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Abstract

Spatial computing is an emerging technology which combines the physical and digital space
and enables interaction with spatial meaning. The extension of reality through virtual worlds
creates new opportunities, but also uncertainties regarding UX and UX evaluation. This is
reflected in the current state of the art, where human factors in spatial computing tend to be
overlooked and the focus is often on technical considerations. Consequently, there is a lack of
knowledge in HCI about which aspects should be considered in the UX and evaluation of
spatial computing applications. However, contextual factors such as the emotions of a place,
the surrounding community, and the activities in the augmented space are crucial as the user
experience in spatial computing is fundamentally shaped by context.

To support researchers and experts in HCI, the Spatial Computing Evaluation Framework
has been developed. It provides support and guidance for the UX evaluation of spatial
computing applications, without limiting exploration. The framework aims to evaluate the
situation holistically, highlighting the connection between the physical, digital and social
context.

The framework was developed through an extensive literature review followed by a user study
using the Apple Vision Pro. In order to emphasise the interconnectedness of the physical,
digital and social environments in spatial computing, the theory of 4E cognition was used to
build the framework. The specific guidance the framework provides is a novel contribution
and can be particularly supportive in the early stages of the field to rapidly build up
knowledge and create awareness.
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1 Introduction

Spatial computing extends reality through virtual worlds, changing the situation fundamentally
by introducing digital content. This changes the context and how individuals interpret the
situation [10]. Although the user experience is fundamentally shaped by context, it is often
overlooked in spatial computing and only the technical aspects of space are typically considered
[33]. This approach fails to recognise the significant impact of context on the user experience
in spatial computing, and consequently its enormous potential [34].

There is a shortage in human-computer interaction to understand interaction & context in
spatial computing and its implications [34], [35]. The field of human factors is underdeveloped
and overlooked, with research focusing solely on the technical components of spatial computing
[34]. However, the socio-technical aspect is crucial, as reality is being augmented by virtual
worlds that are experienced through interaction and are situated in the physical and social
environment [33], [36].

The extension of reality through virtual worlds presents both opportunities and uncertainties in
terms of user experience and UX evaluation. Figure 1 shows the uncertainty of UX evaluation
on the RV continuum [1]. At either end, UX evaluation methods are well established, as the
technologies have longer development histories and large investments by the gaming or military
industries. However, in the middle, where spatial computing is located, the uncertainty is high.

Reality-Virtuality (RV) continuum

Real Augmented Augmented Virtual
Environment Reality Virtuality Reality

Uncertainty in UX Evaluation

Figure 1: Reality - Virtuality Continuum visualising the amount of uncertainty in UX Evalu-
ation [1]

In the context of Spatial Computing, new aspects are relevant that have yet to be established
in HCI, and there is currently no coherent methodology for evaluation [37], [35], [38], [39], [40].
To address this knowledge and methodological gap, the Spatial Computing Fvaluation Frame-
work has been constructed to support the UX evaluation of spatial computing applications. Its
specific guidance is a novel contribution and can be particularly helpful in the early stages of
the field.

This thesis is a first step in addressing the gap and adding to the body of knowledge in this still
small area of research. Hopefully, it will stimulate relevant discussions for further improvement
and support of designers & developers in the creation of outstanding user experiences with
spatial computing applications.
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2 Motivation

Spatial Computing offers new user experiences that are different from traditional mobile device
interactions. However, these experiences also create uncertainties about how to evaluate the
user experience. Many previously irrelevant aspects need to be considered, highlighting the need
to enrich the current state of the art in UX and UX evaluation. Currently, it is unclear which
elements should be analysed to holistically evaluate the user experience in spatial computing
and a more comprehensive analysis is required as it is embedded in the environment and in-
cludes spatial aspects. In addition, the context and situation in which the experience takes place
are fundamental factors that shape the experience & perception and need to be carefully con-
sidered. Furthermore, this emphasises that spatial computing is susceptible to various external
influences that cannot be controlled but must still be taken into account during development.

In current evaluations, only the most obvious aspects are often analysed, using very broad
instruments such as the System Usability Scale (SUS) or the NASA-TLX for the measurement
of cognitive load. However, it is not clear whether these instruments are suitable for spatial
computing and they also fail to take into account the many aspects that this new technology
brings with it. There is a lack of attention to a number of issues which are relevant to spatial
computing, and this is probably mostly unconscious. The influence of many of these is unknown
and difficult to assess, which poses further challenges for evaluation.

3 Methods

This section provides an overview of the methods used in this thesis and how the final result
is derived, based on the literature review and analysis conducted, as well as the modelling
approach and evaluation technique.

3.1 Approach

This paper implements an open-ended interpretive methodology to analyse literature, selecting
specific examples that may have been published with an alternative focus. The literature is
analysed and interpreted in the context of spatial computing.

The term situatedness is used to categorise the different findings within the literature. This
term allows for a holistic perspective and includes many topics relevant to spatial computing.
Most literature focuses solely on spatial aspects and digital content related to it. However, an
HCI perspective acknowledges that other factors in the situation significantly influence the user
experience of spatial computing applications. Therefore, our analysis of situatedness emphasises
the importance of considering a holistic view of the situation in which the user is located.

3.2 Literature Review

Several categorizations of spatial computing applications are existing. In this project the cat-
egorization of mobile AR, Head-Mounted Displays and Spatial Augmented Reality is used as
the user experience of the three is different. For more technical projects the categorization of
Visual See Through and Optical See Through may be used.

In each of these areas, an appropriate example application is selected to investigate the appli-
cation’s characteristics in relation to spatial computing. The characteristics are identified using
literature from the fields of augmented reality, information visualisation, human-computer in-
teraction, and /or spatial computing. The example applications are subject of investigation and
will be analysed in detail to identify potential aspects relevant to the user experience. Further
aspects and literature could be identified by snowballing. To ensure a holistic evaluation of
the scene, the characteristics are categorised based on the definition of situatedness. The char-
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acteristics of an example are then evaluated for relevance and further elaborated. For each
identified characteristic, potential evaluation options are researched and evaluated. Finally, the
characteristics are presented in a schema for each scenario in order to find potential similarities
between all three scenarios.

3.3 Selection of Examples for Investigation

Each application should allow to investigate points for consideration in the user experience.
Other points that are relevant for the selection are the design, the area of use, the place of
development and the target user. The aim is to have a diverse set of applications with different
areas of use. Another important point is that the applications should have been developed in
Switzerland in order to promote and recognise technological innovation in the region.

3.4 Modelling

An overall model to illustrate the influence of context in spatial computing seems appropriate as
some similarities of the three example applications could be identified. For this purpose, some
existing models found in the researched literature are analysed based on the term situatedness.
Furthermore, the schemas created for the three examples are analysed for elements to condense
the information into a model in combination with 4E cognition theory. To evaluate the model,
a user study will be conducted based on a proof of concept implementation.

3.5 User Study

To evaluate the constructed model, a user study is conducted. The aim is to understand whether
users interact with spatial computing in the way that is assumed and visualised in the theoret-
ical model. To narrow down the potential findings, the research question is posed to understand
which elements influence the orientation of a user in a step-by-step guidance process with a 3D
model and natural language instructions. The user study is conducted with the Apple Vision
Pro where a part of the Arigo application is reproduced considering the findings in the literature
review. The study is conducted with 9 participants representing three different cohorts.

The study is conducted using the think-aloud method and statements are transcribed and coded
with MAXQDA with inductive and deductive coding.

3.6 Evaluation Framework

Based on the constructed model and the results of the user study, an evaluation framework is
constructed to evaluate the user experience in spatial computing. The model is divided into the
four different dimensions from 4E cognition. This is to combine the theory of 4E cognition with
spatial computing for a holistic view on the situation. Each dimension of 4E cognition contains
the relevant points found in the literature review and are further explained as questions for re-
flection. The questions are intended to help designers and developers to interpret the identified
points in order to derive relevant insights.

The evaluation framework is completed for one case of the conducted user study to evaluate the
usability. Furthermore, in order to evaluate the relevance and practicability, a short usability
test is carried out with a mobile AR application and reviews with experts, in which one conducts
a real usability test with the framework.
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4 Related Work

Spatial Computing is an emerging term in both academia and industry. The term is further
explained in this section as well as the term Situatedness. The origin and use of the term situ-
atedness will also be discussed. Finally, for a better understanding of the approach used in this
thesis, the field of Human-Computer Interaction is briefly introduced.

4.1 Spatial Computing

Spatial computing brings the physical and digital closer together, bridging the two and allowing
users to interact in the augmented world [41]. Devices are aware of their spatial context and can
model their environment [42]. Figure 2 shows an example of a spatial computing application
using a MetaQuest3 [2]. It is a music application where the different albums are shown as digital
3D tapes. Based on the collection of tapes the user can choose one and place it in the recorder
to listen to it.

Figure 2: Example of a spatial computing application where a user can switch music by choosing
digital tapes and place them in the recorder [2]

Spatial Computing offers new user experiences that are different from traditional interactions
with mobile devices. The context and situation in which the interaction takes place are funda-
mental factors that shape the experience and perception. Recent advances in hardware such as
computer vision, sensors and devices make this technology possible [41]. With these capabilities,
digital content can be integrated into the real world, opening up new opportunities for many
sectors, such as productivity gains in manufacturing or safety in healthcare [41]. The devices
are aware of the environment in which they are placed and enable human actions with spatial
meaning [42]. Users can interact with the physical and digital world that is aligned with the
real spatial world [42].

Spatial computing encompasses a wide range of different technologies. These can be divided into
the categories of (1) Mobile Augmented Reality, use of mobile devices to augment the physical
space with digital content that can be viewed through the devices. (2) Head-Mounted Displays,
headsets which give the possibility to interact with the physical space and the digital content
embedded within. (3) Spatial Augmented Reality, projection of digital content onto physical
objects, taking into account their shape and allowing to interact with the projection.
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4.2 Situatedness

Individuals move within their environment and engage in activities, yet they do not do so in-
dependently. Each action is intertwined with a situation, encompassing numerous components
and social interactions. All of these components can be viewed as context for a given task. Thus,
we recognise context not solely from a viewpoint of spatial organisation and its corresponding
objects, but also in consideration of the social dynamics present within the space and within
human activities. Context is situational, thus it is essential to consider what is relevant in each
circumstance. This is referred to as the practical objectivity of situations [43]. Humans create
the situation and make sense of their surroundings through their actions and social interactions
[44].

The concept of situatedness is defined as the notion that the human mind is influenced by its
natural, social and cultural environment [45]. According to this theory, the actions of individu-
als should be interpreted in relation to their specific environmental and contextual factors [45].
The origin of situatedness can be traced back to the field of psychology, where its first impact
can be observed in 1890 [45]. Many psychologists of the 19th and 20th centuries, including Kurt
Lewin and proponents of Gestalt theory, contributed to the definition of situatedness [45]. The
concept of situatedness describes the close coupling of the agent and environment, and is now
used in various domains including philosophy, education, robotics, and computer science [45].

Bressa et. al use the theory of situatedness for a holistic perspective on augmented reality ap-
plications visualising data and considering its context, namely situated visualisations [44]. The
study analyses different examples using the five perspectives of situatedness: space, time, place,
activity, and community.

Space - Space is the most prominent aspect in research for augmented reality. Space encom-
passes the physical environment and its digital content. It refers to the spatial representation
of information, including its properties and characteristics in three-dimensional space.

Place - Place is concerned with location, beyond a purely spatial perspective. It is the meaning
of a space in relation to the people who inhabit it, the activities that take place within it
and its historical context. The cultural or social meaning of a place is what forms meaningful
relationships between individuals and their environment.

