquiries and guff”. They then gave an idea of their groupings and completed the questionnaire 

while continuing to wear the headset, using the in-headset view of the desktop, as they were using 

the headset audio. 

5.8.6.2. Final Grouping 

The final grouping of P6 consisted of 9 distinct groupings arranged by 4 different colours, 3 Red, 

3 Green, 2 Blue and 1 Black. The Red groups (Figure 5-13 A) are located to the left of the 

participant, the Blue (Figure 5-13 C) to the right, the Green (Figure 5-13 B) behind and the Black 

(Figure 5-13 D) above. The Red groups contain the Teaching and Spam emails, the furthest away 

(Figure 5-13 A2) all Spam stated as being “Opportunities”. The other two groups are mostly 

Teaching (3/3, 7/11) emails, the group above (Figure 5-13 A1) being “Guff” and the other (Figure 

5-13 A3) “Enquiries”. The Blue contains all the AI emails, the group of two (Figure 5-13 C2) are 

both seminars (emails 35 and 36, see Appendix A). The Green groups have all the AR/VR emails 

except 1, the single email (Figure 5-13 B1) is about the HoloLens (AR, email 30), the left group 

(Figure 5-13 B2) mentions VR only and the right (Figure 5-13 B3) mentions AR and VR. The 

Black group (Figure 5-13 D) consists of 3 Teaching (automatic replies, emails 5, 6 and 12), 1 

AR/VR (image, email 27) and 3 Spam. 

The groups are very tightly packed which was intentional as mentioned above. P6 however did 

not rearrange the Black grouping at the end like the others, so remains less packed together. 
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5.8.6.3. Dialogue 

Originally stated the Red cubes as “Opportunities” and Blue cubes as “News”. When asked about 

the groupings at the end they indicated what they intended each group to be Teaching as Red, AI 

as Blue, AR/VR as Green and Spam as Black and stated that the subgroups were to categorise 

different types of emails in the groups (as mentioned above). 

5.8.6.4. Quotes 

5.8.6.4.1. Groupings 

[24:16] (When asked by facilitator about the groups) P6 “This is the teaching” (Points at Red 

group) “this is the … AR and ML, the blue and this is the … AR and VR [Green]. And I’ve sort 

of categorised them into the different things as well like these sort of, the opportunities and 

enquiries and the guff. And then there’s all the useless stuff up there where I don’t have to look 

at it [Black]” 
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5.8.7. P7 

 

Figure 5-14. P7 final grouping. The final grouping shows the 5 distinct spatial groupings made by P7 and the coloured 

documents across the groups. A box is positioned where P7 was standing through most of the session to show Groups 

C and D are behind them. Group C1 is also positioned lower than all over groups. Orange is displayed as Cyan (see 

Section 5.10.5. ). 

5.8.7.1. Arrangement 

P7 went through reading each document in turn before placing it in the intended group. Group B1 

was placed first, then B2, C1, D, A, E and finally C2. Documents were taken from the desk starting 

from the bottom left and worked right and up. Some re-alignment of documents was performed 

when new documents were added to a group. C1 was originally at eye height but was later moved 

lower. Group A was originally started from the right side of the monitor, then the rest were placed 

starting from the left. The furthest document in Group B2 was the first to be coloured then the 

document in Group E was coloured after being placed, other documents were coloured nearer the 

end of the session. All the documents in Group A were coloured at the same time. Suggestion of 

temporal alignment within Groups B1 and B2 based on proximity to P7 for levels of urgency 

(from chat after, not recorded), however cannot be sure. 
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5.8.7.2. Final Grouping 

The final grouping of P7 consisted of 7 distinct spatial groupings and one colour on documents 

across groups. All groups except C1 (see Figure 5-14 C1) are located in the eye line of P7 or 

slightly above, C1 is located just above the level of the table (as low as is allowed). All documents 

are fairly evenly spaced, C1 emails are closer together than other groups and emails in C2 (see 

Figure 5-14 C2) are further apart. Group B (see Figure 5-14 B) contains Teaching emails, B2 (see 

Figure 5-14 B2) was specified as containing research group communications (CompuLab), which 

it does. Group C (see Figure 5-14 C) contains Spam emails specified as Junk, C2 was stated as 

“amusing” emails (emails 21 and 25, see Appendix A). Group D (see Figure 5-14 D) contains AI 

emails and Group E (see Figure 5-14 E) contains AR/VR emails. Group A (see Figure 5-14 A) , 

located above the monitor, contains a mix of all email types specified as “urgent” or “time 

limited”, which is also what the coloured documents were stated as (2/3 of coloured documents 

are in Group A). Most of the AR/VR emails were placed as Spam (emails 22, 23, 27, 30 and 31, 

see Appendix A). 

5.8.7.3. Dialogue 

P7 described the groupings of emails while pointing at each group in turn and stating their 

intentions (see above). They also expressed their interest in the dimensionality of the system, in 

being able to place cubes in 3 dimensions. 

5.8.7.4. Quotes 

5.8.7.4.1. Spatial 

[8:38]: P7 “I like the way … things can be … in front of, behind, fixed to, sort of in 3 dimensions.” 

5.8.7.4.2. Groupings 

[16:00]: (Points at A) P7 “The stuff at the top are kind of things that are urgent, or time limited, 

it’s nice that they are where you are looking”. [16:13]: (Points at C1) P7 “This is all kind of junk” 

(Points at C2) “These are kind of amusing, so might want to read it”. [16:23]: (Points at B2) P7 

“This is to do with the research group” (Points at B1) P7 “This area is to do with Teaching”. 

[16:34]: (Points at right most Group A document) P7 “And that’s time limited but I don’t care 

about it”. [16:41]: P7 “Orange is kind of time limited stuff”. 
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5.8.8. P8 

 

 

Figure 5-15. P8 pre-final and composite image of final grouping. The final grouping (J) shows the 5 distinct colour 

groupings: A Orange (A2 shows complete group from another angle), B Blue, C Green, D Yellow and E Black. Group 

D is located above and to the left of the desk and Group E is located above and to the right of the desk. Differences can 

be seen between (I) and (J) showing that P8 tidied up groups B and C, and recategorized and recoloured F, G and H 

after placing them. Group K shows cubes that were coloured before being placed, most likely by accident. 

5.8.8.1. Arrangement 

P8 was the only person to ask to sit during the experiment. P8 coloured the first 4 cubes different 

colours, green, blue, red and black, placing the first 3 next to each other on the desk. The black 

cube then was placed as far as they could reach away to the right and in front of the desk and 

above starting a new group. P8 took cubes off the desk from the right of each row working along 

to the left, front to back. The next cube after the black was coloured purple, P8 then for the next 

cubes started to work the groups as they went. The next group to be defined was the blue group 
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as “conference” emails. P8 then coloured the next cube yellow, placed it to their left at about eye 

height and specified it as “not quite spam but not related to work”. The orange group is created 

next stated as “VR related” then an AR email was added after and the group was moved more to 

the left side of the table. P8 then went through each email stating the group it was to go in, 

colouring and placing them. They proceeded to categorise each email and drop them from their 

hand onto the intended pile on the desk or place in the air. P8 was the first to use both the desk 

and air space at the same time. They would recolour the finger for each email even for ones of the 

same colour as was already on the finger. Once all the emails had been looked at, P8 went back 

through the 3 different coloured emails (see Figure 5-15 F, H and G) and recoloured each one. 

The blue group was moved to the centre (see Figure 5-15 I and J) presumably to not have it 

overlap with the green group. 

5.8.8.2. Final Grouping 

The final grouping of P8 consisted of 5 distinct spatial and coloured groupings. Groups A, B and 

C (see Figure 5-15 A, B and C) are located on the desk, to the left, middle and right respectively. 

Group D (see Figure 5-15 D) is located above eye level and to the right (at the furthest they could 

reach) and Group E (See Figure 5-15 E) is located in the eye line to the left of the desk, both 

groups are within the field of the desk, whereby they do not extend beyond the left or right side 

of the desk, next to P8. Both of these are the groupings for Spam emails. The groupings on the 

desk are much closer together than the ones in the air, this is likely due to the ones in the air being 

placed at range from P8 and the desk groups used gravity to group them when they were placed 

on top of the piles and rolled down. The groupings were defined by P8 as Green (see Figure 5-15 

C) as “Teaching”, Blue (see Figure 5-15 B) as “Conference invites”, Orange (see Figure 5-15 A) 

as “VR related”, Yellow (see Figure 5-15 D) as “Spam not related to work” and Black (see Figure 

5-15 E) as “Spam”. Group C does contain 12 of the possible 13 Teaching emails, Group A 

contains 3 AR/VR and 3 AI emails (the other AI and VR emails are in Group B under 

conferences). The Spam groups D and E contain some spam emails but also AR/VR, emails (6, 

14, 20, 24 and 25) in Group D and emails (21, 27, 31 and 32) in Group E (see Appendix A). 

Emails in Group B could be described as invites, primarily to conferences, so this fits with P8’s 

defined grouping. 

5.8.8.3. Dialogue 

P8 asked to sit during the experiment, as “there isn’t much movement involved”. They then later 

responded to prompting by F2 to describe the email groupings as they went (see above). 
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5.8.8.4. Quotes 

5.8.8.4.1. Sitting 

[6:10]: P8 “Got a chair…?” F2 “Want to do it sitting down?” P8 “I think, because there isn’t much 

movement involved, it would be better.” 

5.8.8.4.2. Groupings 

[8:53]: (P8 places first black cube) F2 ”So what sort of email was that?” P8 “That was Spam… 

black over there.” 

[10:30]: F2 “So green is to do with Teaching” P8 “Yes.” 

[11:35]: (P8 discusses content of email) F2 “So it’s not Spam it’s a useful email” P8 “Yes” 

(colours email blue) “Useful email relating to conference.” 

[12:12]: (P8 places yellow cube) P8 “I’m going to call that one not quite spam but not related to 

work.” (F2 confirms the title). 

[13:38]: (P8 colours cube orange then discusses content of the email) F2 “VR related?” P8 “Yeah, 

VR related but also not directly related to work as a teacher.” 

[18:27]: F2 “So at the moment you’ve put all the emails on the desk” P8 “The ones that I care 

about, yeah” (waves at black and yellow groups in front of and above desk area). 
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5.8.9. P9 

 

Figure 5-16. P9 final grouping. The white circles show the 4 distinct groupings made by P9. 

5.8.9.1. Arrangement 

P9 started sorting cubes into groups at the start, placing different groups a set distance apart on 

the desk. Subsequent cubes in the same group were placed next to the previous cubes in the group, 

close together. Each cube on the table was checked before each new cube was placed, presumably 

to determine the best fit group. After the first few cubes 5 groups had emerged, but soon the cubes 

from the 5th group (previously above Group D, see Figure 5-16 D) were merged with Group C 

(see Figure 5-16 C). Cubes were taken from the table starting from the right on the first row up, 

moving to the left, then the short row was taken, then the next row up was taken left to right and 

then the last row right to left, in a snaking fashion. Once a few cubes were in a pile, then next 

cubes were stacked on top of the previous cubes, instead of next to them as previously. By the 

3rd row of cubes P9 was quite quick to place cubes in the piles, only pausing to read some in 

more detail. After sorting all the cubes into piles, they then moved slightly to the right and checked 

through each of the cubes in each pile, creating new piles above the current piles. Once Groups C 

and D were resorted, P9 then started to arrange the groups on the table into ordered piles. Starting 

at Group A , they first attempted to stack them in a pyramid type arrangement, with lines of cubes 

on top of each other. Then when Group A fell over, they instead settled on sort of triangles (see 

Figure 5-16), mimicking the side on pyramid of Group A. This lead to very tight groups of cubes. 

Group B was moved to the left from its original position and Groups C and D were moved to the 
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original position of the groups, after being rearranged. Each pile was arranged starting at the 

bottom and then cubes were placed above until a triangle was formed. 

5.8.9.2. Final Grouping 

The final grouping of P9 consisted of 4 distinct spatial groupings. Colour and the palette were not 

used at any point during the session. All the groups (see Figure 5-16) are located on the desk, to 

the left, middle left, middle right and right. All groups are tightly packed in triangle formations. 

The groupings were defined by P9 as Group A (see Figure 5-16 A) as “Junk”, Group B (see Figure 

5-16 B) as “News”, Group C (see Figure 5-16 C) as “Important” and Group D (see Figure 5-16 

D) as “Day to Day”. Group A (see Figure 5-16 A) consists nearly evenly of Teaching (4), AR/VR 

(3) and Spam (3) emails. Group B (see Figure 5-16 B) consists of 2 AR/VR, 3 AI and 1 Spam 

(emails 10, 25, 27, 31, 36 and 40), emails 10 and 40 (ACM news), 25 (news in title) and 31 (Varjo 

newsletter) easily could be categorised as news, the others are more Spam emails. The other 

groups dealing with important emails consist of over half of the body of emails (24/40), Group D 

(see Figure 5-16 D) consists of half Teaching emails (5/11) and the rest are evenly distributed 

between the other email types. Group C (see Figure 5-16 C) consists of a third Spam emails (5/13) 

and even amounts of other email types (3 Teaching, 2 AR/VR, 3 AI). 

5.8.9.3. Dialogue 

P9 didn’t talk much during the initial arrangement of emails. When they started making the second 

set of groups, F2 prompted them about their groupings to which they described them (see above) 

while pointing to each group. F2 asked about the stacked type groupings P9 was producing, 

enquiring if they would stack other types of files in a similar manner, to which P9 said they “would 

do it in order of importance” implying less important at bottom. 

5.8.9.4. Quotes 

5.8.9.4.1. Arrangement 

[5:18]: (P9 sorting finished piles into new ones) F2 “So what’s the second pile your making?” (P9 

points at Group A, B then D) P9 “So, Junk, News, sort of important but petty, like Blackboard 

upgrade” (P9 picks up email 13, see Appendix A) [5:30]: P9 (Circles hand around Group C) P9 

“And then just Important”. 

[5:40]: (P9 sorting cubes into Group D) P9 “Petty, petty” F2 “Day to day?” P9 “Yeah”. 