Activity - Activities should not be viewed in isolation. They are components that contribute
to broader goals and can be carried out in different spaces, over different periods of time and in
collaboration with others. The relationship between a person and the goals he or she wishes to
achieve is complex and influenced by the social and cultural context, which is defined as activity
theory [46]. Individuals do not act with technology, but rather through it [47]. Understanding
the context of activities people perform is essential as this determines which visualisations are
appropriate.

Community - Community refers to individuals in relation to a particular place. The focus is on
how a specific community utilizes technology or a physical location to achieve their objectives.
It is closely tied to the notion of place, which derives its meaning over time from the activities
of the community.

Time - The concept of time concerns the recording of data for a visualization and its display,
as well as the relationship between these two moments. Additionally, time can be considered
beyond pure objectivity or subjectivity and instead be viewed as socially constructed, defined
as Social Time [48]. Social time can be found in the agreement of the 24-hour day or time zones.
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Further, it also encompasses temporal relevance which considers social norms, activities and
conventions regarding to time.

4.3 Human-Computer Interaction

Human-Computer Interaction (HCI) is a broad field with research coming from different disci-
plines. It combines knowledge and tools not only from computer science, but also from social
sciences and natural sciences to understand and reason about the interaction between humans
and technology [3]. This multidisciplinary approach allows it to analyse a situation from differ-
ent perspectives, resulting in a holistic view.

Natural & Social Sciences

Engineering, Design & Fine Arts

Figure 3: Human-computer interaction, like human factors and computer science, is a multi-
disciplinary field that draws from both scientific and design disciplines [3]

Figure 3 shows the different sciences that influence the field of HCI [3]. The different influences
also provide the opportunity to use the tools from their field of research and to apply them to
the technology. As useful as this multidisciplinary approach is, it also presents some obstacles.
In the literature of the different fields, the naming of the tools used can lead to confusion with-
out specific knowledge. An example of this is when conducting a user study where users are
asked to verbalise their thoughts in order to gain deeper insights into their thinking process.
In psychology this approach is called protocol analysis, whereas in computer science it is called
thinking aloud. Even though it is the same technique, the insights from the analysis can be
different depending on the knowledge of the people analysing the results, whether they have
a background in psychology or computer science. This thesis takes advantage of this multidis-
ciplinary field of HCI and shows that not only tools from computer science can be used to
evaluate technology. It shows that in order to analyse a technology, several tools from the social
or natural sciences can be useful.
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5 Subject 1: Head-Mounted Displays

In this section, the example application for head-mounted displays and its relevant character-
istics are introduced on the basis of the term situatedness. The characteristics are discussed
in terms of their theory and relevance to the example. Potential evaluation techniques are pre-
sented for each aspect, followed by an overall analysis of the scenario, its characteristics and
potential evaluation techniques.

5.1 Example Application - Arigo

Head-mounted displays (HMD) are suitable for scenarios where both hands are required to
perform actions. In this way, information can be extended into the physical space without
restricting the dexterity of the user. HMDs can be useful for guiding users through sensitive
processes, providing step-by-step guidance while remaining aware of the environment [49]. Such
an application represents Arigo, a non-overlayed AR guidance using a 3D model in radiophar-
macy (Figure 4) [4].
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Figure 4: Non-Overlayed AR User Guidance with 3D-Model [4]

Radiopharmaceutical laboratory employees are required to produce mixtures of different chem-
icals. This process is complex and time-sensitive, and is particularly prone to errors. Typically,
paper-based instructions are utilised to guarantee the correct procedure for creating radio phar-
maceuticals. However, Simmen et. al’s research project aims to substitute paper instructions
with Augmented Reality (AR) technology. This involves using a non-overlayed 3D model via a
Microsoft Hololens to support the procedural task of mixing chemicals.

In order to produce a mixture, the workers have to find the right items in the laboratory and
prepare them for the mixing process. Moreover, they must ensure the precise amount of various
fluids is prepared and loaded into the syringes.

Once the components have been prepared, they must be placed correctly onto the machine. It is
essential that the fluids are mixed in a specific order to ensure correct mixing. This task requires
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positioning the syringes correctly on the machine and opening the appropriate vials to mix the
fluids accordingly. The augmented reality model offers guidance for every step regarding the
placement of each syringe in its designated position, which vial to open, and at what time.

For the scenario presented, several points are relevant to consider for the user experience. These
points are categorised based on the notion of situatedness. Figure 5 gives an overview of the
characteristics that are relevant and have been selected for the analysis of the given scenario.

Figure 5: Overview of relevant and chosen characteristics for the scenario of Arigo, categorized
by the term situatedness

5.2 Space

This subsection introduces the relevant characteristics to the topic of space. Space encompasses
the physical environment and its digital content. It refers to the spatial representation of infor-
mation, including its properties and characteristics in three-dimensional space.

5.2.1 Digital Twin

A digital twin is a contextualised digital representation of a physical object. It allows the be-
haviour and appearance of an object to be replicated digitally. The number of properties of the
real object to be included in the digital representation can be determined by the developer of
the model [50]. This also defines which aspects are important in the digital representation and
the context of the situation, and how close a digital twin is to its real counterpart and behav-
iour [50]. The complexity of a digital twin in its development is also defined by the selected
properties [50].

Figure 6: digital twin visualisation: side-by-side or overlayed [5]

To visualise a digital twin in AR several possibilities are possible. Letter et. al present different
visualisation methods for version control with tangible objects [5]. The digital representation
can be shown next to the physical object, following the principle of juxtaposition, presenting
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the side-by-side mode (Figure 6, left). They place the digital twin next to the physical object
to allow comparison of the two objects. Further, they mimic the object’s rotation of the real
world in the digital twin to ensure correct comparison from the different angles by moving and
rotating the physical object. The second implementation follows the principle of superposition,
overlaying the physical object with the digital twin (Figure 6, right). In this, also the movement
and rotation of the physical object is represented in the digital twin to ensure correct overlay.
The overlay in Letter et. al’s work uses a semi-transparent overlay visualisation.

Tonnis et al.distinguish the spatial dimension of a model, which can be visualised through a 2D
or 3D digital twin. A practical application of this is implemented in the case of Arigo, where
the machine’s 2D and 3D visualisations are compared (Figure 7).

Figure 7: digital twin visualisation: 2D or 3D representation [4]

It is also an open question as to how realistic a digital twin has to be in order to perform certain
actions. Studies in virtual reality show that visual realism of the environment does not always
yield the best results as for example in spatial learning [51], [52]. It shows that only the elements
that the user perceives as relevant need to be rendered realistically, while the rest of the scene
is abstract [51]. This mix of renderings gives the best results for spatial learning of a path in
a virtual environment [51]. For digital twins, for example, the results show that the size of a
digital twin overlay can vary by up to 5% before users notice a difference in size [53]. Therefore,
variance in visual realism could also have an impact on the perception of a digital twin.

From a developer’s perspective, the choice of visualisation for a digital twin falls under the
category of space. However, the placement of the digital twin into the physical world and its
interpretation by the user belongs to the category of place.

The digital twin in the example of Arigo has a high visual realism compared to its real coun-
terpart. They also follow the principle of juxtaposition, presenting the digital twin spatially
above the real machine. As they compared the effectiveness of a 2D and 3D digital twin, both
dimensions were developed. However, if the high visual realism is fully necessary is an open
question.

5.2.2 Visibility with lighting conditions

Spaces have different lighting conditions which affect the perception of digital content in AR,
especially in optical see-through (OST) AR. In OST, virtual content is superimposed on the
physical space, making the digital overlay appear transparent. The light of OST is additive to
the natural lighting conditions of the environment [53]. The perception of digital content in
OST AR is therefore strongly influenced by the natural lighting conditions of a space [53].

Kahl et. al. conducted a study to observe the perception of OST AR in three different lighting
conditions: dark, medium and bright [53]. In brighter light, the digital overlay appears more
transparent, which also allows for greater variation in the size of the digital content compared to
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its physical counterpart, without interfering with the identification of the object [53]. However,
in brighter conditions, both the presence and the performance of the interaction decreases [53].
They assume that darker lighting conditions were preferred by the user because the digital
content appeared more real and easier to perceive due to the intense illustration in the dark
environment and the low visual distraction from the physical environment and one’s own hands
[53].

Digital objects in AR do not automatically have the consistency that we perceive from objects
in the real world. Visualisation with respect to the lighting and background conditions of the
real world are important [54]. Other studies have also shown that light has a strong influence
on the readability of text in augmented reality [55].

As the application of Arigo is used in a laboratory, it can be assumed that the lighting is
rather strong and bright, which could decrease presence and performance of the user. It is also
unclear how the lighting conditions influence the readability of the text annotations used in the
application, as the step indicator in the 3D-model is presented with white colour.

5.2.3 Privacy

HMDs are often used in public or semi-public environments, including factories, manufacturing
plants and maintenance facilities. Although the digital content is only visible to the person
wearing the HMD, the interaction with this content is visible through the movement of the
body, particularly the hands. This is a problem in situations where sensitive information, such
as numeric or text data, is entered through a digital medium. [56]. The act of observing a
user while they input private information is commonly known as shoulder-surfing [56]. In HMD
applications, user authentication is a common scenario. Users wearing HMDs are particularly
at risk of shoulder-surfing as their peripheral awareness is reduced while wearing the device
[56]. Several studies indicate that authentication methods that are resistant to shoulder-surfing
include selecting an object [56], selecting an object through eye-gaze [57], or answering semantic
security questions [58], each after scanning a personalised QR code.

The current implementation of Arigo is not susceptible to shoulder surfing. This is because no
authentication is required and no personal information is stored. However, in future scenarios,
the recording of the mixing of the substance and the provision of personalised instructions
could be implemented. To provide personalisation and protect users from misuse, authentica-
tion would be required.

5.3 Place

This subsection introduces the relevant characteristics to the topic of place. Place is concerned
with location, beyond a purely spatial perspective. It is the meaning of a space in relation to
the people who inhabit it, the activities that take place within it and its historical context.

5.3.1 Orientation with Visual Cues

As the field of view is limited by the HMD, the user needs support in orientation and naviga-
tion in the scene [59], [54]. The users attention can be guided but distraction and confusion
should be avoided and the attention should only be brought to important objects [6]. However,
the awareness of the surrounding should not be diminished as the creation of a tunnel vision
should be avoided [54]. Useful information on how to guide a user’s attention with visual cues
can be found in 360° videos as in [6]. These cues can be diegetic, part of the scene, or non-
diegetic, external to the scene in which the user is immersed. Further, the cues can be explicit,
communicated directly to the user, or implicit, indirectly guide the attention, and limiting vs.
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non-limiting the interaction of the user. Using these three distinction, a design space with three
axes can be formed to define the visual cues as in Figure 8.

Taxonomy of Visual Cues
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Figure 8: Taxonomy of visual cues given by Speicher et. al [6]

As the digital content is visualised separately from the main immersion scene, Arigo’s visual
cues are non-diegetic. If the guidance would be overlaid directly on the physical machine, it
would be diegetic. The cues are explicit because they communicate directly to the user, either
through written instructions displayed at the top, or through the syringe visualisations of the
digital twin. If instructions were presented using changing colour luminance or similar elements
to indicate where to place a syringe, the cues would be implicit. Furthermore, the engagement
of the user with the digital or physical world is not restricted by the cues.

5.3.2 Spatial Mental Models

In order to navigate our environment, we generate cognitive maps of our surroundings [7]. These
maps are personalized and based on our subjective perception of space. There are two types of
maps: allocentric, which use a reference frame that is external to the user, and egocentric, which
use a reference frame that is relative to the user [60]. The distinction between the two reference
frames can be illustrated by drawing a hiking map and then using it for navigation. The initial
stage of map creation is an allocentric task [60]. The user draws a map that is object-centred
or world-centred Figure 9. After starting a walk, the user has to transform the allocentric map
into reality and identify his initial position on the map for orientation. The user then has to
construct a representation of the route based on his current position, which is a body-centred
representation. The cognitive map, which is allocentric in nature, has to be transformed into
an egocentric model that allows the user to execute it, which requires cognitive effort [60].
Cognitive maps comprise not just physical reference points, but also digital content in AR can
facilitate their development [61]. However, spatial cues in the digital environment need to be
recognised and understood [61].
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Figure 9: Cognitive Map with allocentric view [7]

Some argue that the term cognitive maps is inadequate for the complexity of knowledge people
have about their environment [62]. The metric relation of objects or landmarks are often dis-
torted in our knowledge [62]. Therefore, the term map is unsuitable and spatial mental model
may be used instead to account for this distortion [62]. In addition, spatial mental models use
landmarks or objects to establish spatial relationships between each other for orientation in
situations where perspective is not directly stored in memory [62]. This facilitates perspective
taking and navigation from varying starting points [62]. Spatial references from objects are
crucial for providing natural language guidance [63]. When describing procedures, we commonly
use references to other objects, such as “to the left” or “on top,” [62]. In addition, it is important
to note that spatial mental models are different from cognitive maps in that they take into
account the unique experiences of an individual in a particular environment [62].

In the example of Arigo, employees have extensive knowledge of the laboratory environment,
incorporating different kind of knowledge for orientation and wayfinding. Consequently, they
form spatial mental models that incorporate spatial relationships between objects and land-
marks, which they memorise. These mental models allow them to easily create allocentric or
egocentric cognitive maps. They also form spatial mental models of the machines they use on
a daily basis. This makes it possible to give instructions on where to place the syringes and
which valves to open in relation to the machine or another object on the machine, for example:
“Place the syringe in the second opening on top and set the valve to a central position.”.

5.3.3 Spatial Link of Information Objects

There are different possibilities of spatial connection of information objects in AR [54]. They
can be direct physical information objects, this category describes physical information objects
placed in the real world. Information objects from the real world which the user perceives in a
mediated way through AR are indirect physical information objects. Information objects with
a spatial relation to the real-world but presented only digitally are spatial virtual information
objects such as in the case of digital twins. Digital information objects which are referenced
to a point or object are spatially referenced information objects such as labels. Lastly, digital
information objects which have no spatial relation and are of general nature are detached virtual
information objects.

Figure 10 shows the different categories based on the example application of Arigo. The phys-
ical machine is a direct physical information object, placed in the real-world. The digital twin,
visible through AR, is a spatial virtual information object. The labels describing the content
of the syringes in the digital twin are spatially referenced information objects. Lastly, the step
indicator on top of the digital twin is a detached virtual information object.
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Figure 10: Information objects in the example of Arigo [4]

5.3.4 Textual representation

The spatially referenced information objects and the spatially referenced virtual information
objects are usually displayed as text. There are a number of ways in which these information
objects can be integrated into AR, depending on their characteristics [64]. The complexity of
the physical environment has to be taken into account for readability, as well as the movement
of the user or the environment and the temporal properties of the annotation [64]. Furthermore,
the semantic relevance of an annotation to an object and the complezity of the annotations need
to be analysed [64]. Finally, the interaction with an annotation must be considered and how
this interaction could be facilitated, taking into account the cognitive load of the interaction as
well as the overall understanding and interpretation of the annotation [64].

In the example of Arigo, the complexity of the physical space is rather low, given the context of
the laboratory. Since all the necessary objects are prepared in advance and placed next to the
machine, the user’s movement is also limited. As the procedural task of mixing radio pharma-
ceuticals is guided step by step, the written instructions for each step disappear once the step
has been performed and confirmed by the user. As the users are experts and use the scientific
terms for the objects, the annotations are displayed on the digital object with the scientific
term. In the case of the example, it is not possible to interact with the annotations as they are
of a purely informative nature.

5.4 Activity

This subsection introduces the relevant characteristics to the topic of activity. Activities should
not be viewed in isolation. They are components that contribute to broader goals and can be
carried out in different spaces, over different periods of time and in collaboration with others.
The relationship between a person and the goals he or she wishes to achieve is complex and
influenced by the social and cultural context.

5.4.1 Presence

Augmented Reality (AR) offers an experience that is completely different from two-dimensional
scenarios, placing digital content in the physical space surrounding of the user and relating
it to the real world. The psychological state of being consciously engaged in the augmented
world is known as presence [65]. This phenomenon differs from immersion, which refers to the
extent of the capacity of technical device to provide an illusion of reality [65]. The formation of
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presence, or being present in a scene, stems from the perception of stimuli from the environment
leading to presence through cognitive processing those stimuli [65]. The mind creates a mental
representation of the surrounding environment through the stimuli, meaning that what the user
experiences as reality, or mixed reality in the case of AR, is an outcome of internal processes
and not the direct input received via the senses. [65].

Presence is also influenced by the environmental affordances, as proposed by Schubert et. al [65].
Through the established mental model of the environment, the user evaluates the actions that
can be performed in the given space. The environment is conceptualized by the user in terms of
actions. The perception of the possible actions can be divided into two categories: projectable
and non-projectable properties of action. Projectable properties define the actions that can be
taken within a space, as perceived from the environment. Non-projectable properties consist
of patterns of actions that are based on the user’s implicit memory. The mental model of the
perceived actions by the environment must be translated into bodily actions that involve the
manipulation of objects, orientation, and interaction. The existence of presence is demonstrated
by this conversion of cognitive perception into bodily action. However, this conversion must
be learned. Users must perceive stimuli from both the physical and digital environments to
establish a mental model, suppress unnecessary information, and create a spatial-functional
model. These processes require cognitive resources which easily collapse under pressure and
require awareness of the construction for it. Witmer and Singer define presence as the combi-
nation of involvement and immersion: “Involvement is a psychological state experienced as a
consequence of focusing one’ s energy and attention on a coherent set of stimuli or meaningfully
related activities and events. [Psychological] immersion is a psychological state characterized
by perceiving oneself to be enveloped by, included in, and interacting with an environment that
provides a continuous stream of stimuli and experiences.” [66].

In the example of Arigo’s step-by-step instructions, the user has to understand the instructions
given by the digital twin, which is presented through AR. This requires a lot of cognitive re-
sources for orientation and interaction, as the perceived instructions have to be translated into
bodily actions in the right place and in the right order. However, despite the high cognitive
effort required, the successful execution of the whole procedure shows that a sense of presence
could have developed if a successful translation from perceiving to bodily actions had occurred.
The stimuli provided by the digital content must also be processed through cognitive processes
into a spatial mental model, which is necessary for the development of presence.

5.4.2 Situational Awareness

Taking into account the context in which the user is located and the situation in which the
activity is taking place is crucial in order to understand the need for situational awareness.
Applications such as Pokemon Go have shown that users are easily distracted by AR, leading to
many accidents. Especially in dangerous environments, situational awareness of the surround-
ings is important to prevent accidents. AR can be a source of distraction, as shown in a study
of drivers wearing an HMD [49]. Due to reduced attention caused by the use of AR, important
signs and other elements of the road were missed [49]. This is a phenomenon often seen in HMD
applications, called information tunnelling, attentional fixation or cognitive tunnelling [67]. In
this case, attention is drawn to one channel of information, mostly derived from the digital
overlay, for longer than is ideal, neglecting another channel of information [67]. Not only does
the information tunnel reduce attention in peripheral vision, but it is also shown that objects
in foveal vision are missed as users focus too intensely on other elements presented in the HMD
[67]. Cluttered displays exacerbate the problem of inattentional blindness as well as when ob-
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jects are not presented within the scene of the environment [67]. Objects should be anchored
in the real world, blending digital and physical information, to avoid a dominant perception of
digital content [68]. Furthermore, visual cues can draw attention to a particular object, leading
to the neglect of other objects in the scene [67].

However, there are also studies where situational awareness could be enhanced by the provision
of information about the environment that the user would not naturally be able to see [49].

In the example scenario given by Arigo, the need for situational awareness is high, as the users
are in a laboratory where radio pharmaceuticals are being produced. However, the application
does not have any features that would increase the level of situational awareness. The informa-
tion presented by digital means is minimalist, which could also have the effect of increasing
situational awareness, as it could be perceived as not being distracting. Nevertheless, the digital
information does not blend in with the real environment, as it is presented on a digital twin
that is displayed on top of the physical object. By focusing too much on the digital overlay of
the HMD, this could lead to an attention tunnel.

5.4.3 Fatigue

When using AR, the user’s sensory and cognitive effort is higher due to the additional infor-
mation provided. This can lead to increased cognitive load and fatigue [54]. A potential cause
of fatigue is the switch between different focal distances and contexts of digital content overlaid
in AR and the real world [59], [69]. There is also a difference in the increase in fatigue between
the two HMD technologies, video see-through (VST) and optical see-through (OST) [70]. OST
devices are prone to the problem of virtual images not being projected correctly, leading to
perceptual errors that cause fatigue [70]. Headaches, eye strain or difficulty focusing after wear-
ing an HMD are also associated with fatigue, often referred to as oculomotor problems [71].

Arigo’s example scenario reported an average completion time of around four minutes [4]. Wear-
ing a HMD for this short duration is unlikely to cause fatigue. Nonetheless, the augmented
reality (AR) visualisations may increase cognitive load and could lead to potential fatigue.
However, no results have been reported or measured concerning this. It would perhaps be of
interest to see the contrast in the fatigue levels between the two models, displayed in both 2D
and 3D.

5.5 Community

This subsection introduces the relevant characteristics to the topic of community. Community
refers to individuals in relation to a particular place. The focus is on how a specific community
utilizes technology or a physical location to achieve their objectives. It is closely tied to the
notion of place, which derives its meaning over time from the activities of the community.

5.5.1 Information Asymmetries

As AR superimposes information on the real world, the local spatial dimension needs to be
considered in terms of the norms and values of a community inhabiting it [72]. It has the power
to change the meaning of a space by adding information with mental, physical or communicative
effects [72]. It alters social interactions in public or private spaces, creating new power relations
between users and non-user [72] as in the example of Pokemon Go (Figure 11).
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Figure 11: Example of Pokemon Go which creates information asymmetries with the use of
AR in public spaces [§]

Users have digital overlays of the real world that differentiate them experientially from non-
users, but still intervene in the experience of non-users [72]. Users’ experiences can also be
differentiated through personalised content. All forms lead to information asymmetries between
people and the construction of experiential bubbles [72]. AR’s additional digital content to the
real environment can introduce new spatial meanings to a place, potentially leading to the
creation of cognitive distance from experiencing space by focusing only on the superimposed
digital content [72]. As a result, people are no longer engaged in a shared experience of a place,
changing the social norms of that place with implications for social life [72].

The introduction of AR in a laboratory with Arigo is relatively new, as there are few use cases
in such a regulated and sterile environment. It has the potential to impact social interactions
among employees in the laboratory. The wearing of an HMD can create a barrier to social
interaction, introducing new communication obstacles. Additionally, employees using an HMD
receive more guidance than those following paper-based instructions. The application has also
the potential to provide customised content for each employee, supporting their specific require-
ments and highlighting certain steps for additional assistance. It is crucial to investigate the
situational awareness of users as focusing solely on digital content could reduce their awareness
and create hazards in the laboratory.