[6:40]: P9 “Now I’m going to attempt to stack them” (P9 starts lining up cubes in Group A). 

5.8.9.4.2. Organisation 

[7:25]: F2 “If you were using it for real to organise your files and stuff, would you stack them?” 

P9 “No… well I would stack them, but I would do it in order of importance”. F2 “But then you 

wouldn’t be able to get the ones below” P9 “Yes that’s why they are like [on the side? (something 

like fell)]”   
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5.8.10. P10 

 

Figure 5-17. Composite image of P10 final grouping. Image H shows the main view facing slightly to the right, Image 

I shows a forward and upward view, Image J shows a view looking down on the desk and Image K shows a view looking 

up and to the right. The white circles show the 7 distinct groupings made by P10. Groups with the same letter are the 

same group shown at a different angle. Groups A, B and C are above the desk. Group G is above and to the right of 

P10, not over the desk space. Groups D, E and F are on the desk. 

5.8.10.1. Arrangement 

P10 started by moving around the cup object on the desk, ending up with it on the right side of 

the desk (see Figure 5-17 F). P10 then started to take cubes from the desk, starting 4 cubes in from 

the right on the lowest row, then moved around the point which the first cubes were taken 

spreading out to the right, working up the rows and then left working up the rows, right to left. 

The first cubes were placed on the right and middle of the desk without much order, with Group 

D (see Figure 5-17 D) being the first started. P10 then started placing cubes on top of the cup 

object (see Figure 5-17 F), this would continue throughout the session with cubes spilling over 

the top and around the cup as more cubes were added. F2 prompted P10 about the colour wheel 

but they did not want to use it. P10 would often move around cubes already placed on the desk as 

they went, they did not re-check any of the cubes placed on the cup. P10 would sometimes read 

out the email titles and content as they went. Once P10 figured out the cubes could stay in the air, 

Group C (see Figure 5-17 C) was the next to be started, then Group A (see Figure 5-17 A), then 
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Group B (see Figure 5-17 B), then Group G (see Figure 5-17 G). They attempted to stack the 

cubes in the piles on the desk, but they would fall down due to gravity. P10 placed some cubes in 

the air as well as on the desk, most of the air piles were in the area directly above the desk space, 

one group was to the right of P10 away from the desk (see Figure 5-17 G). All groups were at 

around or just above eye level and within arm’s reach. Once all cubes had been placed, some of 

the cubes were re-arranged. The cube in Group E (see Figure 5-17 E) was moved from the right 

to the middle of the desk and the cubes that were next to it were moved to other groups. Another 

cube that had been placed in the air behind P10 was also moved to Group C (see Figure 5-17 C). 

5.8.10.2. Final Grouping 

The final grouping of P10 consisted of 7 distinct spatial groupings. Colour and the palette were 

not used at any point during the session. Groups D, E and F (see Figure 5-17 D, E and F) are 

located on the desk to the left, middle and right respectively. Groups A, B, C and G are located 

in the air at around or just above eye level. Groups A, B and C (see Figure 5-17 A, B and C) are 

located above the desk space, to the left, middle and right respectively, and Group G (see Figure 

5-17 G) is located to the right of P10 away from the desk. All the air groups are tightly packed 

together as P10 placed them inside each other. All the desk groups are quite closely packed as 

they were placed on top of each other and spilled over due to gravity. Each cube of Group F was 

placed on top of the cup object, placed on the right side of the desk, causing them to be piled on 

and around it. Groups A, B and C appear to have been placed around the monitor based on the 

view at the position of P10, as can be seen in Image I (see Figure 5-17 I). The groupings were 

defined by P10 as Group A as “Research”, Group B as “Student”, Group C as “Admin”, Group 

D as “Conference”, Group E as “News”, Group F as “Junk” and Group G as “Funding”. Groups 

A, B and C contain most of the Teaching emails (12/13), Group B contains all Teaching (6), 

Group A 4 Teaching (4/5) and Group C 2 Teaching (2/3). All emails in Group B do relate to 

students, the emails in Group A do relate to research, the email in Group E is a news article (ACM 

news, email 40 see Appendix A) and the emails in Group D do relate to conferences. The emails 

in Group C and G don’t really seem to relate to the categories given. Group F does contain 7 of 

the 11 Spam emails but also 6 of the 9 AR/VR emails, however they could be argued as Spam 

due to the framing of the content (emails 22, 23,24, 27, 30 and 31, see Appendix A). 5 of the 7 

emails with images have been placed in Group F. 

5.8.10.3. Dialogue 

F2 prompted P10 about the colour wheel but they did not want to use it. They stated the groups 

made after they were finished (see above). 
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5.8.10.4. Quotes 

5.8.10.4.1. Palette 

[11:00]: F2 “Do you see the colour wheel?” P10 “What do you do with that?” F2 “Do you want 

to use it?” P10 “No”. 

5.8.10.4.2. Groupings 

[13:57]: (P10 places hand in Group B) F2 “That’s the student pile?” P10 “Yes” (P10 moves hand 

to Group A) P10 “I’ve got… research” (P10 moves to Group D) “I’ve got the conference pile” 

[14:18]: (P10 points in Group C) P10 “This is… miscellaneous admin” (P10 picks up and places 

single cube in Group E) P10 “News” (P10 moves to Group G) “These ones over here are funding”. 

[14:33]: F2 “So, you’d have them as this sort of intersecting balls of kind of emails, you happy 

with that?” (P10 makes agreeing sound). 
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5.8.11. P11 

 

 

Figure 5-18. P11 final grouping shown from the front and top. The white circles show the 9 distinct groupings made 

by P11. All groups are positioned around the monitor and stay within the boundary of the desk. A box is positioned 

where P10 was standing through most of the session to show all cubes are in front. Groups B to I are mostly on the 

same plane above the monitor, Group A is lower than the other groups. 
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5.8.11.1. Arrangement 

P11 started by placing cubes along the top of the monitor starting at the sides, right side first. P11 

was informed about the colour button but they didn’t use it during the session. P11 would put the 

current email on the desk then would check previously placed emails (moving them around in the 

process) to pick the desired group, before picking it back up to place it. They started taking cubes 

from middle right on the bottom row, then headed right to left along each row from the bottom 

row upwards. P11 would read out loud each email title as they went. All groups were placed with 

very tight together cubes, on top of each other, and each group was spaced apart (see Figure 5-18). 

Cubes were placed in groups as new emails were found to fit them. P11 rearranged some cubes 

on the left, into nearby groups at the end of the session and moved the cubes within the Groups 

A, B and D slightly further apart. 

5.8.11.2. Final Grouping 

The final grouping of P11 consisted of 9 distinct spatial groupings. Colour and the palette were 

not used at any point during the session. All groups are positioned around the monitor and stay 

within the boundary of the desk, curving towards P11 from the centre of the monitor outwards 

(see Figure 5-18 Top). Groups B to I (see Figure 5-18 Front) are mostly on the same plane above 

the monitor. All groups are at eye level except Group A (see Figure 5-18 A) which is lower. The 

monitor is not covered by any cubes. Groups are evenly spaced apart and the cubes within are 

very tightly packed, as cubes were placed on top of each other, even after being moved apart at 

the end of the session. The groupings were described by P11 as Group A (see Figure 5-18 A) as 

“Personal”, Group B (see Figure 5-18 B) as “CompuLab”, Group C (see Figure 5-18 C) as 

“Procedural”, Group D (see Figure 5-18 D) as “University”, Group E (see Figure 5-18 E) as “Date 

Specific”, Group F (see Figure 5-18 F) as “Webinars”, Group G (see Figure 5-18 G) as 

“Interesting Spam”, Group H (see Figure 5-18 H) as “News Spam” and Group I (see Figure 5-18 

I) as “Spam”. Based on P11’s description of the groupings, groups B, C and D could be subgroups 

of a “University” category and groups G, H and I subgroups of a “Spam” category, with emails 

becoming less useful as they go to the right (from Group G to I). Groups A, E and F seem to be 

separate categories with their own utility. The “Spam” categories (see Figure 5-18 G, H and I) 

seem to contain mostly AR/VR and AI emails (see Appendix A), Group H does contain both tech 

news emails (emails 10, 40) and Group G contains a VR/AR conference invite (email 22), Group 

I contains two emails with images (emails 27, 31). Group B contains mostly Teaching emails 

(5/7) including all the CompuLab emails (as stated) and most of the room booking and meeting 

type emails (emails 1, 5, 12 see Appendix A). Group D contains a mix of AR/VR, AI and Spam 

emails, all relating to conferences. Group C contains both “Blackboard” emails (emails 11 and 

13, see Appendix A), which is what P11 described as “Procedural” emails, Group E also contains 

a visitation email (email 19) described by P11 as “Date Specific”. Group F contains two webinar 

emails (emails 32, 36). Group A contains over 1/3 (14/40) of all emails, about half Teaching 
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(6/14) and half Spam (5/14). Group A also contains many CompuLab type group emails and 

personally targeted emails like emails 9, 21, 23 and 24 (see Appendix A). 

5.8.11.3. Dialogue 

F1 prompted P11 about the palette a few times but they did not use it. When asked about the 

groups P11 went through the groupings twice stating what the groupings were and some of their 

reasoning behind them. They also stated that they would arrange different types of documents in 

different ways using the system if the application supported it. 

5.8.11.4. Quotes 

5.8.11.4.1. Groupings 

[13:16]: F1 “So what are the groups?” (P11 points at Group B) P11 “That’s CompuLab stuff… 

and meetings and stuff” (P11 points at Group C) P11 “That’s the Blackboard stuff” (P11 points 

at Group D) P11 “That one is … Lecturer type things, AI society” (P11 points at Group E) P11 

“That’s about someone visiting, so separate … not quite that” (P11 points at Group D). 

[13:50]: (P11 points at Group F) P11 “That’s the webinars” (P11 points at Group G, reads out 

emails in group) P11 “…it’s Spam adjacent” (P11 points at Group H) P11 “That’s slightly more 

spam adjacent… the two tech news ones” (P11 points at Group I) P11 “Those are the ones that 

are probably Spam”. 

[14:12]: (P11 points at Group A) P11 “Those all seem like, more personal… things” (P11 arranges 

some emails into Groups A, B and C). 

[14:40]: (P11 points at Group A) P11 “So these are sort of more personally type emails… from 

people you know” (P11 points at Group B and says same as before, then Group C) P11 “That one 

is procedural stuff, stuff about… upgrades”. (P11 points at Group D) P11 ”That’s AI societies 

and call for papers… so, not exactly personal, but stuff to do with the university things that they 

want”. 

[15:12]: (P11 points at Group E) P11 “That one… separated because it might be something you’re 

interested in going to so keep it separate, so that you remember that that one is date specific” (P11 

points at Group F says same as before, points at Group G) P11 “That’s the VR/AR automotive, 

which is sort of Spam in a way, but it might be interesting” (P11 points at Group H) P11 “That’s 

the tech news, which is sort of Spam but again it’ll have interesting stuff” (P11 reiterates Group 

I as Spam). 

[15:45]: F1 “So does it become more Spam as it goes to the right?” P11 “Yes” F1 “And more 

personal as it goes to the left?” P11 “Well that’s the more personal stuff” (P11 points at Group 

A). 

[20:15]: P11 “Different things I would have sorted out in different ways … because of the way 

you have [it] set up”. 
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5.8.11.4.2. Immersion 

[17:03]: P11 “Oh no, I want to put the [Controllers] down on the desk”. 
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5.9. Summary of Results 

After all sessions were completed, the above individual session results were examined to find 

similar features between participant sessions. The findings are summarised below in Table 5. The 

analysis of these features produced a set of themes including: Spatial Arrangement, Colour 

Arrangement, Use of Space, Grouping Strategies and Additional Features. These themes are 

explored below. The relevant features from Table 5 are summarised before each thematic section 

in Tables 3-7 for ease of reading. 

Table 5. Summary of features from participant sessions. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Colour used (7) X X X X 
 

X X X 
  

 

Space used (11) X X X X X X X X X X X 

Spatial groupings (10) X X X 
 

X X X X X X X 

Colour groupings (5) X X 
 

X 
 

X 
 

X 
  

 

Spatial only (4) 
    

X 
   

X X X 

Colour only (1) 
   

X 
      

 

Used desk only (3) 
  

X 
 

X 
   

X 
 

 

Subgroupings (2) 
     

X 
    

X 

Had briefed categories (4)   X  X X X     

Colour used as markers (2) 
  

X 
   

X 
   

 

Tightly grouped cubes (8) X 
 

X 
 

X X 
 

X X X X 

Evenly spaced cubes (3) 
 

X 
 

X 
  

X 
   

 

Evenly spaced groups (4)     X X   X  X 

Cubes above desk (7) X X 
 

X 
 

X 
 

X 
 

X X 

Cubes to right of desk (6) 
 

X 
 

X 
 

X X X 
 

X  

Cubes left of desk only (1) 
    

X 
     

 

Cubes above and right (6) X 
  

X 
 

X X X 
 

X  

Cubes to right of participant (7) X X 
 

X 
 

X X X 
 

X  

Cubes behind participant (3) 
   

X 
 

X X 
   

 

Cubes behind and below (1) 
      

X 
   

 

Cubes above participant (1) 
     

X 
    

 

Cubes right of monitor (4) 
 

X X 
   

X 
  

X  

Curved layout (3) 
 

X 
 

X 
      

X 

Wanted emails deleted (2) 
 

X X 
       

 

Wanted email folders (1)  X          

Near correct categories (5) 
  

X 
 

X X 
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Rough layout then cleaned up (5) 
 

X X 
  

X 
  

X 
 

X 

Email groups stated as made (3) 
  

X 
  

X 
 

X 
  

 

Mentioned "News" category (4) 
  

X 
  

X 
  

X X  

Monitor visible (11) X X X X X X X X X X X 

Cubes in front of monitor (1) 
   

X 
      

 

Cubes placed around monitor (3)  X     X    X 

Cubes in arm's reach (11) X X X X X X X X X X X 

At least 1 Red cube (5) X X X X 
 

X 
    

 

Used Green (5) 
 

X X X 
 

X 
 

X 
  

 

Used Blue (4) 
 

X X 
  

X 
 

X 
  

 

Used Orange (3) X 
  

X 
  

X 
   

 

Used Black (4) X 
 

X 
  

X 
 

X 
  

 

Faced desk most of time (11) X X X X X X X X X X X 

Stayed in same spot (10) X X X X X X X X 
 

X X 

Did experiment standing (10) X X X X X X X  X X X 

Desk Pile arrangement (5) 
  

X 
 

X 
  

X X X  

Air Pile arrangement (6) X 
    

X X X 
 

X X 

Hemispherical arrangement (2) 
   

X 
      

X 

Cube arrangement (1) 
 

X 
        

 

Shell arrangement (5)  X  X  X X    X 

 

5.9.1. Spatial Arrangement 

Table 6. Portion of Table 2 relating to arrangements, provided for reference. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Desk Pile arrangement (5)   X  X   X X X  

Air Pile arrangement (6) X     X X X  X X 

Hemispherical arrangement (2)    X       X 

Cube arrangement (1)  X          

Shell arrangement (5)  X  X  X X    X 

All participants used the space provided to position emails in the environment. All but one 

participant (P4) had definite spatial groupings of emails. Four (P5,9,10,11) of the participants 

used only space to group emails, not using colour at all. Four participants (P1,6,7,11) used an “Air 

Pile” arrangement where they made groups of emails in the air around them only. Three 

participants (P3,5,9) used a “Desk Pile” arrangement where they grouped emails in piles on the 

desk only. Five participants (P2,4,6,7,11) have an arrangement with a “Shell” like structure that 

located groups in space around them. Of the Shell arrangements, two participants (P4,11) have a 
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“Hemispherical” layout that curves around them, and one participant (P2) has a “Cube” layout 

that has defined edge like qualities. Two participants (P8,10) had a combination of both Air and 

Desk Piles, both also had elements similar to a Shell arrangement in the Air Piles. 