5.6 Time

This subsection introduces the relevant characteristics to the topic of time. The concept of time
concerns the recording of data for a visualization and its display, as well as the relationship
between these two moments. Additionally, time can be considered beyond pure objectivity or
subjectivity and instead be viewed as socially constructed, defined as Social Time. Further, it
also encompasses temporal relevance which considers social norms, activities and conventions
regarding to time.

5.6.1 Temporality of objects

When analysing the temporal aspect of objects in AR it is important to distinguish the several
elements and categorize them according to their spatial link [54]. For example, direct physical
information objects are placed permanently in the real world and only disappear when the user
moves away from them. Nonetheless, the temporal relevance of the object may differ from its
presence. Temporal relevance can be combined with the temporal appearance for digital objects,
which is not possible for physical objects. Procedural tasks are characterized by discrete steps
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that must be performed in a specific order [54]. Therefore, the information objects are subject
to discrete changes as the information objects, or at least some of them, will change with each
step of the task that is performed [54].
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Spatially AT e g
informatic

Figure 12: Information objects in the example of Arigo [4]

An analysis of Arigo’s information objects with their spatial link in relation to their temporality
shows that there is a need for further distinction. For example, the spatial virtual information
object does not change completely with each discrete time step. However, some elements in
the information object do change because some syringes have to be placed on the machine.
Similarly, the detached virtual information object, shown as a step indicator at the top of the
digital content, does not disappear throughout the process. However, within the information
object the content changes at each discrete time step.

5.7 Potential Evaluation of the User Experience

The example of Arigo provides the opportunity to analyse the user experience from a number
of different points of view. As it is used in the lab, situational awareness is important. It is
important to be aware of potentially dangerous situations and to avoid tunnel vision of the
digital content. Therefore, it should be analysed whether the digital content requires too much
focus from the user and how the situational awareness is. As the employees will wear the HMD
for a longer period of time for the creation of several mixtures, the physical effort for the per-
ception of the digital content through AR should be taken into account. Wearing an HMD for
long periods of time can cause fatigue and reduce concentration. The symptoms of simulation
sickness, such as fatigue and tired eyes, should therefore be assessed.

As the user moves in the space, the legibility of the text annotated instructions should be
analysed. Lighting conditions are not always the same, as employees also work at night. This
also needs to be considered when evaluating the user experience.

5.7.1 Classification of Visual Realism of Digital Twins

Digital objects in augmented reality (AR) can have different levels of complexity in visual re-
alism, depending on the technical complexity and intended use [73]. The level of visual realism
has to fit to the intended task to reach the desired effect of the digital object as this has an
influence on immersion and presence [73]. Schmied-Kowarzik et al. [73] have developed a visual
realism classification scale (VRCS) in order to classify digital objects, such as digital twins, on
the basis of their visual realism. Based on several studies, they account for several factors which
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influence perceived visual realism of digital objects and analyse the objects based on shadow,
light, texture, and form complexity of 3D models. Each category was scored on a scale of 0-2
and the sum of all categories determined the visual realism of the object, ranging from 0 (not
resembling a real object) to 10 (highly realistic).

o Soft shadows are considered more realistic than hard shadows, leading to a rating system
for the shadows of digital objects which includes (0) no shadow, (1) hard shadow, or (2)
soft shadow.

o Regarding light, the classification consist of (0) absent light, (1) general environmental light,
or (2) directional light.

e The quality of texture used for rendering plays a crucial role in defining the digital object’s
appearance. It is defined in the VRCS as (0) no intentional colour, (1) intentional colour,
(2) colour that shows a pattern and an additional attribute (1) if the texture appears 3-
dimensional.

e When the number of polygons used for rendering is reduced, it is possible to change the
form of the object. The VRCS defines the form as either (0) unintentionally shaped, (1)
intentionally shaped, or (2) includes detailed shape adjustment.

Different levels of visual realism have different effects depending on the chosen scenario. As for
example in exposition therapy to treat acrophobia (fear of heights) in virtual reality, people
without phobias perceived a difference in presence depending on the visual realism where as
people with phobias show lower difference in presence in the varying visual realism scenarios,
indicating that emotions have an influence on perceived visual realism and presence [74].

Some researchers argue that high visual realism can distract users and reduce performance [75].
However, recent research shows that the desired level of visual realism depends on the task and
no general recommendation can be made about visual realism [75]. The results suggest that
when digital objects are used for shape learning, high levels of visual realism are appropriate
[75]. However, when digital objects are used for learning processes and abstract knowledge,
lower levels of visual realism seem appropriate [75]. To further evaluate if the right level of
visual realism is chosen, more metrics from attention, cognitive load or eye gaze may provide
useful insights [75]. When the level of visual realism of digital objects is excessive, attention to
detail is very high [75]. This could be shown by analysing gaze and attention. In addition, the
cognitive load will be increased if the level of visual realism of the digital object is too low or
too high [75].

5.7.2 Effectiveness of Guidance Methods

Mental models can be assessed using five techniques, namely problem solving, verbal report,
drawing, categorisation and conceptual pattern representation [76]. To evaluate a spatial mental
model, the technique of drawing in combination with verbal report seems to be appropriate
[77]. This allows the user to draw the spatial references they use for orientation and to verbalise
the relationship between the different objects. It can then be assessed whether the orientation
instructions given correspond to the users’ spatial mental models. The drawn spatial mental
model can also be used to evaluate whether the spatial links of the information objects are
appropriate, as users visualise the spatial reference of the objects they have in mind.

As mental models differ significantly across user groups, it is essential to conduct careful eval-
uations of the target user group to ensure the intended application is designed with the ap-
propriate mental model [78]. This, in turn, ensures that the application aligns with end-user
mental models, making interactions less cognitively demanding [78]. The cognitive load of the
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instructions can be assessed with the questionnaire developed by Leppink et al. as in Table 1
[28]. Tt measures the intrinsic load (the complexity of the task and the prior knowledge of the
user), the extraneous load (instructional features that are not suitable for learning) and the
germane load (instructional features that are beneficial for learning). With a ten-item survey, it
can be assessed whether the instructions match the knowledge level of the target user group and
which elements are advantageous or disadvantageous for learning [28]. The distinction in the
cognitive load could also indicate whether the temporal aspects of the step-by-step instructions
are being used in an appropriate way.

Question Load
1 The topic/topics covered in the activity was/were very complex. intrinsic
2 The activity covered formulas that I perceived as very complex. intrinsic
3 The activity covered concepts and definitions that I perceived as very intrinsic
complex.
4 The instructions and/or explanations during the activity were very un- | extrinsic
clear.
) The instructions and/or explanations were, in terms of learning, very extrinsic
ineffective.
6 The instructions and/or explanations were full of unclear language. extrinsic
7 The activity really enhanced my understanding of the topic(s) covered. germane
8 The activity really enhanced my knowledge and understanding of sta- [ germane
tistics.
9 The activity really enhanced my understanding of the formulas covered. | germane
10 The topic/topics covered in the activity was/were very complex. germane

Table 1: Questionnaire items to measure cognitive load by Leppink et al [28]

5.7.3 Analysing the Semiotics of Space

By incorporating digital content into real-world environments, we have an impact on the mean-
ing of physical space, subsequently altering human behaviour and attitudes [79]. This influence
can be examined analysing the semiotics of space [79]. Semiotics examines the interaction of
humans with their environment by analysing their perception of sign and objects in space, the
need for interpretation by the interpretant, leading to actions, forming the chain of interpreta-
tion as defined by Méa&ttanen (Figure 13) [9], [10].
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Figure 13: Semiotic triangle defined by Miéttanen [9], [10].

Semiotic analysis uses qualitative techniques commonly used in the social sciences [80]. By
conducting interviews, it is possible to categorise and label the relevant features that contribute
to the transformation of the meaning of space [80]. Ishizawa et al. propose a categorisation into
seven domains to analyse the semiotics of space: Living Things, Objects, Landscape, Informa-
tion, Institution, Occurrences, and Transmedia Storytelling [80].

o Living things primarily concern humans with whom we form relationships and build empathy.

o Objects refer to physical or digital entities that exist in either the real or virtual space. Both
should respect physical laws and provide a sense of reality. People show emotions towards
objects, especially in social interactions. In addition, the authentic value of an object must
be considered, which is the reason for its existence.

e Landscape analyses the empathic and aesthetic value of a user in relation to a space, in
particular the realism of the space.

o Information is typically superimposed in augmented reality (AR). The authenticity of the
information presented is crucial for building trust. Therefore, the authenticity of the text in
relation to its placement must be analysed, as well as its persuasiveness.

o Institutional mechanisms, such as the currency system or social norms, shape our daily lives.
AR can alter or highlight human attitudes and behaviours through social influence, consid-
ering the ideological and authentic value of the form of influence in AR.

e Occurrences can evoke strong emotional experiences that users remember. These emotions
can be generated by ideological messages or by increasing the positive value of a space.

o Transmedia Storytelling can increase the sense of objects being present in the real scene
by providing information through multiple means, evoking emotions and enhancing their
positive value.

By using this method it is possible to analyse the visible, behavioural, interactive and factual
aspects of a given space, thus influencing the interpretation of the environment and social re-
lations. Further, it is also possible to analyse visual cues used in AR. The perception of a visual
cue (sign) and its interpretation can be examined by interviewing the user and analyse the
followed action of the interpretation. Combined with spatial mental model analysis, it provides
more detail if the visual cues are linked correctly, which also influences interpretation and the
resulting action.

5.7.4 Readability of Annotations

To evaluate the readability of text annotations in AR most researchers define their own ques-
tionnaires for subjective feedback [81]. Objective data is gathered through performance mea-
surement such as idendification of the correct letter or words displayed [81] such as [82], [83],
[84]. As there is no standardized instrument the results can’t be compared among the studies,
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as well as it does not analyse why text is not readable. For this an in-depth analysis is neces-
sary based on the introduced characteristics for annotations. The following questions should be
posed in order to evaluate the user experience for text annotations:

How complex is the environment where the text annotation is placed?
How and when does the user move in the environment?

When is the text annotation needed?

What is the semantic relevance of the text annotation to an object?

Gl W=

How complex is the text annotation itself?

Further information could be derived from a cognitive walkthrough conducted by an expert
to analyse the above points, as well as to analyse whether the content is visible and the text
readable given the lighting conditions of the environment.

5.7.5 Level of Situational Awareness

Many Situational Awareness (SA) questionnaires come from the military and focus on combat
situations, such as the Quantitative Analysis of Situational Awareness (QUASA) [85] or Situa-
tional Awareness Rating Technique (SART) [86]. In addition, many SA questionnaires are used
in general aviation, where SA is extremely important and operators need to be aware of many
elements in their environment, notice changes immediately and react to them very quickly [81].
Many of these questionnaires are not suitable for use in the private sector due to their specific
application and questions. However, due to the lack of alternatives, many researchers use these
questionnaires and modify the questions according to their scenario [81]. Further information
for SA could also deliver questionnaires in the field of presence, as many of these also account
for attention, engagement and immersion. More information can be found in the chapter of
Presence.

In addition to questionnaires, there are several other ways of analysing people’s SA [87]. The
Freeze Probe Technique freezes the scenario in a certain situation and analyses the SA by asking
specific questions. However, this method is very intrusive and unnatural. A less intrusive but
similar technique is the Real-Time Probe Technique, which also asks questions about the SA but
does not freeze the scenario. Questionnaires can be used in Self-Rating Techniques or Observer-
Rating Techniques. Eyetracking can also be a useful tool for SA, as it provides information
about the user’s gaze and where their attention was. Further, performance data as time-to-
completion or reaction-time to a specific event is often measured to evaluate SA [81], [88].

5.7.6 Evaluation of Presence including Situational Awareness

Presence is a complex construct that requires a number of different elements. To account for
different variables, questionnaires must consider multiple elements. A recent example of a pres-
ence questionnaire is presented by Georgiu and Kyza, the Augmented Reality Immersion (ARI)
questionnaire [89]. It considers a user’s engagement, engrossment and immersion in AR. En-
gagement includes items related to interest and usability, engrossment relates to emotional
attachment and focus of attention, and immersion relates to presence and flow. It is a poten-
tially useful tool that covers a number of aspects and can provide useful cues for situational
awareness, by including usability and attention. The Mixed Reality Experience Questionnaire
(MREQ) has also been developed specifically for mixed reality experiences [90]. It assesses how
well the digital world and the physical world blend together, but it does not include items such
as attention or usability.

The Igroup Presence Questionnaire (IPQ) is a widely used tool in virtual reality (VR) that
assesses spatial presence, involvement and experienced realism in a virtual environment [65].
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Although it was developed for VR, many items could be used in AR or need slight adaptation
to adhere to AR. The IPQ is based on the work of Witmer and Singer, who developed the
Presence Questionnaire for Virtual Environments (PQ) [66]. Although designed for VR, the PQ
could provide interesting insights for AR applications as it also takes into account involvement,
interface awareness and reality. It also provides an assessment of a user’s immersive tendencies
that is unrelated to the specific scenario. This information could also provide interesting infor-
mation and correlations to the results of the general PQ.

5.7.7 Level of Fatigue after Task Execution

The level of fatigue is commonly measured through Simulator Sickness Questionnaire (SSQ)
mostly used in VR [71]. The subscale Oculomotor includes items measuring fatigue, eye strain
and difficulties in focus. However, the SSQ was developed in 1993, therefore many researchers
think its application is no longer up-to-date as technology has changed completely since then.
Never-the-less, it is still used heavily as it measures relevant factors of motion sickness intro-
duced by technology.

More detailed information on the symptoms of AR exposure delivers the Virtual Reality Symp-
tom Questionnaire (VRSQ) as in Figure 14 [11]. Even though it was developed for the applica-
tion in virtual reality, many symptoms can also be found in the use of AR. The more detailed
results on what symptoms occur after wearing an HMD could provide interesting insights and
stimulate discussion on how to improve digital content to reduce symptoms. For example, if
many participants report eye fatigue, eyestrain and difficulty focusing, it is likely that too many
switches between focal distances are required to complete the task. This may indicate the need
for a better visualisation that requires fewer switches and a more natural integration of the
digital content into the physical space.
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Figure 14: Virtual Reality Symptom Questionnaire (VRSQ) [11].

5.8 Conclusions

The analysis shows that, depending on the user’s needs and the context in which they are
placed, AR can be a powerful technology to support users in different ways. Perception and
spatial learning can be influenced by the visual realism of a digital twin, as well as the way it
is presented in 2D or 3D. Furthermore, a higher level of visual realism does not always lead to
better results. The display and presentation of the digital twin is also dependent on the lighting
conditions in the environment. This, as well as the background of the digital content being
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presented, should be considered to ensure readability and appropriate perception. The varying
levels of visual realism can also affect users’ situational awareness, making them more prone to
shoulder surfing as they are less aware of observers around them. Furthermore, reduced situa-
tional awareness can lead to a higher risk of accidents and distraction, known as information
tunnelling. It is therefore important to blend the digital content with the virtual environment
to reduce the dominant perception of only the digital content. A higher level of blending could
also lead to a higher sense of presence, which is defined as being consciously engaged in the
augmented world. To achieve this state, the spatial connection of the digital content should also
be considered in order to anchor the elements appropriately in the real environment and not to
disturb the spatial mental model of the users. Visual cues can also disrupt presence if they are
not properly integrated. It is important to consider how they are integrated, either as part of
the scene or outside of immersion, and whether they are communicated explicitly or implicitly.
As the example of Arigo is a procedural task, the user’s work steps are discrete in nature.
Therefore, the information provided is typically discrete as well, reducing the complexity of
when information is relevant to the user in the development of the application.

While AR with HMDs offers a lot of possibilities, it can also lead to problems. The augmen-
tation of the real world can result in increased cognitive load, leading to fatigue. In addition,
prolonged use of an HMD could lead to perceptual errors, resulting in other symptoms known
as oculomotor problems. People wearing HMDs may also change the meaning of a place by
creating experiential bubbles, or change the social interaction of places.

Figure 15: Example of Arigo and relevant characteristics for scenario analysed in this thesis

Figure 15 shows which elements are evaluated independently in this analysis based on the sce-
nario of Arigo.

1. The digital twin can be analysed in terms of its visual realism and suitability for the task at
hand. The complexity of the digital twin must be taken into account, as well as the user’s
attention to detail and the resulting cognitive load.
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2. Visual cues can be analysed to determine if the spatial link is appropriate, and the user’s
interpretation can be assessed.

3. The spatial mental model provides information on whether the spatial reference in the in-
structions is appropriate and how much cognitive effort is required to interpret the instruc-
tions.

4. In order to analyse the readability of AR text, it is necessary to take into account the com-
plexity of the text, its relevance and the consideration of the environment.

5. Analysis of fatigue after wearing an HMD can provide insights depending on the user’s
Symptoms.

6. Presence provides more information about a user’s engagement, involvement and immersion,
as well as the blending of digital and physical worlds.

7. Semiotics of space can reveal information asymmetries introduced by AR in spaces, as well
as changes in the meaning of space for users, resulting in different behaviour and interaction.

8. Situational awareness analyses the user’s attention and whether awareness of the environ-
ment is still present.

Many elements influence the UX in AR, as the analysis of the chosen scenario for the HMD
application shows. The evaluation of these factors can be carried out independently or in com-
bination in order to obtain a holistic view of the UX, and sometimes a combination of the two
may be required. There are cases where a combination of methods may be necessary because
the results are interrelated and only a combination of approaches can effectively analyse the
root causes of certain findings. An example of such an analysis can be seen in the evaluation of
visual cues. In order to accurately evaluate visual cues, it is necessary to combine the analysis
of the spatial mental model and semiotics of space. These two approaches are interrelated and
affect one another. It can be analysed how a visual cue is perceived, what the interpretation
is by the followed action. If combined with the analysis of the spatial mental model it can be
analysed if the spatial cues is linked incorrectly, therefore leading to different perception and
interpretation.
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6 Subject 2: Mobile Augmented Reality

In this section, the example application for mobile augmented reality and its relevant charac-
teristics are introduced on the basis of the term situatedness. The characteristics are discussed
in terms of their theory and relevance to the scenario. Potential evaluation techniques are pre-
sented for each aspect, followed by an overall analysis of the scenario, its characteristics and
potential evaluation techniques.

6.1 Example Application - feey

Mobile Augmented Reality can be a useful way to visualise products in the physical space and
help users make decisions through simulation [91]. Elements can be analysed based on aspects
such as size, appearance and integration into the real world. The online shop feey provides such
an example for buying plants as illustrated in Figure 16.

Figure 16: Mobile AR application of feey to support users purchasing plants in collaboration
with an expert

The AR application of feey is used in consultation session with an expert to find the right
plant for the user. It is a web application which allows to have a video call with the expert
and at the same time show the environment of the user. In collaboration, the expert and the
user can discuss the settings of the room as well as the needs of the user regarding plants. Both
participants can see the same scene on their mobile device to foster communication. Further,
they can select various plants and place them in the room to analyse their appearance. The
expert can support the user in the selection of plants regarding their suitability of the different
environmental properties. They can discuss together through the visualisation on the mobile
device the preferences and suitability of the plant, simplifying communication and decision
through simulation.

For the scenario presented, several points are relevant to consider for the user experience. These
points are categorised based on the notion of situatedness. Figure 17 gives an overview of the
characteristics that are relevant and have been selected for the analysis of the given scenario.
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Figure 17: Overview of relevant and chosen characteristics for the scenario of feey, categorized
by the term situatedness

6.2 Space

This subsection introduces the relevant characteristics to the topic of space. Space encompasses
the physical environment and its digital content. It refers to the spatial representation of infor-
mation, including its properties and characteristics in three-dimensional space.

6.2.1 Manipulation of digital objects

Digital objects in AR can be manipulated in 6 degrees of freedom (6-DoF) [92]. The 6 degrees
can be divided into translation and rotation. Translation moves an object along the x-, y- or
z-axis of space, while rotation turns an object around its own axis for all three axes. These
are also referred to as yaw (turning the object around its own z-axis), pitch (rotation around
the x-axis) and roll (rotation around the y-axis). Further interactions can be made by selecting
and scaling objects. All these interactions pose some problems, especially in mobile AR, as the
interaction is usually done through touch gestures on the screen, where the fingers cover a large
part of the screen [93]. Furthermore, the need to control multiple DoFs can make the interaction
uncomfortable and complex [94].

Several solutions to this problem have been proposed. Cohe et al. [95] suggests touch sliders
on the screen for translational movements, the inertial sensors of mobile devices for rotational
movements and scaling by pinching two fingers. Mossel et al. [92] propose a solution for 3-DoF
by selecting and holding an object by touch on the mobile device and moving the object along
the x and y axes. To move the object on the z-axis, the mobile device must be tilted so that it
is over the object (Figure 18).
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Figure 18: Select and hold object, moving finger up and down for translation on x and y-axis,
tilt device for translation on z-axis.

Monteiro et al. [96] link the manipulation of digital objects to tangible objects. The scaling of
objects can be tied to a physical slider that controls the size of the digital object (Figure 19,
top). Rotation around its own z-axis can be controlled by turning a coffee cup, while translation
movement can be bound to a plate that acts as a steering wheel, familiar from steering a car
(Figure 19, bottom).
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Figure 19: (top) scaling of object bound to a physical slider, (bottom) translation of object
bound to a plate acting as a steering wheel

In the example of feey, only 3-DoF need to be controlled. Movement along the x and z axes,
as the plant should not float in the air or under the ground, and rotation along its own y axis,
as it should stand vertically on the ground without tilting. There is also no need for scaling,
as the virtual plant should be the same size as it is in the real world. The interaction in the
application is implemented with a select and hold approach, where the plant can be selected
and moved around the room by holding it down.

6.2.2 Spatial Perception of 3D Objects

Spatial perception in AR is the accurate perception of size, position, distance and orientation
of objects in the real or virtual environment [59]. Colour, luminance as well as the relative
difference to the background can affect depth perception [97]. When an object’s colour appears
warmer, it is perceived as closer than when it is colder [14]. This effect is particularly pronounced
when the object is 2-dimensional, whereas the effect is smaller for 3-dimensional objects in AR
[14]. The fidelity of the object also influences depth perception, with low fidelity being more
influenced by colour and luminance [14].

Perception in AR is well studied, especially in the area of head-mounted displays [97]. An analy-
sis shows that results are not transferable between HMD AR, Mobile AR and VR [97]. Depth
perception is influenced by different variables, while each technology has its own characteristics
that influence depth perception [97]. Furthermore, the results of depth perception of 2D and
3D objects vary, indicating that the properties of the two different renderings have an influence
on the perception [97].
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Figure 20: Placement of plant in room as high-fidelity 3D model

Spatial perception is important in the example of feey as users place plants int their environment
to analyse their look for purchase decision.The plants presented as 3-dimensional objects, which
are mainly green, with varying shades of green as seen in Figure 20. As green often appears
cooler, this can lead to distortions in depth perception. Furthermore, the background for the
plant placement cannot be influenced, as it depends on the environment from the user. It can
therefore be assumed that this could also distort the depth perception of the 3-dimensional
plant as relative brightness and colour depends on the background. Lastly, also the colour of
the pot could influence perception.