Most participants placed cubes above and to the right of the desk and placed cubes above and to 

the right of the participant. Three participants (P4,6,7) placed cubes behind themselves, with only 

P7 placing them low down. P6 stated they placed cubes above them so they “don’t have to look 

at them”. 

5.9.2. Colour Arrangement 

Table 7. Portion of Table 2 relating to colour, provided for reference. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Colour used (7) X X X X 
 

X X X 
  

 

Space used (11) X X X X X X X X X X X 

Spatial groupings (10) X X X 
 

X X X X X X X 

Colour groupings (5) X X 
 

X 
 

X 
 

X 
  

 

Spatial only (4) 
    

X 
   

X X X 

Colour only (1)    X        

Colour used as markers (2)   X    X     

At least 1 Red cube (5) X X X X  X      

Used Green (5)  X X X  X  X    

Used Blue (4)  X X   X  X    

Used Orange (3) X   X   X     

Used Black (4) X  X   X  X    

 

Seven participants (P1,2,3,4,6,7,8) used colour in some way when arranging emails. Five 

participants (P1,2,4,6,8) used colour to define groups of emails. One participant (P4) used only 

colour to group emails, not using space at all in the groupings. Two participants (P3,7) used colour 

as markers when composing spatial groupings only. The most popular colours used by 

participants were Green (5) and Red (5), followed by Blue (4), Black (4) and Orange (3). 
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5.9.3. Use of Space 

Table 8. Portion of Table 2 relating to use of space, provided for reference. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Desk Pile arrangement (5)   X  X   X X X  

Faced desk most of time (11) X X X X X X X X X X X 

Stayed in same spot (10) X X X X X X X X  X X 

Cubes in arm's reach (11) X X X X X X X X X X X 

Used desk only (3)   X  X    X   

Cubes left of desk only (1)     X       

Cubes above desk (7) X X  X  X  X  X X 

Cubes to right of desk (6)  X  X  X X X  X  

Monitor visible (11) X X X X X X X X X X X 

Cubes in front of monitor (1)    X        

Cubes placed around monitor (3)  X     X    X 

Did experiment standing (10) X X X X X X X  X X X 

Cubes above and right (6) X 
  

X 
 

X X X 
 

X  

Cubes to right of participant (7) X X 
 

X 
 

X X X 
 

X  

Cubes behind participant (3) 
   

X 
 

X X 
   

 

Cubes behind and below (1) 
      

X 
   

 

Cubes above participant (1) 
     

X 
    

 

All participants faced the desk for the majority of the session while remaining in the same spot. 

Some participants did move in their real space but kept the virtual space in the same position 

relative to them. P9 was the only one to move from their starting spot but did not go very far, 

remaining in front of the desk. All participants kept their cubes within arm’s reach. P5 was only 

able to use their left controller and placed cubes only on the left of the desk, also remaining within 

the reach of their single arm. P8 sat down for the experiment, all other participants stood. 

Most participants seemed to use landmarks within the environment as anchors for placement of 

cubes, the most common was the Desk itself (as mentioned above). Then the next most used 

landmark was the monitor, which three participants (P2,7,11) used to place cubes around and four 

participants (P2,3,7,10) placed cubes to the right of it. All participants kept the monitor visible 

throughout the session, with only P4 placing a cube in front of it. P10 used the cup, that was a 

movable object in the environment, placed on the desk as an anchor for their Spam grouping. 

Participants also positioned emails based on their current position in the environment. Most 

participants (P1,2,4,6,7,8,10) placed cubes to the right of their position, while all but P2 also 

placed cubes on the right higher above their eye line. Three participants (P4,6,7) placed cubes 
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behind themselves, with P7 also placing the cubes behind them lower than the others. P6 placed 

cubes above their head. 

5.9.4. Grouping Strategies 

Table 9. Portion of Table 2 relating to grouping strategies, provided for reference. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Subgroupings (2)      X     X 

Had briefed categories (4)   X  X X X     

Near correct categories (3)   X  X X      

Rough layout then cleaned up (5)  X X   X   X  X 

Email groups stated as made (3)   X   X  X    

Mentioned "News" category (4)   X   X   X X  

Tightly grouped cubes (8) X  X  X X  X X X X 

Evenly spaced cubes (3)  X  X   X     

Evenly spaced groups (4)     X X   X  X 

All participants took cubes from the desk in a different order. Two participants (P6,11) had 

subgroupings of emails one semantically grouped (P11), the other grouped by colour (P6). Only 

Four participants (P3,5,6,7) stayed to the groups prescribed by the briefing the rest designed their 

own groupings based on the emails supplied in the experiment. Two participants (P3,6) had very 

close to the originally designed categories. P5 had close to the original categories but combined 

the Teaching and Spam categories into one. Additional groups were made by participants, the 

most common of which were “News”, “Conference” and “Research/CompuLab” categories, that 

are specific to the emails given. Most participants had very tightly groups cubes, generally due to 

moving cubes either on top of or inside each other during placement. Three participants (P2,4,7) 

had their cubes evenly placed apart within groups. Four participants (P5,6,9,11) had their groups 

evenly spaced apart within the environment. Most participants read out the titles of the emails and 

sometimes the body of emails as they placed them, three participants (P3,6,8) also stated the 

groups as they were made. Five participants (P2,3,6,9,11) produced a rough layout of the 

groupings they intended to have when originally placing the emails, then rearranged them into 

their final groupings. 
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5.9.5. Additional Functionality 

Table 10. Portions of Table 1 and Table 2 relating to additional functionality, provided for reference. 

Feature P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 

Wanted emails deleted (2)  X X         

Wanted email folders (1)  X          

Would use application for email (5)    X X  X  X  X 

Two participants (P2,3) wanted the ability to delete emails. P2 wanted to be able to mark emails 

and group them in folders using the monitor. Most participants (5/10) were interested in using the 

application for real email. 

5.10. Limitations 

5.10.1. Method Limitations 

The layouts of the documents by participants may have been influenced by the groupings of 

documents chosen in the design of the experiment. Many of the emails designated as Spam emails 

could be considered as Teaching emails as they were drawn from a pool of emails which are 

mainly “CompuLab” and interdepartmental communication related. This needs to be considered 

as many of the Spam emails were categorised as Teaching by most participants, or vice versa. 

5.10.2. Control Limitations 

The controls used for the experiment had certain issues due to how they were developed. 

Originally the experiment was designed to use the hand tracking facility (emulating the Microsoft 

HoloLens setup) provided by the Oculus Quest API, however during internal testing it was found 

that the hand tracking API was not robust enough for what was required (quick movements and 

grabbing of virtual objects). It may have been possible to account for the issues, however the API 

itself provides very little redundancy and no physics interaction primitives (an issue sited by many 

Oculus developers). So, it was decided to instead use the controllers as they are much more robust 

in tracking accuracy and sufficient for the task required. The Oculus API includes primitives for 

hands emulated by controllers, so these were adapted for the experimental application (see 

Experimental Design). The API however does not provide much in the way of conventions used 

which lead to one of the issues raised by participants. It appears that in VR applications the “Grip” 

button (the lower trigger on the Oculus controllers) is generally used to grab objects in a VR 

environment. Due to being based on originally hand tracking conventions the index finger 

emulated by the “Trigger” (main trigger button on Oculus controllers) was used to grab objects, 

emulating a “Pinch” action with hands. This lead to confusion among participants expecting a 

different trigger to be used to grab than was used in the experiment. All participants managed to 

quickly figure out the difference and adapted easily after the initial failed grab attempts. 
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5.10.3. Headset Limitations 

The headsets used had their own limitations, the main one being the fidelity of the environment 

and the emails displayed. Out of the systems used, the fidelity ranged from high with the Oculus 

Quest 2 [2] with Link [191] to low with the Oculus Quest 1 [38]. There was not a large difference 

between the Quest 1/2 and Link using either Quest or the CV1 [188], but there was a difference 

so it should be noted. It was not any easier or harder to read the email documents between any of 

the systems used due to the emails being displayed as images, retaining the same resolution 

between all hardware. Some participants were not able to read the body text of the emails as easily 

as others (on the same hardware), but all were able to read the title of emails sufficiently enough 

to complete the experiment. It is possible that this may have influenced how they positioned the 

documents, but there is no way to be sure if this is the case. 

5.10.4. Recording Limitations 

There were various issues during the experimental sessions relating to the recording of data. This 

was due to the eventual end size of the files produced ranging from 26.5 to 83MB, based on the 

length of the session. This caused issues when processing the internally recorded data into the 

XML file which could take 2-5 mins in some cases and the upload which could take longer, 

depending on the participant’s Wi-Fi and home upload speed. Due to being unable to alter the 

means of collection easily after it had been distributed, it was not feasible to attempt a different 

means of data collection after the fact. 

5.10.5. Playback Engine Limitations 

There was an issue with the layout display in that it displayed cubes coloured Orange as Cyan 

instead in some cases, this is a bug relating to how the colours are loaded from the data file. 

Another issue with the layout display is it did not seem to load the rotations of end layouts 

correctly, so they seem neater in the diagrams. This is not necessarily a bad thing as it makes it 

clearer how the emails are positioned in groups; however, it reduces the authenticity of what is 

displayed compared to what was really composed by the participants. 

5.11. Discussion 

This experiment produced very detailed results (see Section 5.8. ) of how a sample of participants 

used the simulated SEAR system with the provided set of documents. These results were very 

qualitative focusing more on the participant experience than the actual functionality of the system 

itself. The results analysis (see Section 5.9. ) found themes within the data produced in five 

categories of Spatial Arrangement (see Section 5.9.1. ), Colour Arrangement (see 5.9.2. ), Use of 

Space (see Section 5.9.3. ), Grouping Strategies (see Section 5.9.4. ) and Additional Functionality 

(see Section 5.9.5. ).  
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These results will be further discussed with categories determined as points of discussion relating 

to the design of future SEUI systems and the research objectives (see Section 5.2. ) of this 

experiment. These categories are as follows: Document Arrangement,  Spatial Grouping, Use of 

Space and Application.  

5.11.1. Document Arrangement 

The first research objective was to investigate how non-specialist users order documents in space 

with no prior arrangement. Participants had various strategies for spatial arrangement which can 

overlap (see Section 5.9.1. ). These generally involved grouping documents in piles in the air or 

on a nearby location (desk or monitor in this case). This suggests that piling documents could be 

used as a similar metaphor to folders as, in this experiment, it served a similar function of 

providing a grouping of documents. This could possibly be further expanded on by allowing for 

such groups to be labelled (as is done with folders). Participants were generally able to find a 

specific grouping by spatial memory during arrangement or by checking a single document in the 

group to confirm which they were looking at. 

Participants kept active locations in the environment, in this case the monitor, visible and clear of 

documents (see Section 5.9.3. ). This makes sense as this allows buttons, information and other 

active parts of the environment to be easily accessible without needing to move placed documents. 

5.11.2. Spatial Grouping 

The next research objective was to investigate if non-specialist users would prefer to use space 

for grouping by providing an alternative grouping mechanism. Participants used space for 

grouping in 3D even if given an alternate means of grouping, in this case colour (see Section 

5.9.2. ). This suggests that participants felt spatial arrangement was sufficient to impart grouping 

and was worth using to group documents over using colour only, or in many cases (usually when 

using the desk) did not use colour at all when grouping. 

The final research objective was to identify if non-specialist users would choose to group 

semantically related documents in three dimensions. Participants tried to group documents as 

tightly together as possible within groups (see Section 5.9.4. ). In the air pile arrangements 

participants would often place documents within another document when forming groups and 

then would generally spread out slightly, making it sometimes more difficult to differentiate a 

specific cube in a group. With the desk pile arrangements, the physics would apply collisions to 

cubes meaning they would not go inside each other and would end up grouped around a central 

(possibly first) cube. This suggests that it might be worth implementing some form of gridding or 

“snap” system, as is often used in 3D modelling software, to prevent documents getting too close 

to each other while also remaining at a close distance as seems to be desired by participants. 
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5.11.3. Use of Space 

Most participants grouped documents on or around the desk and monitor (see Section 5.9.3. ). 