6.3 Place

This subsection introduces the relevant characteristics to the topic of place. Place is concerned
with location, beyond a purely spatial perspective. It is the meaning of a space in relation to
the people who inhabit it, the activities that take place within it and its historical context.

6.3.1 Visual References for Collaboration

In collaborative tasks, groups usually try to establish common ground or grounding [98]. It is
the shared understanding of a task or an environment by means of verbal or non-verbal ac-
knowledgements [98]. To build a common understanding of the task within the group, successful
grounding is important [99]. In collaborative AR, grounding can be achieved through references
to objects or items in the space that are visible to all participants. Those references can either
be general (e.g. “north”), definite (named entities), detailed (e.g. “the blue ball”) or deictic (e.g.
“that one”) [98]. Collaborative AR is particularly useful for deictic references as they simplify
the production of communication with the principle of least collaborative effort [98]. However,
to be able to use deictic references, the objects in AR need to be visually referenced [100]. This
can be achieved by manual highlighting of objects by the user [101], shared eye gaze [102] or
head gaze [103], indicating finger pointing [102], indicating with annotation [104], or by moving/
placing objects in areas with spatial meaning [98]. This highlights the referenced object for both
users, allowing deictic reference [98]. Without knowing which object is being referred to, the
sentences with deictic reference make no sense [105].
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Figure 21: Options for creating visual reference in AR

Figure 21 shows different options for visual reference: (a) the user’s eye-gaze is shared [102] (b)
the user’s hand gesture is shared [102] (c) the eye-gaze from (a) and the hand gesture from (b)
are combined [102] (d) objects can be manually highlighted with a coloured square around the
object [101] (e) manual annotation of an object with a circle by hand interaction [104] and (f)
manual annotation of an object with an arrow by hand interaction [104].

Eye-gaze can be used not only to improve communication, but also to convey implicit informa-
tion such as what the user is thinking [106] . Such as in the example of support in coding from
an expert [106]. Implicit information is conveyed by the shared gaze of the students, which tells
the expert which part of the code the user is analysing. They also implemented sharing the
user’s cursor, which conveys explicit information as the user can move the cursor deliberately
to communicate. Several studies show that such tools facilitate simpler communication in col-
laborative environments and also reduce the number of misunderstandings [106], [98]. However,
depending on the task, eye-gaze is not always the best option for creating a visual reference,
as shown in the example of repairing an engine using AR [102]. Users had to repair an engine
with the help of an expert who either used eye gaze, hand gestures or a combination of both
as shown in Figure 21 (a), (b) and (c) [102]. The results show that with superimposed hand
gestures, participants were able to complete the tasks faster and provided more information
for the assembly of the parts. With eye gaze, they reported missing some information because
they did not know how to manipulate the objects. These studies show that visual cues need to
match the task and the knowledge level of the target user group.

The Feey example offers the possibility of successful grounding because it places virtual objects
in the user’s real environment, visible to both expert and user. In addition, deictic references
can be used by the participants, but the elements are only highlighted when they are held
and moved around in the environment. As the end user’s video camera is streamed to the
expert, manual highlighting of objects could also be done by the user by moving the camera to
a particular object. However, the application could also potentially use other means to make
communicating easier and more efficient. Eye gaze could be a useful way of analysing where
the end user is looking, which could be an indication of potential spatial thoughts in relation
to the plant. It could also be useful to use annotations to draw in the environment to discuss
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elements in the room with deictic references rather than explicit references, which can be prone
to error.

6.3.2 Intrusiveness

Augmented reality can raise feelings of intrusiveness and privacy concerns for several reasons.
Firstly, the user has to give the camera access to the application in order to use AR functional-
ity, which can lead to a reduced sense of control and increased intrusiveness [107]. Secondly, the
camera films the user’s surroundings and superimposes digital objects on the environment in
real time, which could feel intrusive and lead to negative emotions as it is perceived as intruding
on the user’s physical world [107]. These concerns would also reduce spatial presence, as the
use of AR is perceived as a risk of vulnerability [108]. The reduction in spatial presence further
reduces the decision comfort of AR mobile shopping applications [108].

Studies show that people perform a cost-benefit analysis when using AR applications, analysing
whether the benefits of using AR outweigh concerns such as privacy and intrusiveness [109]. In
most cases, the benefits seem to outweigh the concerns, especially for applications that place
objects in the user’s physical environment to assist with shopping [109]. Smink et al. [107]
compared an AR and a non-AR application for furniture shopping. The AR application was
perceived as less intrusive, more enjoyable and more immersive than the non-AR experience.
The authors argue that with AR the purpose of the application, to sell products, is more hidden
than with non-AR applications, leading to more enjoyment, which reduces intrusiveness.

Feey’s example scenario aims to help people buy plants for their home using AR and video
chat with an expert. As the user has to film their personal home and show it to a stranger,
this could lead to feelings of intrusiveness. However, since the user actively chooses to have this
expert discussion with an AR app, it can be assumed that the attitude towards AR is positive,
which means that the benefits of using AR are perceived as higher than the costs. Therefore,
it may also not reduce the spatial presence, which supports the decision comfort for the shop-
ping assistance. Furthermore, as shown in the study by Smink et al. [107], AR applications for
furniture shopping assistance are perceived as less intrusive than traditional non-AR shopping
applications. Therefore, it can be assumed that intrusiveness and privacy concerns are low and
do not affect spatial presence.

6.4 Activity

This subsection introduces the relevant characteristics to the topic of activity. Activities should
not be viewed in isolation. They are components that contribute to broader goals and can be
carried out in different spaces, over different periods of time and in collaboration with others.
The relationship between a person and the goals he or she wishes to achieve is complex and
influenced by the social and cultural context.

6.4.1 Decision Support System

Decision making is a complex process that requires cognitive effort to process information, es-
pecially when large amounts of data are present, which can lead to poor decisions [110]. To
reduce the cognitive load, augmented reality can be a good solution. It allows the user to load
an ezxternal memory rather than using their own memory capacity [91], [111]. The visualisation
should be spatially situated in order to improve the sense and decision making [91]. Through
the relationship of the visualisation and the environment in which it is placed, the user can
gain meaning through the combination and relationship between the two [112]. The information
presented can then be analysed based on contextual data, leading to better decision making and
also reduced cognitive load [91], [110], [111]. The digital information is embedded in the envi-
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ronment and can be moved naturally within the physical environment, leading to an increase
in decision comfort [113]. As a DSS in combination with AR is not tied to a screen, it falls into
the category of pervasive computing.

Decision Support Systems (DSS) can have different drivers as a basis [112]. For example, Mar-
ques et al. define five drivers [112]: model-driven (based on simulation models), communication-
driven (supporting collaboration), data-driven (facilitating access to data), document-driven
(managing information) and knowledge-driven (providing expertise). The information provided
by the DSS can reduce uncertainty, either actively, passively or interactively [114]. Active and
passive are distinguished by whether the user has to actively search for new information or
whether the information is passively received, for example in reviews [114].

The Feey example provides a DSS with multiple drivers. As it shows a simulation of the plant
in the real environment, it is a model-based DSS. In addition, it is a communication and
knowledge-based DSS because of the collaboration with experts, which allows for professional
expertise. The visualisation of the plant is 3-dimensional and can be moved around the room on
the digital devices, allowing different placements and views to be compared. The visualisation
allows the user to understand how the plant looks in the room and how it fits into the space.
In addition, by communicating with the expert, the user can get more information to help him
or her decide which plant to buy.

6.4.2 Cognitive processing of Information

People seek, represent, process and retrieve information in different ways, which can be reflected
in cognitive styles [115]. A popular distinction in cognitive styles is the Visualiser-Verbaliser
(VV), which differentiates the processing and representation of information either visually or
verbally [115]. People with a preference for the visualiser style use mental imagery and spatial
representations to process information [116]. In comparison, the verbaliser style prefers words
and linguistic representation of information [116]. The visualiser type can be further divided
into spatial and object visualisers [116]. Spatial visualisers construct mental images to represent
spatial relationships between objects, whereas object visualisers construct vivid and detailed
mental images of objects [116].

Research shows that the performance and satisfaction of applications, as well as the effective-
ness of object representation, is influenced by the VV cognitive style preference [115], [108].
Verbalizers benefit more from AR because they can rely less on their mental imagery than
visualizers [108]. Object visualisers also benefit more from AR than spatial visualisers [111].

For the Feey example, verbalisers can be expected to benefit more from placing AR plants in
their environment. Visualisers, especially spatial visualisers, are likely to rely more on their own
mental imagery. However, with the combination of the video call functionality with an expert,
further benefits are possible for this group.

6.4.3 Ergonomics issues of AR applications

Interaction with AR is a broad topic, especially considering the different technologies that allow
for different interaction possibilities. In mobile AR, interaction is usually done by manipulating
the digital objects on the screen of the mobile device [12]. However, there are several other
possibilities such as the use of different sensors like accelerometers or gaze tracking. All these
possibilities have different effects on the body and its posture [12]. It is therefore necessary to
consider human factors and ergonomics (HFE) when developing an AR application [12]. Poor
posture over a long period of time can lead to pain and affect performance and satisfaction as
illustrated in Figure 22 [12].
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Figure 22: Bad body posture through the use of AR which can lead to pain [12]

When interacting with mobile AR for long periods of time, users usually sit down to stabilise
the mobile device [117]. Otherwise, posture support should be provided [12]. Further issues can
regarding ergonomics could be fatigue due to extended use of the application, pain due to heavy
devices, or difficulty manipulating the digital objects through the screen [31].

In the case of the AR application of Feey, the expected interaction time is longer. The user has
an appointment with an expert to discuss the suitability of different plants for the given space.
A smartphone or tablet is used to facilitate the video call. As the room needs to be scanned
at the beginning and the different plants need to be placed in the room using AR later on, the
user needs to hold the device in front of their body for a longer period of time. Also, to see the
plants from different angles, the user has to walk around the room to analyse the appearance.
All of these factors can lead to poor posture, causing pain and fatigue. It should be considered
how the user could be supported regarding ergonomics in the use of the application.

6.5 Community

This subsection introduces the relevant characteristics to the topic of community. Community
refers to individuals in relation to a particular place. The focus is on how a specific community
utilizes technology or a physical location to achieve their objectives. It is closely tied to the
notion of place, which derives its meaning over time from the activities of the community.

6.5.1 Communication with Simulation

Augmented Reality makes it possible to place virtual 3D objects in a real environment and to
share this experience digitally with other people [118]. This enables multi-party collaboration
and communication of potential design interventions in the environment [118], [119]. Users can
use AR to illustrate their design ideas and show their impact [119]. It allows them to visu-
ally share their point of view (POV), which is essential for social decision-making [120], [119].
This enables effective communication between different parties, as other participants can gain
contextual information about the design intervention and understand the circumstances [120].
Shared understanding with the support of in-situ visualisations improves the chances of better
decision making [118]. Also in an expert-novice planning process, situated visualisation can
improve decision making [120]. The expert gains a richer experience of the location, enabling
informed recommendations [120]. Meanwhile, the user can share their environment and provide
relevant contextual information to the expert [120].

Studies of collaborative environments in virtual reality also show that participants spend more
time talking to each other in immersive collaborative scenarios than on traditional desktop
devices, and that conversations are more social [99].
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The Feey AR application allows users to share their environment with an expert, making it eas-
ier to gather contextual information and understand environmental features to provide valuable
recommendations. By placing the virtual plant in the user’s environment, the design implica-
tions of the plant can be visualised. The in-situ visualisation allows the expert and user to
explore the options and implications of different plants, facilitating effective communication.
The visualisation, together with the expert’s discussion of different options and understanding
of the context, enables the user to make better decisions.

6.6 Time

This subsection introduces the relevant characteristics to the topic of time. The concept of time
concerns the recording of data for a visualization and its display, as well as the relationship
between these two moments. Additionally, time can be considered beyond pure objectivity or
subjectivity and instead be viewed as socially constructed, defined as Social Time. Further, it
also encompasses temporal relevance which considers social norms, activities and conventions
regarding to time.

6.6.1 Asynchronous AR

Collaboration in AR can be either synchronous or asynchronous. Most applications that focus
on collaboration use synchronous communication [13]. However, few studies show that AR is
also useful for asynchronous collaboration, such as in expert-novice scenarios, particularly when
spatial information is relevant [13]. Communicating spatial information via paper is difficult
and can lead to problems and performance degradation [13]. Cho et al. [13] present a use case
for assembly training in which an expert uses an AR headset to record the steps of an assembly
process. Later, the novice can view the recording in AR, with the expert and his steps super-
imposed on the real environment. In addition, the novice can add annotations in the augmented
environment where he or she has questions about the steps that the expert has performed. The
expert can also review these annotations in AR to answer the open questions. Not only does
the application show the steps performed through a virtual replica of the object, but the expert
is also visualised as an avatar, increasing co-presence. Figure 23 shows the avatar of the expert
and the objects used for assembly in AR, as well as the annotations made by the novice in AR.

Figure 23: Avatar visualisation of expert and objects through AR, annotations in AR from
novice user highlighted with red circle in image [13]
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Another application for asynchronous collaboration in AR is presented for interior designers
[121]. Typically, they only have access to the client’s space when they are physically present.
During this time, they can use AR to design the environment and present it to the client.
However, they cannot make changes or experience the space after they leave. Asynchronous AR
allows clients to scan their environment with lidar sensors in an iPad and the software creates
a replica of the environment. The designer can place objects in the virtual replica and visualise
the space through AR in their office, simulating in-situ AR. Once the design is complete, clients
can experience the design through AR on site. This provides an immersive and non-immersive
experience of designing a space, which is proving to be very effective [121].

Feey’s example scenario uses only synchronous AR for collaboration between the expert and
the novice user. However, asynchronous AR collaboration may have great potential for this use
case. The user could scan their home with their smartphone, allowing the expert to experience
the space and get a sense of the environment prior to the consultation. This would also allow
the expert to place some plants in the simulated environment and analyse their appearance
in advance. The consultation could then take place, with the novice and expert working to-
gether synchronously to discuss the different options. The asynchronous AR would also allow
the novice to re-experience the simulation after the counselling session, where several options
could be analysed again for a better decision.

6.7 Potential Evaluation of the User Experience

This section presents options for the evaluation of the identified characteristics that are rele-
vant to the example. They can either be assessed in isolation, or they need to be analysed in
combination with other aspects, as they are closely linked and interdependent.

6.7.1 Effectiveness of a Decision Support System

There are several ways to evaluate the effectiveness of a Decision Support System (DSS). As
it should support the user in making decisions and reduce uncertainty, either about product
performance or product fit, the cognitive load of making the decision should be lower than
without the DSS by providing externally relevant information [110]. This can be analysed by
separating the intrinsic, extrinsic and germane load [110]. Intrinsic load is caused by the task
itself, extrinsic load is caused by the additional information presented and germane load is
caused by the creation of mental models and the processing of information [110]. This can
be assessed with the cognitive load questionnaire by Leppink et al. [28]. As the online shop
example of feey has two drivers, model and communication, we cannot distinguish which driver
influences the different cognitive load categories.

Another widely used method is presented by H&aubl et al. [122]. In their approach the evaluate
amount of search for product information, consideration set size, consideration set quality, and
decision quality for a DSS. The amount of search for product information is measured as the
number of products for which detailed information is obtained, which is an indication of the
amount of search effort for alternatives. Consideration set size is the number of products the
user considers for purchase and is an indication of the uncertainty of the purchase decision.
Consideration set quality is the proportion of products in the consideration set that are suitable
for given attributes. Decision quality can be measured objectively and subjectively. The objec-
tive measures analyse whether the final product chosen is the best product given the desired
attributes of a product. Further, it could also be assessed whether users want to switch to
another purchase alternative when given the opportunity. Switching is an indication of poor
decision quality. The subjective measure assesses the degree of confidence in a purchase decision,
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which can be assessed using a rating scale by asking participants: “How confident are you that
the product you just purchased is really the best choice for you?”

Both of these methods could also be combined with semi-structured interviews in order to
obtain more information about the types of product uncertainty and whether the methods
presented could support the users in the reduction of their uncertainty [110]. For example, as
in Haubl et al’s [122] approach, the assessment of decision quality could be further divided into
performance and fit uncertainty, assessing whether the uncertainties arise from concerns that
the user does not have enough information to make a good decision or whether they are unsure
whether the product will meet their needs.

Another combination is to distinguish the cognitive style of the test users, as this influences sat-
isfaction and effectiveness [115], [108]. To assess whether someone processes information visually
or verbally, several questionnaires have been developed [115]. As these are time-consuming and
tiring, Petsas et al. developed a game to assess the preferred style [115]. The cognitive style
information could provide more information about which group the AR app is more appealing
to and effective for. It can also be used to assess whether the sample is unbalanced in terms of
cognitive style.

6.7.2 Visual reference Cues for Collaboration and Communication

The effect of simulation and visual reference cues in AR on communication and collaboration
could be assessed with the Social Presence Questionnaire (SoPQ) [29] and the MEC Spatial
Presence Questionnaire (SpPQ) [30]. The Social Presence Questionnaire assesses both attention
and social presence with subscales of co-presence, attention allocation and perceived message
understanding (Table 2) [29]. It evaluates whether attention is more focused on the partner in
collaborative settings or on other items such as the simulation presented in AR. It can also
be used to assess whether communication was easily facilitated, even using deictic references,
using the Least Effort Principle for collaboration. The effectiveness of the visual reference cues
used in AR is also indicated by this subscale.

The Spatial Simulation Model subscale of the Spatial Presence Questionnaire (Table 3) [30] can
be used to assess the effect of simulation in AR. It analyses whether the user would be able
to draw a mental image in the presence of the simulation and how well it is perceived. It uses
a five-point Likert scale, and three versions of the scale can be constructed, depending on the
desired length and depth of evaluation, as indicated in the last column of Table 3.
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Question Subscale
1 | I noticed (my partner). CP
2 [ (My partner) noticed me. CP
3 | (My partner’s) presence was obvious to me. CP
4 | My presence was obvious to (my partner). CP
5 [ (My partner) caught my attention. CP
6 |[I caught (my partner’s) attention. CP
7 |1 was easily distracted from (my partner) when other things were going on. |AA
8 [ (My partner) was easily distracted from me when other things were going on.| AA
9 |I remained focused on (my partner) throughout our interaction. AA
10 | (My partner) remained focused on me throughout our interaction. AA
11| (My partner) did not receive my full attention. AA
12 | I did not receive (my partner’s) full attention. AA
13 | My thoughts were clear to (my partner). PMU
14 | (My partner’s) thoughts were clear to me. PMU
15 | It was easy to understand (my partner). PMU
16 | (My partner) found it easy to understand me. PMU
17 | Understanding (my partner) was difficult. PMU
18 | (My partner) had difficulty understanding me. PMU

Table 2: Social Presence Questionnaire (SoPQ), subscales Co-Presence (CP), Attentional Allo-
cation (AA), and Perceived Message Understanding (PMU) [29]

Question Version

1| In my mind’s eye, I was able to clearly see the arrangement of the objects pre-| short
sented /described
2 | Even now, I could still draw a plan of the spatial environment in the presentation | short

3 | I was able to make a good estimate of how far apart things were from each other.| medium

4 [ Even now, I could still find my way around the spatial environment in the pre-| medium
sentation.

5|1 was able to imagine the arrangement of the spaces presented in the [medium] | long

very well.
6 [I had a precise idea of the spatial surroundings presented in the [medium]. long
7| I was able to make a good estimate of the size of the presented space. long
8 | Even now, I still have a concrete mental image of the spatial environment. long

Table 3: MEC Spatial presence Questionnaire, subscale Spatial Situation Model [30]

To assess the effectiveness of visual cues, the Perceived Message Understanding subscale of
the Social Presence Questionnaire can be used. Further details could be evaluated by measur-
ing the amount of deictic references in comparison to the amount of direct references in the
conversation. A high proportion of deictic references would indicate a simple production of
the communication, whereas a high proportion of direct references, while visual reference cues
are present, would indicate potential improvements in cue selection. Further information could
be obtained by means of semi-structured interviews. These would ask whether communication
could be produced easily and effectively, and whether the visual reference cues were helpful.
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6.7.3 Spatial Perception of Objects

For the assessment of spatial perception of objects in AR, paired comparison tests or perceptual
matching tests are most commonly used [97]. In a paired comparison test, two objects are placed
side by side [14]. The user has to decide which of the objects appears more to the respective
condition, in this case which object appears to be closer [14]. This combination is repeated for
a given set of objects. The results can be presented in a matrix where the preferred object is
shown as in Figure 24 [14]. The sum of a row is the score of how often that object was preferred,
indicating which object was most preferred [14].

BEARARL R R R X
Pl x| 711131211 | 8 |62
Pl 8| x| 6|7 10| 8 |10 49
W4 |9 | x|9 8|7 |6 43
@l 28|66 | x|11|7|4]|38
$| 3|57 4| x|6|6 |31
pl4a|7 8|8 |9 x|9 |45
pl7 |59 (11|96 x| 47

Figure 24: Paired Comparison Test Matrix of depth perception for different coloured tea pots
by [14].

In perceptual matching tests, users are also shown two objects, but instead of comparing depth,
they have to place the objects in AR so that they appear to be the same depth [97]. This is
usually done with a reference object placed in the environment and the user has to match one
object [97].

6.7.4 Manipulation of digital Objects

The manipulation of digital objects for mobile AR is often evaluated in terms of the overall
usability of the application [31]. The System Usability Scale (SUS) and the NASA TLX for
cognitive load are often used for this purpose [31]. However, these do not take into account the
specifics of manipulating digital objects in AR [31]. Santos et al. therefore developed the Hand-
held Augmented Reality Usability Scale (HARUS) [31]. It specifically evaluates manipulability
and comprehensibility for mobile AR. Manipulability assesses the ease with which the applica-
tion can be manipulated during use, identifying ergonomic issues such as Hand interactions are
difficult to perform. Comprehensibility assesses the ease with which the content presented in
AR can be understood, taking into account perceptual issues such as The virtual objects are
not well registered. During the development of the questionnaire, further explanations are given
for each question, providing further insight (Table 4, column Relevance).
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Question

Relevance

Manipulability

I think that interacting with this application
requires a lot of body muscle effort.

HAR is often used while moving around the
real environment.

I felt that using the application was comfort-
able for my arms and hands.

HAR strains the hands and arms the most.

HAR strains the hands and arms the most.

HAR has grip and pose issues.

I found it easy to input information through
the application.

HAR
metaphors.

introduces novel interaction

I felt that my arm or hand became tired after
using the application.

HAR strains the hands and arms the most.

I think the application is easy to control. HAR introduces novel interaction
metaphors.

HAR introduces novel interaction | HAR has grip and pose issues.

metaphors.

I think the operation of this application is | HAR introduces novel interaction

simple and uncomplicated. metaphors.

Comprehensibility

I think that interacting with this application
requires a lot of mental effort.