This suggests they were using them as a form of spatial anchor or landmark within the 

environment. This has been explored previously by such as Khadka et al. [130] where they found 

that this form of exocentric placement was less effective than placing on the participant’s own 

body. However, in the experiment for this thesis the egocentric placement technique proposed by 

Khadka et al. was not used by participants, suggesting this may only occur if suggested by the 

experimenters and is not a natural form of interaction. Also, it may mean this form of placement 

is more suited for document placement rather than the object placement used in that paper, this is 

an avenue for future work. 

Participants were all observed to keep documents within arm’s reach and in line of sight, unless 

for specific reasons, at eye height (see Section 5.9.3. ). This makes sense as it allows the 

documents to remain visible and grabbable at all times if required, without having to resort to 

additional steps (such as turning) which would increase search time. 

5.11.4. Application 

Participants wanted to be able to ascribe their own groupings to documents (see Section 5.9.4. ). 

Many of the participants decided on their own groupings for documents over the prescribed four 

groupings given by the brief. This suggests that users have a wish to classify documents based on 

their own preferences rather than having the system determine a set means of achieving this. 

Participants were comfortable using metaphors imposed by the application such as cubes for 

documents (similar to icons) and a colour palette, easily picking up how they worked and 

manipulating them for the intended purpose with minimal learning time. This is encouraging as 

it means metaphors such as are seen with 2D GUI are possible to be implemented for 3D 

environments in a similar manner. 

5.12. Conclusion 

Previous work in this thesis investigated imposed arrangements of documents presented in both 

handheld and headset conditions. This experiment raised questions as to why users performed 

poorly with more three-dimensional arrangements. Was this an artefact of the system or was it 

some inherent reluctance to use three dimensions? If the latter is true, this would be a barrier to 

the use of augmented reality in a productivity application. The hypotheses (see Section 5.3. ) for 

the experiment will now be discussed. 

Hypothesis 1 stated that non-specialist users will use 3D space to arrange documents. There were 

various strategies for spatial arrangement conducted by participants which often overlap. These 

generally involved grouping documents in piles in the air or on a nearby location such as the desk 
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or monitor (see Table 8). Participants forming air piles would often place documents within 

another document when forming groups. For desk arrangements physics would apply collisions 

to cubes meaning they would not go inside each other and would end up grouped around a central 

cube. Some participants also arranged documents in “Shell” like arrangements which could take 

the form of piles, rows or clouds of documents that curved around them forming a shell-like 

structure. These differences in the arrangements produced and the split between more 3D 

arrangements (8) and desk-based arrangements (5), with some overlap (2), suggests that some 

users prefer to operate in 3D (in space) and others prefer to operate with a more 2D (flat desk) 

environment. Therefore, it can be concluded that based on these results, that most users will 

embrace the use of 3D for the arrangement of documents, but others may still with to have the 

option to use a 2D surface. 

Hypothesis 2 stated that non-specialist users will use all the space provided to produce 

arrangements. Participants generally stayed next to the desk either using the desk itself to arrange 

the documents on or the space directly above it (see Table 8). Some participants used the space 

above, below or behind them, but these were in the minority. Participants tended to use locations 

in the environment such as the desk or monitor as an anchor point for their arrangements more 

than their own position (see Table 8). Participants primarily kept documents in front of them with 

line of sight, within arm’s reach, and at eye height. The experiment was designed to use direct 

interaction only, within arm’s reach, which likely explains why all participants remained within 

arm’s reach during the sessions. However, participants were fully able to move as they liked 

within their environment in 6DoF, and due to the Quest [2] hardware being standalone they 

weren’t even wired to another device. These results suggest that non-specialist users will not use 

all the space provided to produce document arrangements but will instead use objects within the 

environment as “anchors” to locate documents and will adapt to the constraints of the system 

provided. 

Hypothesis 3 stated that non-specialist users will prefer to use arrangement over an alternate 

grouping mechanism. Spatial arrangement was primarily used for grouping, colour was used by 

participants mainly as a means of a multimodal indicator of the same grouping (see Table 7). 

Most desk arrangements did not use colour at all. Some participants used colour for marking out 

groups during arrangement. In the questionnaire, most participants stated they preferred using 

space over colour to arrange documents (see Table 4). Therefore, it can be concluded that non-

specialist users will prefer to use space to arrange documents over an alternative but can find 

additional utility for an alternative. 
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5.12.1. Implications for Design 

The design conclusion for this experiment is that the use of space by participants observed during 

the experiment can inform the best practice for how to implement an SEUI for knowledge work. 

Many of the possible design considerations for the implementation of an SEUI were laid out in 

the Discussion (above), some of which will be summarised and expanded upon below. 

The participants did not move much at all during their sessions, some moved slightly to allow 

them to reach a cube at the back (this happened with smaller spaces) or to readjust the position of 

the environment (something frequently required in VR applications), but no-one moved out of 

range of the desk provided. This is interesting as it suggests that, as the environment was set up 

with the intention of being a facsimile of a real office environment, that this is a similar behaviour 

as would be seen at a normal desk. If this is true, the concept of a “virtual” office space within 

real offices may be a possibility, as users would be unlikely to overlap with each other as they 

stay within their own desk space. Also, participants were happy to use either the space on the desk 

or above and around themselves to locate documents, which provides a greater area of interaction 

for an AR system than current screen and keyboard systems provide while using a similar amount 

of office space. 

Participants seemed comfortable using metaphors imposed by the application (cubes, palette) and 

discovered some of the own (cube piles, cube markers, environmental anchors). This is 

encouraging, as metaphors are used extensively in general 2D GUI applications and therefore can 

be expanded upon as a basis for a general 3D GUI in a similar manner. This experiment is also 

an example of the concept of spatial anchors appearing organically from user-centred design, 

rather than imposed as a feature of an AR API.  

The environment should be embraced as a means to help arrange documents for users. The ability 

to spatially locate documents based on landmarks within the existing environment was used 

extensively in the experiment by participants. This suggests it is a means by which spatial location 

of documents can be leveraged more effectively than just having an empty environment, this 

however would require further investigation to confirm. This is also a research that is readily 

available in any office or home environment and should be able to be leveraged by an AR system 

with environmental scanning or object recognition easily. 

How virtual objects are place in the environment by the application should be carefully considered 

to ensure that all important information and interactive elements can be easily accessed quickly 

by users and are not inadvertently blocked by objects or the users themselves. The placement of 

virtual objects should also be kept in front of the user as much as possible, avoiding placement 

behind the user or out of arm’s reach. 
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The ability to group documents should be facilitated by the application but the means by which 

the user applies the grouping should not be enforced. The participants of the experiment generally 

tried to apply their own meaning to groupings rather than following the groupings suggested. This 

could easily be embraced by an application to provide a similar system to a GUI file manager, 

where files can be named whatever a user wants and placed wherever they want. However, this 

could also be enhanced by providing constraints on how spatial groupings are placed to allow for 

additional control. An example could be to provide a “snap” system to align documents in space 

more neatly than if placed freeform. This would be especially useful to avoid inconsistency 

between free space and physics-based arrangements. Participants did generally prefer to use space 

only to group documents but providing an alternative did help some participants to have multiple 

means of determining groupings. Some participants also used colour to impart additional 

information upon groupings, such as urgency or to mark files to delete within a group. This 

additional layer of meaning within or between groupings could be further leveraged in a complete 

SEUI. 

5.13. Summary 

The purpose of this experiment was to investigate why participants were less performant with 

more 3D arrangements in Experiment 2 and if determine if users are unable to naturally interact 

with a three-dimensional interface. The main contribution to knowledge of this experiment is that 

users are clearly able to leverage spatial arrangement within the simulated SEAR system and were 

able to develop various strategies to complete the grouping task. The main strategies used were 

either to group documents in free space or to use the desk to group documents in piles. Even when 

provided with an alternate means of arrangement (colour) participants generally only used space 

for the actual grouping of documents, keeping colour for complimentary or additional grouping 

information. These findings suggest that a SEAR is viable as a spatial 3D interface for knowledge 

work applications. 

5.14. Next 

The next chapter details a discussion of the results for Experiment 1 and Experiments 2 and 3 

focusing on the research question of the validity of a SEAR system for generalised knowledge 

work. Each set of results will be discussed separately then combined to determine collective 

insights for the design of a SEUI.  
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Chapter 6 - Discussion 

This chapter discusses the results of the three experiments of this thesis. The experiments, results 

and recommendations are first recapped to provide context, followed by an analysis of the 

findings for each experiment. Links regarding to arrangements and space between the 

experiments will then be analysed to find patterns that persist and any details that either 

complement the findings or show contrasts in results. 

6.1. Introduction 

The objective of this thesis was to explore the possibility of a generalised augmented reality 

interface for office style knowledge work applications. Specifically, with a type of AR that can 

be used in a contextless manner but with interface elements which exist in physical space. This 

thesis terns this form of AR as Spatial Embodied Augmented Reality or SEAR (see Section 2.6.3. 

). To investigate this the research question of this thesis was determined as: 

Can augmented reality improve the user experience over the traditional two-dimensional 

GUI for knowledge work tasks? 

To answer this question a “multimethod” approach was used (see Section 1.8. ). The first 

requirement was to develop a vision of what a SEAR would look like. If this was impossible, it 

would quickly become apparent that the question behind the thesis was not valid. 

Experiment 1 (Chapter 3) began by attempting to produce a set of user visions for a SEAR system 

with a new methodology called “Spatial Informance Design” which combined informance design, 

Wizard of Oz, improvisation, and paper prototyping to elicit designs for an SEUI from non-

technical users. In this study the results were very qualitative, focusing on the experience of 

participating in the design of a new type of interface for an augmented reality email application. 

The experiences of the participants were combined and thematically analysed to give an overview 

of how the Spatial Informance Design method could be used for augmented reality interface 

design, as a means to quickly generate different ideas for SEUIs. Data was recorded with video 

recordings from the perspective of the participants (see Figure 3 3). 

The experience and analysis of Experiment 1 led to an interest into the proposed alternate 

arrangements of the emails in space.  

Experiment 2 (Chapter 4) was developed to test differences in how the arrangements would affect 

a participant’s ability to find and remember documents in space with six different document 

arrangements: Deck, Circle, Line, Step, Spiral and Wall (see Section 4.5. ). 

One question which also emerged was if the system could be implemented using handheld AR or 

if the design would only be usable with a headset system. To investigate this, the presentation of 



149 

 

the arrangements was also tested, comparing between handheld and headset augmented reality. A 

smartphone application was created that was able to be used in both handheld and headset 

conditions and provided the ability to record timing and accuracy data. The results from 

Experiment 2 included complimentary quantitative and qualitative data, recorded by the 

experimental application, first person video and questionnaires. 

After analysing Experiment 2 it seemed apparent that participants prefer more two-dimensional 

arrangements of documents in space to more three-dimensional arrangements, which contradicted 

the experiences of Experiment 1. This cast doubt on if an SEUI could be truly natural for users to 

interact with. This led to the question if users were able to arrange the documents themselves, 

would this facilitate the use of three-dimensional space.  

Experiment 3 (Chapter 5) was developed to allow participants to choose between spatial grouping 

of documents under specified categories and also use colour as an alternate or complimentary 

grouping mechanic. The experiment was also conducted in VR to test augmented reality interfaces 

in a more controlled environment and remove some of the technological barriers involved. The 

experimental application recorded qualitative data of the final positions of documents and colours 

chosen by participants.  

This chapter will discuss the themes between Experiments 1, 2 and 3. Implications for the Design 

of a SEAR for knowledge work gleaned from the experiments will then be presented as an insight 

for those wishing to create such a system in the future. 

6.2. Thesis Results Analysis 

In order to investigate the research question, it was necessary to have components which might 

appear in an actual SEAR design, which could also be investigated scientifically. To achieve this 

a larger vision for what a SEAR system would actually look like was needed. This required a 

means to elicit visions for a SEAR system from users. These visions could then be analysed to 

extract usable components to further investigate. 

6.2.1. Experiment 1 

Experiment 1 used an elicitation methodology called “Spatial Informance Design”, which was 

created for the study and was refined during it, to elicit these visions and components for a SEAR 

with an improvised SEUI. The study found that seeding a design space (see Section 3.6.1.1. ) with 

example concepts can help scaffold ideation, but that participants were not limited by these 

examples and could still come up with truly original ideas (see Section 3.4.3. ). It was also found 

that the informance-based method could be used to generate interface designs for augmented 

reality that are grounded in the reality of the user, allowing for previously unknown concepts to 

be imagined. 
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Some benefits over traditional interfaces for email and desktop (see Section 3.6.1.2. ) were found 

in the visions of users, such as the ability to have multiple emails present to reference during email 

composition or the ability to have multiple browser windows available and locatable in space. 

Gestures (see Section 3.6.1.3. ) were found to be a big part of the interfaces designed by 

participants, and that these gestures were influenced by existing technologies such as 

touchscreens. Participants also showed a desire to break from traditional desktop applications and 

combine different apps into a single, interoperable system. 

Significant insights (see 3.6.3. ) into the design of an email application for AR were found 

including the preference for standing, the use of simple voice commands and gestures, the 

expectation of dialogue boxes, the use of virtual keyboards, the expectation of email being laid 

out physically in space, and the expectation of email integration with other platforms. 

In this study it was found that all but one participant (P2) embraced the use of 3D in a user 

interface and the spatial affordances offered. From this it seems that for some users, an SEUI 

would provide value. The main contribution from this study is the “Spatial Informance Design” 

method which allows elicitation of SEUI from users before starting to build an initial SEAR 

prototype. This has the potential to be a way to allow designers to create new 3D UI without being 

polluted by previous interfaces. This method was not the main aim if this thesis but was a 

necessary side product to be able to further investigate the viability of SEAR. 

6.2.2. Experiment 2 

After eliciting and analysing user visions for a SEAR, it was clear that there was potential for 

SEAR as a system for knowledge work applications. In order to further investigate the research 

question, it was necessary to choose a single component of the user visions to focus on. It was 

decided that the best component to investigate the viability of SEAR would be the use of 

documents in a SEUI, specifically the arrangement and selection of documents in space. Also 

based on research sub-question 2 of the thesis, it was also necessary to investigate if the same 

SEUI would be interoperable with both handheld and headset displays and if there would be the 

same benefits with both. The methodology to investigate this could now move to the intended 

scientific objective criteria. For this experiment a mixed methods approach could be used to 

quantify differences between arrangements and presentation conditions and also provide 

qualitative input from users on the usability and performance of the prototype system. 

The main finding of this experiment was that there was a spatial memory effect , but it was only 

present with a headset and with certain arrangements (see Section 4.6.4. ). This was interesting 

because a spatial memory benefit is something that SEAR can provide that is not present in current 

2D GUI. The next finding was that different arrangements performed differently (see Section 4.8. 
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). This means that designers will have to design SEUI interfaces and widgets with care as they are 

not all equivalent. The final finding was that different arrangements has different benefits at 

different performance costs and with different preferences by participants (see Section 4.9.1. ). 

The arrangements that seemed to work best were the more 2.5D ones. This was surprising as you 

would expect something like the Wall, as a metaphor for something from reality, would be an 

efficient arrangement. However, it turned out that participants struggled with this more 3D type 

of arrangement which were relatively inefficient opposed to the more 2D arrangements. This 

means that, as each arrangement is different, designers will have to work as much with the design 

of SEUI to ensure that the correct widgets are used as with a 2D GUI. It is clear that a random 3D 

UI will not be guaranteed to function efficiently for any use case, and a process will be required 

to determine the best SEUI for a given situation. 

These findings from Experiment 2 that the headset provided a spatial memory component and 

that more 3D arrangements performed poorly, called into question the viability of SEAR. 

However, participants may have been forced to scan in a 2.5D way due to the limited field of 

view of the headset or the lack of ability to interact with the physical environment. To further 

investigate if 3D would actually be beneficial to users or not, it was necessary to simulate a wider 

field of view and environmental interaction which might be expected from a headset AR system 

such as a future HoloLens.  

6.2.3. Experiment 3 

To investigate if this would confirm or contradict the findings of user interaction with 3D vs 2.5D 

arrangements found previously, Experiment 3 aimed to provide a headset AR system which could 

provide a wider field of view and more interactive environment than was possible with the system 

used in Experiment 2 (see Section 4.7.  ). To further test if the arrangements themselves were a 

limiting factor, users would also need to be able to arrange documents in space freely. The 

methodology for this experiment would need a qualitative approach to evaluate how users actually 

would use a prototype SEAR system which would also allow for viability of SEAR to be 

investigated. 

The main finding of this experiment was that participants preferred to use space for grouping 

documents in 3D (see Section 5.11.2. ), and that they would try to group semantically related 

documents closely together (see Section 5.11.1. ). However, not everyone used free 3D space, 

and some participants instead used a more 2.5D arrangement on the desk. This is interesting as 

there were definitely spatial benefits and users were naturally inclined to organise documents in 

3D space. But this reduced used of 3D implies that designer should ensure there is an option to 

be able to operate in both full 3D and 2.5D. 
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The participants used various strategies for spatial arrangement, which generally involved 

grouping documents in piles in the air or on a nearby location such as the desk or monitor (see 

Section 5.11.1. ). This suggests that piling documents could be used as a similar metaphor to 

folders, as it served a similar function of providing a grouping of documents, this confirms the 

physical findings of Malone [126] that users will use a desk for piling documents. Participants 

were generally able to find a specific grouping by spatial memory during arrangement or by 

checking a single document in the group to confirm which they were looking at. 

Participants also felt that spatial arrangement was sufficient to impart grouping and was worth 

using to group documents over using colour only (see Section 5.11.2. ), or in many cases (usually 

when using the desk) did not use colour at all when grouping.  

Most participants grouped documents on or around the desk and monitor (see Section 5.11.3. ), 

suggesting that they were using these objects as spatial anchors or landmarks. This finding has 

been explored previously by Khadka et al. [130], who found that this form of exocentric 

placement was less effective than placing objects on the participant’s own body. However, in this 

experiment, the egocentric placement technique proposed by Khadka et al. was not used by 

participants, suggesting that this may only occur if suggested by the experimenters and is not a 

natural form of interaction. 

Participants were comfortable using metaphors imposed by the application, such as cubes for 

documents and a colour palette (see Section 5.11.4. ). This suggests that it is possible to use 

metaphors in 3D environments in a similar manner to 2D GUI environments. 

6.2.4. Implications for Design 

There is an observation that can be made across all experiments, where generally participants 

would stay facing forwards in whatever the starting position that was set and would remain 

standing for the duration of the experiment. As was seen in Experiment 1 there was a general 

preference for standing over sitting (8/11), this was also true in Experiments 2 and 3 where nearly 

all participants chose to stand. Comparing the available video across all 3 experiments participants 

would seem to prefer to keep the documents and other interface elements in front of them rather 

than having anything placed behind them or further than peripheral vision to the sides. 

In Experiment 2 the frame of reference would often lose tracking and require to be reset, which 

would cause them to face in a different direction from when they started but they would still keep 

the interface facing them, keeping it at head height. Some participants would also reposition the 

frame of reference so that they were looking down on some arrangements (Deck, Step) or 

alternatively view them from the side, which occurred more in the handheld than headset 

conditions. This may be due to affordances created from using an exocentric view in the condition, 



153 

 

as the screen can be moved around more easily away from the body than when it encompasses 

the user’s view. There was also the ability to place the banner (see Figure 4-9 and Section 4.5.1.  

) showing which document to look for wherever they wanted in the augmented space, but 

participants generally kept it above or below the eye line, in front of them (it would always stay 

facing them). 

In Experiment 3 participants would keep the desk and monitor facing them, remain in the spot 

they were standing in when they started and did not turn behind them to place documents. They 

would generally use the space directly in front of them and above the desk, only moving to the 

sides when they ran out of space. 

Participants all used the desk in Experiment 3 as a form of spatial anchor (or landmark) for the 

placing of documents, this was similarly seen in Experiment 1 where a desk was also provided 

and was generally used as the focus for close tasks such as email composition. During the 

experiment users preferred to stay near to and face the desk rather than move around the 

environment and face in other directions (see Section 5.9.3. ). This is consistent with the previous 

experiments where participants would try and stay in one direction and were resistant to turning 

around (as with the calendar in Experiment  1, see Figure 3-3 and Section 3.4.2.2. ). In Experiment 

2 participants used an open space to place the arrangements rather than anchor to any available 

features of the environment (which were present in the room but were moved to the sides of the 

space), this may be due to the way the task was presented as it did not always align in the direction 

the participant wanted (due to technical limitations). This might warrant further investigation. 

This use of space in the experiments suggests that users of an augmented reality environment 

expect all important interactions to be performed in around an 110° arc in front of them, which 

could possibly be influenced by the FoV of the devices used to test Experiments 2 and 3, however 

this also seemed to occur in Experiment  1 in which participants had their entire natural field of 

view (FoV) available (about 135° horizontal and 180° vertical) but still did not use a larger arc 

than was seen in the other experiments (other than to turn behind them to use the calendar in 

Location A, which was a seeded artefact, see Experiment 1 Section 3.2.3. ). 

Another reason for keeping the documents in front of them may be to do with 3D perspective 

effects causing text to be skewed when viewed from the side. Ensuring that it faces straight would 

mean that text would be in its most easy state to be read. 

A feature suggested in Experiment  1 to allow two emails to be viewed side by side was used 

frequently in Experiment 3, as participants could hold two emails at once and read both, 

suggesting this could be a useful feature for an email system to have and is very well supported 

by a spatial interface. 



154 

 

As was seen in Experiment 1 and Experiment 3 participants wanted to have their own groupings 

for documents over what was given in the brief. In Experiment 1 (see Section 3.4.1.5. ) 

participants also wanted to base their interfaces on how they themselves would use the system, 

rather than as the persona assigned to them, often going beyond the scope given. Also, some 

participants commented on existing systems that provide similar functions to groupings, such as 

Outlook’s [172] chat thread feature, which was generally seen as being forced upon them 

unwillingly. This gives merit to both involving user elicitation in the design process, as this is 

unlikely to have otherwise come up during a fixed trial of an end product and also suggests that 

it is important to end users to have an ability to customise the software to their individual 

preferences, rather than having a set of rules dictated by the software for them. 

Gestures were very heavily mentioned in Experiment 1 (see Sections 3.4.3.1. and 3.4.4.2. ). In 

subsequent experiments the interaction methods were prescribed by the applications used and 

were not modifiable by participants. Experiment 2 used gaze and buttons for selection and 

Experiment 3 used simulated direct hand interaction. However, the participants were happy to use 

the interaction methods provided. Experiment 3 had similar types of grabbing and dragging 

gestures as were suggested in Experiment 1, which turned out to work well in practice. This 

suggests that gestures should be considered for a spatial augmented reality system, but simple 

gestures should be used. Further experimentation would be required to determine the best gestures 

for a given task. 

6.2.5. Thesis Overview 

In order to create a functional SEUI it would require a great deal of further experimentation and 

full 3D may not work for everyone. However, the main contribution of this experiment and this 

thesis is that there are benefits and affordances with the use of a 3D UI and that a SEUI would 

work. 

These findings highly suggest that a SEAR system would be viable for knowledge work 

applications, specifically in the SEUI component tested of a document organisation and retrieval 

system. It is also important that a headset is used for a SEAR system as it will provide affordances, 

in this case spatial memory, that are not otherwise present in other presentation modes, such as 

handheld. Metaphors such as documents, cubes, colour palettes and trash cans are as viable in a 

SEUI as in a traditional GUI and should be considered as carefully. Document layouts should be 

carefully designed and tested based on the intended use to ensure performance, as was seen with 

the differences between Circle and Wall arrangements in Experiment 2. However, users should 

not be forced to use a particular arrangement and should be allowed to use their existing 

environment as hints to arrangement and context, such as with the desk and monitor in Experiment 

3. 
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6.3. Summary 

This thesis has investigated the potential for augmented reality to improve the user experience 

over traditional GUIs for knowledge work. To investigate this three experiments were conducted 

focusing on using email as a baseline to test the viability of SEAR as a new GUI paradigm. The 

results of these experiments found that users were receptive to the concept of SEAR as a new 

form of interface and were able to operate well within the improvisations and prototypes provided 

to users for testing. The main contributions were a new form of elicitation for augmented reality 

design called “Spatial Informance Design”, data to show that there is a spatial memory component 

present in some arrangements of documents in an SEUI if used with a headset and users will use 

space to group documents even if presented with an alternative means of grouping. The final 

finding therefore for this thesis is that there are benefits and affordances with the use of a 3D UI 

and that a SEUI would work for knowledge work applications. 

6.4. Next 

The next chapter will present conclusions on the work presented in this thesis and future work. 
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Chapter 7 – Conclusions 

This chapter will discuss conclusions for this thesis. The research question and sub-questions will 

then be examined relating to the results of the experiments. Future work will then be discussed, 

giving areas for further investigation in the spatial augmented reality space. Finally, predictions 

for the future of SEAR and contributions of this thesis will be presented. 

7.1. Introduction 

The beginning of this thesis stood with the observation that a number of industrial companies are 

exploring the technology to create consumer level augmented reality. This thesis then began with 

the observation that most of the human computer interaction research into augmented reality had 

been primarily concentrated on the actual display technology. As was seen in Chapter 2 a great 

deal of research has been done looking at augmented reality as a way of merging reality with a 

virtual environment. Here objects in the real world are augmented with digital information. It 

seems clear from the manufacturers of augmented reality that their vision is a mix of both this 

type of annotative application and to also introduce knowledge work applications. The benefit 

mainly publicised by manufacturers of this technology is the ability to be able to produce infinite 

and/or very large monitors as required. However, this thesis poses that for augmented reality to 

be more generalisable and widespread it must embrace the spatial affordances provided by such 

a system and break away from the status quo of traditional 2D GUIs. 

This thesis started with an initial question:  

Can augmented reality improve the user experience over the traditional two-dimensional 

GUI for knowledge work tasks? 

This question led to three sub-questions to be investigated by this thesis: 

1. Would non-specialist users find SEUIs natural and be able to take advantage of the 

affordances which SEAR provides? 

2. Would a single SEUI design be interoperable between handheld and head-mounted 

SEAR presentations? 

3. What processes and strategies are necessary when designing for SEAR? 

This thesis presented three experiments into the design of spatial embodied augmented reality 

applications, focusing on knowledge work applications. Experiment 1 (Chapter 3) investigated 

using a new methodology called ‘Spatial Informance Design’, based on previous prototyping 

techniques such as Wizard of Oz, paper prototyping and informance, to elicit early-stage 

prototypes of a spatial augmented reality interfaces from participants of the study. Experiment 2 

(Chapter 4) progressed to the development of an augmented reality application to test the utility 
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of six different arrangements of documents in space, derived from input of Experiment 1, and 

with two different presentation methods of headset and handheld. Experiment 3 (Chapter 5) 

investigated the possibility of users to arrange documents themselves in 3D space in a simulated 

augmented reality office environment and determine what sort of groupings would occur from a 

free-form interface.  

In the previous chapter (Chapter 6) a discussion of the results of this thesis was presented, 

detailing the findings of Experiments 1, 2 and 3. The following sections will discuss conclusions 

for this thesis. 

7.2. Research Sub-question Conclusions 

The sub-questions of this thesis will now be addressed based on the findings of this thesis. 

Following this the main research question will be answered, future predictions for SEAR made 

and future work discussed. 

7.2.1. Would non-specialist users find SEUIs natural and be able to take advantage of the 

affordances which SEAR provides? 

One of the questions lying at the heart of this thesis was attempting to identify if augmented reality 

would always be a niche application. Alternatively, it might be only suited for one particular 

application but not sufficiently generalisable to engage in the vast diversity of applications users 

might expect. For example, tangible applications [193] have been shown to be very viable in a 

number of contexts including with children during active collaboration [137]. The investments by 

such as Microsoft, Google and others, suggest that these companies see a future for these 

applications. 

The participants across all 3 experiments were generally positive towards the idea of using the 

interfaces prototyped as functional email applications, moreover many suggested additional 

desktop tasks that could be integrated into the augmented system they enacted such as web 

browsing (see Section 3.4.3.2. ). Calendar tasks seemed of particular interest to participants as 

something that could be improved upon by using augmented reality (see Section 3.4.5.2. ). 

It can be seen from the user comments from Experiment 1 (see Section 3.4. ) that the common 

desktop two-dimensional graphic user interface is not the peak of evolution for email. It should 

also be noted that it was possible to stack or present more emails than would normally be viewable 

on a desktop user interface. Depending upon screen size and font configuration, an application 

like Microsoft Outlook [172] can only display between 8 and 12 email headlines. In Experiment 

1 and Experiment 2 there were 27 items on the display (see Figure 3-2 and Appendix A) users 

were asked to examine. In Experiment 3 it was clear that users could be surrounded by 40 

documents (see Figure 5-3). This is far more than would be available on a traditional two-
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dimensional GUI. Participants readily adapted in all the experiments to the notion of data being 

held within space. Many produced quite complex arrangements including the Circle in 

Experiment 1 (see Section 3.4.1.4. ) and the various “Shell” like arrangements in Experiment 3 

(see Figure 5-13 and Figure 5-14). 

Using a process of prototyping in 3D did suggest that participants were able to apply ideas 3D 

dimensionally within the interfaces developed. Participants seemed open to having spatially 

located documents within their environment and the ability to place documents. Being able to 

place objects spatially and at different depths to each other, such as focused documents in front 

of the main document space (see Section 3.4.2.2. ) provided an affordance not available in a 2D 

desktop application. 

In Experiment 1 users requested the ability to see two emails side-by-side (see Section 3.4.2.3. ), 

for example, when composing a response to a previous email. This is clearly something easy to 

facilitate inside an AR interface. From Experiment 1 it was clear that there were a great number 

of potentials which participants were able to take immediate advantage of. While the utility could 

only truly be evaluated with a final working prototype, it seems clear that the AR application of 

email would not only be feasible but from this data potentially superior to a conventional desktop 

application. The process of triaging and interacting with received emails did seem to have the 

possibility of benefit from the application of an augmented spatial interface which requires further 

study. 

As was mentioned above, the ability to display increased numbers of documents over a 2D 

desktop application in a spatial interface is an interesting affordance gained by using three 

dimensions. In addition to this these documents can be arranged in space to allow for easier 

retrieval (as in Experiment 2) or greater comprehension of content (as with groupings in 

Experiment 3). There may be further utilities available by allowing documents to be spatially 

arranged by users or application developers that could provide increased user productivity. 

From the findings of this thesis non-specialist users would find SEUIs natural and be able to take 

advantage of the affordances of SEAR. 

7.2.2. Would a single SEUI design be interoperable between handheld and head-mounted 

SEAR presentations? 

The findings of this thesis are that there are differences in the affordances provided in an 

augmented reality system based on the method in which is presented between headset and 

handheld AR. Only the headset version of the SEAR application as explored in Experiment 2 

provided a spatial benefit and only with specific arrangements. This also shows there is an 

affordance to using a SEUI with a headset as this spatial effect is not available in handheld. In 
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conclusion a single SEUI design is unlikely to be interoperable between handheld and headset 

presentations and would need to be designed for both separately. 

7.2.3. What processes and strategies are necessary when designing for SEAR? 

The other question this thesis wished to explore is how an interface could be designed for a 

technology with no prior president of design and no set of pre-packed elements such as 2D GUI 

widgets available. To do this methods that are able to inspire the imagination of designers and 

users were explored to attempt to find an area of grounding that could be used as a starting point 

for designing an unknown system. It was also important that such a method would not force a 

particular design or be overly dependent on existing designs. Out of this set of concerns and a 

review of the existing forms of prototyping and elicitation methods available (see Section 2.13. ), 

the ‘Spatial Informance Design’ method was born (see Chapter 3). This method allowed for 

participants to freely explore the design of a spatial augmented reality interface, using a loosely 

‘seeded’ (see Sections 3.2.3. and 3.4.1. ) design space, assembled from cheap and easily 

obtainable materials such as paper and string. This space would allow designs to be produced that 

would otherwise be unlikely to be thought of by a set of designers working to a set of prescribed 

design documents. 

The ‘spatial informance design’ method was found to be a fast and very lightweight way to ideate 

an application with real potential users (see Section 3.4. ). Given the variety of designs produced 

during the test study it showed to be a rich source for design. Many different ideas can be trialled 

during a session, and between sessions, providing a variety of routes that can be taken further by 

AR designers. They also challenged the design to be aware that AR interfaces should exist in an 

ecological context with other technologies (see Sections 3.4.3.2. and 3.4.5.4. ). Overall, spatial 

informace design created a rapid system which could be used early in the design process to 

imagine spatial interfaces which have minimal prior precedence. 

This work shows that using a very basic low-fidelity prototype was sufficient to allow users to 

understand the design space and present their own ideas for what an augmented reality system 

might look like. This form of simple prototype made of paper and string (see Figure 3-2) was 

easily modified as required by users. This appeared to not influence users to the extent they would 

be unable to enact their own influence on the design over what was originally given to them in 

the form of the “seeded” elements (see Section 3.4.1. ). This would be likely be not possible with 

a more concrete prototype with functionality provided already to the user. This shows that it is 

not necessary to have a defined AR prototype already created, at least for the elicitation process. 

It may be possible to use existing techniques but providing users with a combination as was done 

with the “spatial informance design” method presented in this thesis allowed for a much more in-

depth exploration of an augmented reality design. If only one of the techniques were used, such 
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as only informance [148], only designers would be involved in the process and it would be a much 

more heavy-duty process involving a lot of previous planning of what would occur (as it is a 

scripted production) removing a lot of the spontaneity that was produced by the new method (see 

Section 3.4. ). The addition also of paper prototyping methods allowed users to implement designs 

on the fly during the improvisation (see Section 3.4.1.4. ), providing a simple means for ideas to 

be communicated quickly. This would not be possible with the existing methods described in the 

Literature Review such as [161]. 

This form of prototyping, at least in this study (see Section 3.4. ), does appear to allow participants 

to imagine how an interface for spatial augmented reality would function even without any prior 

knowledge of what AR is or the low-level mechanisms of how it works. This should mean that a 

wide selection of participants and users from various backgrounds could be brought into a room, 

set up with seeded elements for a particular application, and would be able to grasp what was 

required of them. They would then be allowed to imagine what such an interface might do and 

produce a design based on how they imagine such an interface would function. These designs 

produced in such sessions can then be analysed by designers (see Section 3.4. ) and allow them 

to explore many avenues to be included in a more high-fidelity prototype. 

In addition to this an alternative method of design was explored by this thesis, by using virtual 

reality simulating an augmented reality environment (see Chapter 5). This allowed participants to 

explore a more defined user interface for spatial augmented reality without the use of any AR 

hardware or even a physical room. This form of prototyping allowed participants the chance to 

interact with an augmented reality system that does not currently exist. This has the potential to 

allow anyone with access to a VR headset (which are becoming cheaper and are easier to acquire 

than AR hardware), to be able to participate in the design of future augmented reality interfaces. 

In conclusion, this thesis has attempted to provide a means to be able to design user interfaces for 

applications that previously have not been implemented for a spatial system, in this case email, 

and to do so with minimal cost and setup time. From the results (see Section 3.4. ), it seems that 

this has been successfully achieved and the “Spatial Informance Design” method is ripe to be 

used by others to design spatial interfaces for future applications for augmented reality. 

7.3. Research Question Conclusion 

Going back to the initial research question posed by this thesis (see Section 1.6. ), the research 

presented here offers some possible answers to the potential benefits that augmented reality could 

enable and how a spatial interface could be produced more effectively. 
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7.3.1. Can augmented reality improve the user experience over the traditional two-

dimensional GUI for knowledge work tasks? 

The question this thesis fundamentally poses is, does augmented reality possess affordances 

which would offer superior performance over a standard two-dimensional GUI? While there are 

many potentials, this thesis decided to deliberately explore the role of one affordance, specifically 

that of the use of space. This affordance is the key to the potential augmented reality has to offer. 

The work presented here has looked at this question from two principle directions. The first being 

a largely qualitative evaluation of a potential replacement for paper prototyping for AR. What 

seems to have come out of the study, is not only a new mechanism by which to design new kinds 

of applications but also the growing realisation that our participants definitely saw the kind of 

potential for use of digital space beyond the standard flat screen. It is normally common for 

technology to exist for a period before people identify the potential it has to solve their problems. 

This was through the 2D conventional GUI, the world wide web and currently we are 

experiencing it with the growth of artificial intelligence. None of the participants sat back and 

said, “I can’t see what the point of this is”. The fact that the participants recruited to the workshops 

saw potential there does suggest there is potential for a wide range of roles for augmented reality. 

The second experiment while being more quantitative, did bring some questions regarding the 

role of the vertical dimension. The data here (see Section 0) seems to suggest that participants 

were less efficient when using three dimensions, specifically height, and there was a preference 

for eye level information.  

This was also something that was observed in the third experiment. Here participants diverged 

into those (3/11) that wanted to put documents on surfaces, creating a flat plane for them to 

arrange documents, and those that used the additional dimensions. More participants (8/11) were 

willing to use the full three dimensions, including that of height. This seems to suggest that there 

are potentially two types of users, those willing to float free and others who wish to have surfaces 

on which to arrange data. The data was clear that many of the participants were happy to use the 

space around them. They seemed comfortable to particularly allow data to operate in a sphere at 

arm’s length from them. This use of a document sphere does suggest that many users but not all 

will be comfortable in using three dimensions as a way of arranging information. 

The spatial nature of this interface does appear to potentially augment the user’s memory. That is 

our ability to remember where things are, can be adapted and reused inside augmented reality. 

Any augmented reality application would have to mix both two and three-dimensional elements 

together. This is how we operate in reality. Pages have thickness which gives rise to a thickness 

of volumes of text. This does not detract from the primary one-dimensional nature of text and the 

two-dimensional nature of writing. 
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This thesis has uncovered that while a spatial interface does seem to be something that users 

would respond to it is also a complex area. The results of the second experiment show that 

approaching a spatial interface in a blunt manner, may give rise to apparently contradictory 

results. It has also uncovered that users have a strong desire for a task centric application. They 

would also seem to want to use gestures as part of the interface paradigm. Users also don’t see 

this technology as existing in an interface vacuum. There was prior assumption that it would 

become part of the ecology of devices available to them. In addition, users would also go beyond 

the nature of a desktop paradigm, an example of this being to delete a document by simply 

throwing it on the floor or to send an email by throwing it into the distance. Neither of these 

actions reproduce what is found in real life and yet the analysis shows that this seems to be a fairly 

intuitive paradigm. 

Bringing this back to the opening question it seems therefore that this thesis can positively answer 

the question. Augmented reality does have the potential to improve the user experience over the 

traditional two-dimensional GUI for knowledge work tasks. 

7.4. Future Work 

There were many avenues for future research generated during Experiment 1. Any of the co-

designed systems could be reproduced in higher fidelity and evaluated for viability. A 

combination of popular components from each design could be generated and evaluated. User 

generated gestures could be taken from the video and shown to others to see if they agree with 

the usage. Individual points of interest could be explored such as standing vs sitting to see if this 

is a feature of spatial interfaces or just of the design layout. Gestures could be compared to pointer 

input to determine if the current trend towards pointer ray casting over direct interaction was 

correct. User spatial layouts could be evaluated to see which work best in practice. The method 

itself could be further developed on to refine what works best in different design cases and could 

be applied to additional spatial or head-mounted interface design cases. 

Another area for exploration is the input modality, as only centre screen pointer raycast was used 

in Experiment 2. It is possible that the ability to raycast from the hands with a tracked controller 

or ability to interact directly with hands with finger tracking (as was suggested by Buchmann et 

al. [169] [105]) or gestures for the headset condition and allowing selection by interacting with 

the screen in the mobile condition could provide additional spatial cues and precision not possible 

in this experiment. 

In Experiment 3 only direct interaction with the environment was used. This makes sense in the 

context of an AR system as generally you want to interact with objects at about arm’s distance 

due to system limitations (1m-5m display distance). However, there are mechanisms that have 

been proposed (such as the Go-Go technique [194]) to allow further than arm’s reach interaction 
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with virtual objects. This could have been accounted for to allow placing of objects further away 

but was outside the scope of the current experiment and could be addressed in future work. 

Additional haptic feedback (as was discussed in [105]) allowing simulation of touch or weight 

would also allow for increased presence of augmented virtual objects to seem more like real 

objects and allow interaction even when not in view. 

An area of investigation that would be interesting for mobile augmented reality is to determine if 

the arrangements proposed in this experiment are still functional while moving. This would be 

useful to the design of an interface for interacting with an augmented reality system in a non-fixed 

environment, as mobile users are generally walking around rather than stationary while using a 

smart phone device. 

Many other investigations could be made using these types of interfaces. Combining the 

augmented three-dimensional interface with additional modalities such as voice could mean 

documents can be searched for by asking the system and then presented in the best manner for 

the context. Voice input can also be used for virtual agents who could be embodied within the 

augmented space to interact more naturally with the user. 

Improving field of view (FoV) in the interface either by having a larger screen in the handheld 

condition or a wider FoV lens in the headset condition would allow for greater visibility of the 

augmented space. This could improve locational memory by virtue of having more of the space 

visible to the user simultaneously. 

Spatial audio could also be added for additional environmental and positional cues within the 

interface for notifications on objects (real or virtual) or to direct user attention to something 

happening within the surrounding area that is out of view. Spatial audio can also be used for 

sonification of data that could not otherwise be rendered visually, or as a compliment to visual 

data, which can be positionally located within the augmented space. 

Body tracking can be used to increase proprioceptive presence of the user in the augmented 

environment. This would allow for whole body interaction with the virtual space facilitating out 

of view interaction or to improve contextual interfaces that change with user position or posture 

(such as standing or sitting). 

Experimentation combining with future technologies such as augmented reality contact lenses or 

brain interfaces (BCIs) could be a means to have easier adoption of augmented reality as a whole, 

if such technologies can allow virtual interactions to be made just by thinking about it and be 

displayed in your view without any bulky hardware or visual obstruction. 
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7.5. The Future of SEAR for Knowledge Work 

For SEAR to become widely used it will require widespread availability of AR hardware with the 

ability to understand the environment in which the device is situated and the movements of the 

user, specifically hand tracking. This is becoming a more likely possibility with an increased focus 

on AR with various companies such as Meta and Apple. The setting of the OpenXR standard 

[195] is also a milestone in the adoption of AR as it provides a standard means to develop AR 

(and VR) applications for different hardware and software systems in a unified manner.  

For the future of how SEAR could be applied in actual applications it will require more research 

on how the spatial aspects discovered can be applied to improve the user experience. This thesis 

has only researched into a single aspect of a SEUI, that of document arrangement and retrieval. 

This was a positive experience and showed that such interfaces can be designed and implemented 

in such a way as to provide benefits to users. In the process of designing the system there were 

also many suggestions made by participants for other possible applications that could be improved 

with the use of SEAR. 

The main way that the vision of SEAR could be applied is in replacing the current 2D GUI 

desktop. This would likely take the form of a headset, desk and keyboard. Icons such as for 

applications would be present on the desk as either small windows or icons (such as with 

BumpTop [118]) or with cubes (as in Experiment 3). These icons would then be able to be placed 

in the environment starting the application in a window or by switching the “desktop” to the active 

application space. The desk and surrounding environment would then become the space which 

the application is active within and any virtual objects such as models representing actions or 

documents (for example), would be able to be moved and arranged in the space as needed for the 

application to function. Some applications may also stay within the same environment as other 

applications such as a browser window or a calendar which could be placed as needed in space, 

facilitating a multitasking environment. This would be the simplest form of SEUI, but this could 

be expanded by allowing interactions between applications (drag and drop), persistent objects 

from applications (like leaving files on the desktop) or moving of the desktop between different 

spaces (like with a laptop). These actions would require very careful designing to achieve a level 

of usability that would be expected to replace a 2D GUI, but the added benefits of spatial memory 

and cognitive load reduction could make it much more performative than what is currently 

available. If this system could be further developed it could provide a generalised system unlike 

any AR system previously developed and the hope is this will prevent AR becoming relegated to 

a means to only provide more monitor space with multiple or larger windows. 
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7.6. Thesis Contributions 

• A new method of user elicitation for augmented reality interface design called “spatial 

informance design”. 

• Design recommendations of spatial interface augmentations for email. 

• Data to support that space can be used to triage email more effectively. 

• Different layouts of documents in space provide greater or lesser time, accuracy and 

memorability. 

• Presentation of document layouts with either an ego or exocentric view alters 

performance. 

• Users have a preference to use space over colour to group documents. 

• Users take advantage of space when a 3rd dimension is available. 

• About one third of users prefer to have a flat space, such as a desk, to arrange documents. 

• Users prefer to stay in the space near a desk and operate at arm’s length. 
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Appendix 

Appendix A 

This appendix consists of the emails used during Experiments 1, 2 and 3. 

For Experiment 1 and 2 each email had a date and time of delivery, allowing them to be ordered 

chronologically during Experiment 1. Each email also could have multiple pages and include 

images. Emails 12 and 14 appear as 2-page emails in this listing, due to formatting, but were 

combined into a single email for the experiments, the same was done to compact the first page of 

11. 

1 - Research Meeting 

2 - SWIPE ACCESS TO FREEMAN BUILDING 

3 - Half-day seminar on Innovation Education for Sustainable Development [long email, 2-pages] 

4 - Assessment Question 

5 - Automatic Reply: Room Booking 

6 - Automatic Reply: Room Booking [different room] 

7 - Internship for MSc student? 

8 - Shut up & write session Tuesday  - 10am 

9 - VR Conference tickets on sale soon 

10 - ACM TechNews [long email, 6-page, images] 

11 - Are you in the right job? here’s how to tell [long email, 4-page, images] 

12 - Blackboard Upgrade – Reinstall the Mobile App 

13 - Automatic reply: Ethics Form 36754 

14 - Reminder: Blackboard Upgrade - 8th to 14th May 

15 - Lego 

16 - Scholar AI Metrics 

17 - VRST 2018 CALL FOR PAPERS [long email, 2-page] 

18 - Compensating Participants with Donations to Charity? 

19 - Off-Campus Workshop Venues? 

20 - Alibaba Cloud UK Business Development Manager is visiting Freeman on 5th June 

21 - RE: PREDICT Conference 

22 - It`s a meme thing [image] 

23 - VR & AR in automotive customer engagement and sales 

24 - VR/AR Market State 

25 - Magic leap video on BBC 

26 - Unfiltered.news 

27 - Research and Innovation Services financial schemes to support students 

For Experiment 3, each email was reduced to one page in length, dates and times were removed 

and each email was categorised into Teaching, AR/VR, AI and Spam. An additional 14 emails 

were also added, and one removed (11). Single page versions of emails are included before the 

new emails in this listing. The number of emails in each group is given in parentheses below. 

Teaching (13) 

1 - Research Meeting 

2 - SWIPE ACCESS TO FREEMAN BUILDING 
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4 - Assessment Question 

5 - Automatic Reply: Room Booking 

6 - Automatic Reply: Room Booking [different room] 

7 - Internship for MSc student? 

11 - Blackboard Upgrade – Reinstall the Mobile App 

12 - Automatic reply: Ethics Form 36754 

13 - Reminder: Blackboard Upgrade 

26 - Research and Innovation Services financial schemes to support students 

28 - CompuLab online - Saying hello to new staff! 

29 - CompuLab (Research areas) 

33 - CompuLab  - internal discussion on sessions going forward 

AR/VR (9) 

9 - VR Conference tickets on sale soon 

16 - VRST CALL FOR PAPERS 

22 - VR & AR in automotive customer engagement and sales 

23 - VR/AR Market State 

24 - Magic leap video on BBC 

27 - No Strings Attached [image] 

30 - Microsoft HoloLens is now available for you to purchase 

31 - What's New: Contactless demos, incredible webinars, Varjo leasing program expansion 

[image] 

34 - You’re registered! See you at XR Immersive Enterprise: Global Online Edition 

AI (7) 

10 - ACM TechNews [image] 

15 - Scholar AI Metrics 

35 - Artificial Intelligence Day 

36 - You're invited: AI & ML Week Webinars On-Demand [image] 

37 - AI and Society 

39 - CHIST-ERA Call  - Announcement - Analog Computing for Artificial Intelligence & Smart 

Distribution of Computing in Dynamic Networks 

40 - ACM TechNews [different, image] 

Spam (11) 

3 - Half-day seminar on Innovation Education for Sustainable Development 

8 - Shut up & write session Tuesday  - 10am 

14 - Lego 

17 - Compensating Participants with Donations to Charity? 

18 - Off-Campus Workshop Venues? 

19 - Alibaba Cloud UK Business Development Manager is visiting Freeman 

20 - RE: PREDICT Conference 

21 - It`s a meme thing [image] 

25 - Unfiltered.news 

32 - Learn how to enhance public services using the cloud [image] 

38 - Halfway to the Future symposium 
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Appendix B 

This appendix consists of the ethics forms submitted to carry out Experiments 1, 2 and 3. Each 

was submitted to the ethics board of the university and the experiment was approved. 
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Appendix C 

This appendix consists of the experimental documents used in Experiments 1, 2 and 3. Emails are 

not included in this section, see Appendix A. 
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Section 1 

Information Sheet 

  



253 

 

 
  



254 

 

Consent Form 
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Section 2 

Information Sheet 
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Consent Form 
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Questionnaires 
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Section 3 

Information Sheet 
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In-headset Onboarding 

Welcome to the experiment, press the arrows to the sides of the monitor to go forward or back. 

All interaction will be direct with your virtual hands and everything can be picked up.  

Move a hand inside an object and a blue outline will appear. Press and hold the trigger button 

while the outline is active to grab the object. 

We are interested in how you use the space provided. 

When you start there will be a set of cubes on the desk, these are a collection of emails that you 

must sort into categories relating to AR/VR, AI, Teaching and Spam. 

The cubes will stay in the air when away from the desk and if you make contact with them you 

will be able to see the full email. Cubes cannot go below the desk. 

You will be able to colour the cubes as you wish. Other items may also be colourable. 

Click on the colour wheel to open a palette on your left hand, you can then dip your right index 

finger in colours and poke cubes to colour them.  

Please review the consent document. 

Thank you for giving consent. When you are ready press the button below to begin and when you 

are finished, press the disk to complete the experiment. This will appear once all cubes have been 

interacted with. 

Consent was declined. Please exit the experiment. 

In-headset Information 

Press the forward button to review the instructions again. 

All interaction will be direct with your virtual hands and everything can be picked up.  

Move a hand inside an object and a blue outline will appear. Press and hold the trigger button 

while the outline is active to grab the object. 

We are interested in how you use the space provided. 

When you start there will be a set of cubes on the desk, these are a collection of emails that you 

must sort into categories relating to AR/VR, AI, Teaching and Spam. 

The cubes will stay in the air when away from the desk and if you make contact with them you 

will be able to see the full email. Cubes cannot go below the desk. 

You will be able to colour the cubes as you wish. Other items may also be colourable. 

Click on the colour wheel to open a palette on your left hand, you can then dip your right index 

finger in colours and poke cubes to colour them. 

When you are finished, press the disk to complete the experiment. This will appear once all cubes 

have been interacted with. 
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Consent Forms 
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SideQuest 
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SideQuest/GitHub Listing Information 

SpatialApplication 

GitHub Link: https://github.com/v012065/SpatialApplication 

Also available on SideQuest: https://sidequestvr.com/app/1684 

Hi I'm a PhD student running an experiment for my Thesis. I have posted it here due to the 

pandemic not allowing in person testing at my (or any) University. I would appreciate if you could 

try out my experimental application and fill in the questionnaire after (should take around 15-25 

minutes total) since this would really help me to gather data for my PhD Thesis. 

The experiment is an Oculus Quest application investigating how users spatially arrange 

documents in 3D space for augmented reality, simulated in VR. The experiment should take 

around 10-15 minutes to complete. You can only complete the experiment once. Also please 

remember to have WIFI enabled on your device to transmit the experiment data. The experiment 

is now also available for Oculus Rift and Link on PC. 

Please note the User ID displayed at the end of the experiment (on the monitor), this will be an 8-

digit value. After completing the experiment, please fill in this questionnaire: 

https://tinyurl.com/y5m4b4n3. The questionnaire should take around 5-10 minutes to complete. 

T̵o̵ ̵e̵n̵te̵̵r ̵i̵n̵t̵o̵̵ ̵a̵ ̵fr̵e̵e̵̵ ̵p̵ri̵z̵̵e̵ d̵̵ra̵̵w̵ ̵fo̵̵r ̵a̵̵ ̵£̵5̵0 ̵̵A̵ma̵̵zo̵̵n̵ ̵v̵o̵uc̵h̵̵e̵r ̵̵pl̵e̵̵as̵̵e̵ ̵em̵̵ai̵l̵ ̵̵me̵̵ a̵̵t ̵̵v̵0̵12̵̵0̵6̵5̵@n̵o̵̵rt̵h̵̵u̵

m̵b̵ri̵a̵̵.a̵̵c̵.̵uk̵̵ ̵w̵it̵h̵̵ y̵̵o̵ur̵ ̵̵U̵s̵e̵r ̵̵ID̵̵ ̵w̵it̵h̵ ̵̵th̵e̵̵ ̵s̵ub̵j̵e̵̵ct̵ ̵"̵N̵̵o̵rt̵h̵u̵̵mb̵̵ri̵a̵̵ S̵̵p̵a̵ti̵a̵l̵ ̵̵E̵x̵pe̵̵ri̵̵me̵̵n̵t ̵-̵̵

 ̵D̵ra̵̵w̵" ̵̵.̵ ̵T̵hi̵s̵̵ w̵̵il̵l̵ ̵̵b̵e̵ a̵̵n̵no̵̵un̵c̵̵e̵d ̵̵af̵t̵e̵̵r ̵M̵̵a̵rc̵̵h ̵̵1s̵̵t ̵̵2̵02̵̵1̵,̵ w̵̵h̵e̵r̵e̵ t̵h̵̵e̵ ̵w̵in̵̵n̵er̵ ̵̵w̵il̵l̵ ̵̵be̵̵ ̵c̵on̵̵ta̵̵ct̵e̵̵d̵ b̵̵y̵ e̵̵

m̵ai̵l̵.̵ ̵̵E̵ma̵i̵l̵ ̵a̵̵d̵d̵re̵̵s̵se̵̵s̵ ̵pr̵o̵̵vi̵d̵e̵̵d̵ ̵w̵il̵l̵ ̵̵on̵̵ly̵̵ ̵be̵̵ ̵u̵se̵̵d̵ ̵fo̵̵r ̵t̵h̵i̵s̵̵ ̵p̵ur̵p̵̵o̵se̵̵. ̵
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If̵ ̵̵y̵ou̵̵ ̵w̵ou̵̵ld̵̵ l̵i̵k̵̵e̵ t̵o̵ ̵̵b̵oo̵k̵ ̵̵a̵ r̵e̵̵c̵or̵d̵̵e̵d̵ s̵̵e̵ss̵̵io̵n̵̵ ̵w̵it̵h̵̵ m̵e̵̵ ̵ov̵̵e̵r ̵t̵̵e̵am̵s̵̵, ̵p̵̵l̵ea̵̵s̵e̵ e̵̵ma̵̵il̵ ̵m̵e̵̵ a̵̵t ̵̵v̵0̵12̵̵0̵6̵5@̵̵

n̵o̵rt̵h̵u̵̵mb̵r̵i̵a̵̵.̵ac̵̵.̵u̵k̵ ̵w̵it̵h̵̵ t̵h̵̵e̵ s̵̵u̵bj̵e̵c̵̵t ̵"̵̵N̵o̵rt̵h̵̵um̵b̵r̵̵ia̵ ̵S̵̵p̵at̵i̵a̵̵l ̵̵E̵x̵pe̵̵ri̵m̵e̵̵n̵t ̵-̵̵

 ̵L̵iv̵̵e"̵,̵̵ ̵c̵om̵p̵l̵e̵t̵i̵o̵̵n ̵o̵̵f ̵t̵h̵̵is̵̵ w̵̵il̵l̵ ̵q̵̵u̵al̵i̵f̵y̵̵ ̵fo̵̵r ̵a̵̵ £̵̵1̵0̵ ̵A̵m̵a̵zo̵̵n̵ ̵v̵o̵u̵c̵he̵̵r ̵a̵̵s̵ ̵c̵om̵p̵e̵̵n̵s̵at̵̵io̵n̵̵ ̵fo̵̵r ̵y̵̵o̵u̵r̵ t̵i̵̵me̵̵

.̵ ̵T̵hi̵s̵̵ ̵w̵il̵l̵ ̵̵ta̵̵ke̵̵ ̵ad̵̵d̵it̵i̵o̵̵n̵al̵ ̵̵ti̵m̵e̵̵ t̵o̵̵ s̵̵et̵ ̵u̵̵p.̵ ̵

I have made a discord channel in-case anyone has any questions or needs help: 

https://discord.gg/ygRZzFz 

Information 

Contact Details 

v012065@northumbria.ac.uk 

Purpose of Study 

The purpose of the study is to improve our understanding of the way people spatially arrange and 

group documents in space. 

The scenario for this experiment is to allow users to arrange and group electronic mail in three 

dimensions. There will also be the option to colour code documents as a secondary means to 

impart groupings of documents. A virtual reality headset is used to present an augmented reality 

environment to users without access to head-mounted augmented reality hardware. 

Participation 

Your participation in this experiment is voluntary and you may choose to stop at any time and 

remove yourself from the study. If you feel nauseous at any time while wearing the virtual reality 

headset, remove the headset. 

Researcher Contact 

Please contact the researcher by email at v012065@northumbria.ac.uk if you have any questions 

about the experiment or wish to withdraw from the study. You will only be contacted by the 

researcher by email (if provided) and in relation to the study or if you want additional details on 

the study or results. 

Experimental Procedure 

The participant will be presented with a virtual desk with a monitor in an office environment and 

must first put on the virtual "AR glasses" on the desk by picking them up and moving them to 

their head. The application will guide through the experimental procedure within the headset. 

The participant will then need to consent to data collection and begin the experiment by pressing 

a virtual button. They will then see a set of cubes and a disk appear on the desk. When they pick 

them up (they can grab them using the controllers, shown as a virtual hand) and move them off 

the table the cubes will become full sized email documents. Documents will stay visible as long 

as they are held, or a hand is touching. If the documents are released, they will stay in place and 

become cubes again until the participant places a hand within the cube. 

There is also a virtual monitor with a button to open a colouring palette on the left hand. This can 

be used to colour the cubes a chosen colour by poking the desired colour on the palette with the 

right index finger and then poking cube. The participant will be able to place the cubes in space 

and colour code them as desired. They will need to group them however they feel by the groupings 

of VR/AR, AI, Teaching and Spam. The experiment will be finished by inserting a disk into the 

slot under the monitor, which will trigger collected data to be uploaded. If the upload is 

unsuccessful a copy of the data will be saved to the Quest. A User ID will be displayed on the 
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monitor at the end of the session, after communicating with the server and prompt the participant 

to answer a questionnaire (this can be opened in the Quest browser by pressing a button or in any 

browser with the link above). If the experiment program is run again, after a successful upload, it 

will display the User ID provided originally and the questionnaire button, after putting on the AR 

glasses. 

Collected Data 

Each participant will be given a User ID at the end of the experiment. This User ID will then be 

used for identification of data and questionnaires. Participants can also use this User ID in case 

they later want to leave the experiment. Participant’s personal information will not be part of any 

published data set and will instead be anonymised using the User ID. 

The final layout and colour of documents will be recorded at the end of the experiment, uploaded 

to a secure server and an anonymous User ID (8-digit value) will be provided. 

Data collected will be used to produce a series of metrics to better understand and to establish any 

difference between different arrangements of documents in augmented reality 3D space. 

Data collected will be stored securely on a server under control of the researchers and 

Northumbria University, data may then be copied to a hard drive or USB stick for the purposes 

of analysis and will only be retained as long as required. The server and drive will only be 

accessible to the researcher(s) required to process the data and will be kept password protected. 

The data will be kept by the researcher/project consultants until the end of the project. They will 

then be disposed of in line with Northumbria University’s retention policy as data controller under 

the General Data Protection Regulation (GPDR). Results may be published in a peer-reviewed 

journal or conference proceedings and may be used as part of the researcher’s thesis. Data will 

not be used for any other purpose than is stated here.  
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Questionnaires 
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Glossary 

Application Programming Interface (API) 

A set of tools and libraries available to a programmer to allow a specific type of hardware or 

software system, generally created by a different programmer, to be interacted with by a 

programming language such as C or Java. 

Augmented Reality (AR) 

A system that blends a physical space and a virtual space or interface into one single view for a 

user in real time. 

Augmented Virtuallity (AV) 

Augmented virtuallity is a term to describe the blending of “real” objects and people from a video 

stream into a virtual rendered environment. This can take the form of removing the background 

from a video stream to insert a different one (as has become popular on conferencing software 

such as Zoom) or inserting a user’s hands into a virtual reality experience, as is often used for 

virtual training exercises. 

Cave Automatic Virtual Environment (CAVE) 

A system using multiple projectors to project onto the walls, ceiling (and sometimes floor) of a 

room to produce a virtual environment from the perspective of a user in the room [177]. This is 

generally used as a form of virtual reality and will have some means of tracking the user’s view 

and position in the room. See [178] for a taxonomy. 

Chameleon Augmented Reality 

See passthrough augmented reality. See [178] for taxonomy. 

Degrees of Freedom (DoF) 

Degrees of freedom are the amount of axis that are available to be converted from user movement 

to virtual environment movement in a VR/AR system. Usually either 3-DoF or 6-DoF will be 

used which equates to rotational 3-axis movement in the case of 3-DoF or rotational and positional 

movement in the case of 6-DoF. Sometimes higher amounts will be mentioned such as 9-DoF, 

but this is generally just adding up the total degrees of freedom of each type of sensor in the 

system used, which does not equate to additional DoF. See this article [196] for further details. 

Direct Interaction 

A means of interacting with a system in the space directly in front of a user, generally using hands. 
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Egocentric View 

A tracked first person view of a virtual or augmented reality environment usually using a headset. 

Exocentric View 

A tracked view of a virtual or augmented reality environment through a 2D screen held by a user. 

Extended Reality (XR) 

Extended reality is defined as a blanket term for AR, VR and MR (the AV version) by Qualcomm 

[197]. It is now widely used for the OpenXR [195] standard, which defines APIs for cross-

platform AR and VR development. 

Fiducial Marker 

A fiducial marker (see Figure 2-5) is a method using a camera on a device to track relative position 

and orientation by using the marker as a fixed point in space and determining the device’s motion 

relative to it. Alternatively the device can stay static (or also move) and the marker’s motion be 

tracked to allow a virtual object or other tracked medium to be “stuck” to and moved with it (see 

[100]). 

Field of View (FoV) 

Field of view, measured in degrees, indicates how much of the world can be seen at a given time. 

A larger (or normally referred to as wider) FoV allows for a greater amount of peripheral view to 

be incorporated into the view displayed to a user. 

Graphical User Interface (GUI) 

A version of a user interface that uses graphical elements such as icons to depict possible user 

actions. See [22] for a more in-depth discussion of how a GUI works. 

Hand-Held Display (HHD) 

A type of virtual or augmented reality hardware that renders graphics on a screen that is held in 

the user’s hand, such as a smart phone. These types of display will usually also provide some 

form of tracking of the position of the device to allow the view to appear static with the user’s 

movements. A camera will usually also be present to allow for passthrough augmented reality 

and/or environmental scanning capabilities. 

Head Mounted/Warn Display (HMD/HWD) 

A type of virtual or augmented reality hardware that is worn by a user on the head, that provides 

a system with a screen to render graphics in their view, such as a VR headset like the Oculus 
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Quest [2] or an AR headset like the HoloLens. These types of display will usually also provide 

some form of tracking of the user’s head movements to allow the view to appear static with the 

user’s movements. A camera will usually also be present on AR devices to allow for passthrough 

or projection augmented reality, depending on the type of display, and/or environmental scanning 

capabilities. 

Indirect Interaction 

A means of interacting with a system in the space further away from the user, generally with a 

pointer raycast into the environment. 

Inertial Measurement Unit (IMU) 

A sensor usually built into a smartphone or headset that allows the movement (X, Y, Z axis) and 

rotation (Yaw, Pitch, Roll) of the device to be tracked and used by software. Usually referred to 

as either 3DoF (gyroscope), 6DoF (gyroscope and accelerometer) or 9DoF (gyroscope, 

accelerometer and magnetometer), these “degrees of freedom” are usually combined by software 

to enable increased accuracy of positional and rotational tracking and are often also combined 

with camera input (see SLAM). 

Inside-out Tracking 

A form of tracking used for AR and VR headsets that uses cameras on the device to track features 

in the surrounding environment to determine the device’s location in space. This usually uses an 

in-built processor running a simultaneous localization and mapping algorithm (SLAM) [55] and 

an inertial measurement unit (IMU). This is the form of tracking used by the HoloLens [31] and 

Oculus Quest [38]. See Outside-in Tracking for the opposite of this method. 

Interaction Space Reference Frame 

A frame of reference used to denote interactions of users with the environment (real or virtual). 

Mixed Reality (MR) 

Mixed reality is a term originally defined as an all-encompassing term for AR, VR and AV 

systems by Milgram et al. [27]. However, it has since been co-opted by AR/VR device marketing 

to either be a blanket term for AR and VR (“The Mixed Reality Spectrum” [198]) in the case of 

Microsoft or as a term for blending a video stream of a user into a virtual environment from a 3rd 

person perspective (a form of AV), sometimes also termed Mixed Reality Capture (MRC), as is 

used by Oculus [199] and others [200], [201]. There is also further confusion in the MR space, of 

some defining MR as the head-mounted version of AR, where AR is only the phone version [202] 

or as AR being overlay AR (specifically Google Glass) and MR being spatial AR. For the 

purposes of this thesis, the Milgram et al. definition of MR will be used. 
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Natural User Interface (NUI) 

A system that processes natural user input such as hand and body position/rotation to provide an 

interface for a computer system. 

Outside-in Tracking 

A form of tracking used for AR and VR that uses a camera pointed at a device that allows the 

device to be tracked in relation to the camera position. This usually uses a camera (or multiple) 

placed in a fixed position pointed at the device that is to be tracked. See Fiducial Marker for an 

alternative tracking method. This is the form of tracking used by the Vive Pro [41] and Oculus 

Rift [188]. See Inside-out Tracking for the opposite of this method. 

Overlay Augmented Reality 

A type of augmented reality that provides information overlayed over the user’s view. It may also 

provide virtual overlays fixed to the environment but will generally not allow interaction within 

the same space, instead using a different input such as the touchscreen of a phone. 

Passthrough Augmented Reality 

Sometimes referred to as Chameleon AR [178]. A type of augmented reality where a camera feed 

of a physical environment is blended with a rendered virtual environment to produce the 

augmented environment. This type of blending usually produces more latency than other types of 

blending such as projection. This is the type of AR primarily used by smart phones [32], [33] but 

also on some headsets such as the Varjo-XR [40] headsets. 

Path Dependence 

Path dependence [24] is the claim that a sensitive dependence on initial conditions, such as a 

minor or fleeting advantage, can cause a “lock-in” of a design that impacts performance at a later 

date. 

Presentation Space Reference Frame 

A frame of reference used to denote the view presented to a user by a device such as a headset. 

This is either egocentric or exocentric in this Thesis. 

Projection Augmented Reality 

A type of augmented reality where the physical environment is directly viewed through the device 

and the rendered virtual environment is blended through a projection onto half silvered mirror in 

the user’s view. This is the sort of AR used by headsets such as the HoloLens and Magic Leap. 
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Raycast 

A technique used to determine a point in 3D space by drawing a line from either a position in 2D 

space viewing a 3D scene or a different 3D position and determining the point where something, 

such as a virtual object, is hit by the line. 

Simultaneous Localization and Mapping Algorithm (SLAM) 

A SLAM [55] algorithm uses cameras on a device to track features in the surrounding 

environment to determine the device’s location in space. This is usually combined with an IMU 

to increase accuracy and provide data when the tracked object cannot be seen or loses tracking. 

Spatial Augmented Reality 

A type of augmented reality that is able to understand the environment it is present in, place virtual 

objects with fixed position in the environment and also may allow interaction with the physical 

environment using virtual inputs or the virtual environment using physical inputs such as hands. 

3D User Interface (3DUI) 

A user interface that exists in and is interactable with, in 3-dimensions. This is usually only used 

to describe truly 3-dimensional user interfaces that exist in a virtual or augmented reality 

environment but can also include a 3D interface present in a virtual environment or computer 

game that is presented on a 2D screen. 

User Interface (UI) 

An interface with a computer system that allows actions to be performed by a user. 

Virtual Environment (VE) 

An environment observable and often interactable with by a user that is generated by a computer 

system and does not exist in a physical space. Most computer game environments can be said to 

be this type of virtual environment. 

Virtual Reality (VR) 

A system that includes a virtual environment that is generally rendered using a screen and lens 

combination that blocks out the physical environment of the user. The environment can be 

rendered either mono or stereoscopically. It may also include hardware to produce sound or other 

senses that replace the physical environment. 
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X Window System (X or X11) 

The X window system (or X11) provides the basic windowing system and GUI framework, such 

as drawing operations and input management, for UNIX based operating systems such as Linux. 
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