HAR is susceptible to presenting too much
information on a small screen.

I thought the amount of information dis-
played on screen was appropriate.

HAR
metaphors.

introduces novel visualization

I thought that the information displayed on
screen was difficult to read.

HAR has legibility issues due to ambient
light, glare, etc.

I felt that the information display was re-
sponding fast enough.

HAR has latency issues due to the limited
processing power and network connection.

I thought that the information displayed on
screen was confusing.

HAR
metaphors.

introduces  novel  visualization

I thought the words and symbols on screen
were easy to read.

HAR has legibility issues due to ambient
light, glare, etc.

I felt that the display was flickering too
much.

HAR is susceptible to tracking and registra-
tion errors due to many factors, such as dy-
namics of lighting.

I thought that the information displayed on
screen was consistent.

I thought that the information displayed on
screen was consistent.

Table 4: Handheld Augmented Reality Usability Scale [31]

6.7.5 Analysing Intrusiveness

Several methods can be used to assess the perceived intrusiveness of an AR application. Smink
et al. [109] use a seven-point Likert scale to indicate whether the use of the application was
interfering, invasive, intrusive, unpleasant, and disturbing, thus adapting the approach used by
Li et al. [123]. As general privacy concerns influence feelings of intrusiveness, further data can
be analysed by assessing awareness of privacy practices. A five-point Likert scale was used to
assess awareness in AR shopping apps [108] an adapted approach by Malhotra et al. [124]:

1. Companies using this online try-on tool should disclose the way the personal information
and images are collected, processed, and used.
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2. A good consumer online privacy policy to accompany this online try-on tool should have a
clear and conspicuous disclosure.

3. It is very important to me that I am aware and knowledgeable about how my personal infor-
mation and images will be used.

The general attitude towards AR can also influence intrusiveness and privacy concerns. There-
fore, the Augmented Reality Applications Attitude Scale (ARAAS) could be helpful to assess
general attitudes [125]. It assesses satisfaction, anxiety and willingness to use AR applications
with a 15-item questionnaire [125].

6.7.6 Evaluation of Ergonomics

To evaluate the ergonomics of an AR application, the Rapid Upper Limb Assessment (RULA)
can be used [12]. It evaluates the user’s upper body posture based on the position of the upper
and lower arm, wrist, neck, trunk and leg. Each component of the analysis is given a score
from 1 to 4, with extra points for heavy weights or twisting of body parts as in Figure 25
[15]. The final score indicates whether the posture is acceptable for the application or requires
further investigation, indicating possible changes, either soon or immediately. In the case of the
AR application of Feey, the final score is 4, indicating that research is needed to improve the
ergonomics of the application.
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Figure 25: Rapid Upper Limb Assessment (RULA) [15]

6.7.7 Perceived Usefulness and Competence through the use of AR

To evaluate the overall use case scenario of feey the Intrinsic Motivation Inventory (IMI) could
be useful to analyse the perceived usefulness and competence after using the application [126].
This could deliver insights as how useful the application is seen overall for the use case of
purchasing a plant and if the feelings of competence for making a purchase decision could be
increased. This could also be compared to a purchase decision made only with the traditional
desktop application or an application supporting asynchronous AR support of an expert.
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The IMI uses a seven-point likert scale to evaluate Interest/Enjoyment, Perceived Competence,
Effort /Importance, Pressure/Tension, Perceived Choice, Value/Usefulness, and Relatedness.
However, for the application of feey only the subscales of Perceived Competence and Usefulness
may be applicable, which are shown below:

Perceived Competence

I think I am pretty good at this activity.

I think T did pretty well at this activity, compared to other students.
After working at this activity for awhile, I felt pretty competent.

I am satisfied with my performance at this task.

I was pretty skilled at this activity.

AN NS

This was an activity that I couldn’t do very well. (reversed)

Value/Usefulness

I believe this activity could be of some value to me.

I think that doing this activity is useful for

I think this is important to do because it can

I would be willing to do this again because it has some value to me.
I think doing this activity could help me to

I believe doing this activity could be beneficial to me.

Ne Ot W

I think this is an important activity.

6.8 Conclusion

AR has great potential in collaborative decision-making scenarios, as the analysis of the Feey
example shows. Contextual sense-making is enabled by the simulation embedded in the envi-
ronment. This can be helpful in supporting decision making, especially when combined with
expert collaboration for further support. However, AR simulation is subject to spatial percep-
tion and there is a risk of misperception of objects in the environment, which is influenced by
colour, fidelity or relative difference to the background.

However, simulation with AR has many positive effects, for example on communication, as in-
situ visualisations make it easier and more efficient to create utterances with deictic references.
This, in turn, requires visual references to enable deictic references. Another possibility to im-
prove collaborating and communicating with AR is offered by asynchronous AR. This provides
new opportunities for improving client advice from experts. However, this also carries the risk
of increasing feelings of intrusiveness, as users’ private surroundings are analysed. Every use of
AR is subject to a cost-benefit analysis by the user, which assesses the risks and benefits of
the use. The individual user’s information processing style also influences this analysis. People
process information differently, and a possible distinction can be made between visualisers and
verbalisers, with verbalisers benefiting more from AR simulation. In addition, previous experi-
ence with AR is another factor influencing the cost-benefit analysis, as well as overall privacy
awareness.

The potential for ergonomic issues arising from the use or manipulation of digital objects in
AR is another factor to consider when designing AR experiences. Mobile AR is prone to poor
posture, which can lead to pain and fatigue over time. In addition, manipulating digital objects
through the screen of the mobile device can be tiring and require mental effort.
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Figure 26: Example of feey and relevant characteristics for scenario analysed in this thesis

Figure 26 shows which elements can be evaluated based on the scenario of feey.

1.

The Handheld Augmented Reality Usability Scale (HARUS) could be used to assess whether
the manipulation of objects through mobile AR can be facilitated with ease. It also assesses
whether the content presented through AR is easy to understand, taking into account per-
ceptual issues.

. To analyse the spatial perception of objects in AR, a paired comparison test or a perceptual

matching test could be performed, depending on whether two objects are to be compared or
one is to be manipulated in terms of depth perception.

. For effective AR collaboration, visual references are needed. Their suitability can be assessed

with the Spatial Presence Questionnaire, which analyses the effect of simulation in AR. The
Social Presence Questionnaire also seems to be suitable, especially in combination with an
analysis of the communication. It analyses the co-presence of collaborators, the allocation of
attention and the perceived understanding of messages.

. Augmented Reality in collaborative scenarios where private space needs to be shared can

be perceived as intrusive. Whether the application is perceived as such could be assessed
using a Likert scale to indicate whether the user found the application intrusive, invasive,
intrusive, unpleasant and disturbing. Further analysis could be carried out by assessing the
general level of concern about privacy and the awareness of privacy practices.

. Simulation can be helpful for decision support, which can reduce uncertainty and cognitive

load. In order to assess whether the application could achieve these goals, analysis of intrin-
sic, extrinsic and germane load could be useful. Further data could be obtained by analysing
search effort for product information, consideration set size, consideration set quality and
decision quality through the simulation. Further insights could be gained through semi-struc-
tured interviews to see if decision uncertainty could be reduced.

. Mobile AR is prone to ergonomic problems, especially when a device has to be held for a long

time. The Rapid Upper Limb Assessment (RULA) can assess a user’s posture very quickly
and provide results when further investigation is needed to improve ergonomics.

Cognitive processing style analysis could provide results on whether the simulation is per-
ceived as engaging and effective by the intended user group. The information could also be
useful in assessing whether the test sample is unbalanced, thus influencing other results.

. Communication in collaborative scenarios follows the principle of least effort. Deictic cues

can be used to support this principle, but require visual cues. To analyse whether commu-
nication could be facilitated easily, the amount of deictic versus direct references could be
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compared. Also the subscale Perceived Message Understanding of the Social Presence Ques-
tionnaire could be useful to analyse communication through AR.

. The overall usefulness and the perceived competence through the possibility of AR could be
assessed with the Intrinsic Motivation Inventory after the use of the application. This could
also be used in an A/B test of synchronous and asynchronous AR.
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7 Subject 3: Spatial Augmented Reality

In this section, the example application for spatial augmented reality and its relevant charac-
teristics are introduced on the basis of the term situatedness. The characteristics are discussed
in terms of their theory and relevance to the scenario. Potential evaluation techniques are pre-
sented for each aspect, followed by an overall analysis of the scenario, its characteristics and
potential evaluation techniques.

7.1 Example Application - interactive Books

Exhibitions often pursue hedonic qualities in technology which promotes discussions about the
content in society, in ways other presentation forms couldn’t [127]. Projection Mapping can
promote those qualities as it breaks out of the traditional screen and shows information in a
different form which can promote visual storytelling [128]. Such an installation are the inter-
active books from i-art [129]. They use projectors and sensors placed on the ceiling to show
information on a physical book and allow for interaction with the digital content as in Figure 27.

Figure 27: Interactive Books from i-art

The books are usually placed in museums to provide an interactive experience that is novel
to many visitors. The combination of physical integration opens up new possibilities and al-
lows multi-user scenarios with different interaction possibilities than on traditional screens. The
books are placed on special stands that track the user’s touch gestures on the pages. The in-
stallation is connected to a beamer installed in the ceiling that projects the digital content onto
the physical books. As the stand is fixed in one place, the beamer and its projection do not need
to be dynamic. The user can explore new content by turning the pages of the book or interact-
ing with the projection on the current page. Turning the page is a familiar way of interacting
and does not require much explanation. However, combined with the digital projection on the
books, it is a new way of visualising information for most people.

For the scenario presented, several points are relevant to consider for the user experience. These
points are categorised based on the notion of situatedness. Figure 28 gives an overview of the
characteristics that are relevant and have been selected for the analysis of the given scenario

53



Figure 28: Overview of relevant and chosen characteristics for the scenario of the interactive
books, categorized by the term situatedness

7.2 Space

This subsection introduces the relevant characteristics to the topic of space. Space encompasses
the physical environment and its digital content. It refers to the spatial representation of infor-
mation, including its properties and characteristics in three-dimensional space.

7.2.1 Detection of Objects

In Spatial Augmented Reality, physical objects are often used to project onto, which requires
markers to be placed on the objects to be recognised by the system [16]. There are two categories
of object recognition: marker-based and marker-less. Marker-based uses visual markers placed
on the objects, which must be large enough to be detected [16]. There is also a requirement that
the surface must be flat in order for the entire marker to be detected, which means that shaped
objects usually do not work with marker-based solutions [16]. In addition, they are visible on
the object, which can reduce immersion [16]. Infrared ink can also be used, making the marker
invisible to the user, but the functionality is limited [16]. Markerless object recognition does
not require visible markers, as recognition is based on shape, depth and edge detection [16].
Although the marker-less approach does not require visible markers on the objects, which is
beneficial for immersion, objects that are symmetrical or periodically shaped cannot be suc-
cessfully estimated by the system [16].

Tone et al. present a solution for active markers in dynamic projection mapping by implementing
optical fibres in 3D printed objects [16]. The detection, even in scenarios with heavy occlusion,
is very stable for several difficult objects, such as a rabbit that is uneven and curved, which
is usually not supported by conventional marker techniques. Not only was the pose estimation
stable, also the processing time by their algorithm was very fast as well were the fiber markers
inside the objects not visibile to the human eye.
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Figure 29: Projection Mapping and Token detection of occluded marker as 3D-printed bunny
[16]

The interactive books are markerless objects whose shape and position are detected by the sys-
tem. As they are permanently placed in the same position and the projector is also permanently
installed in the ceiling, the books only need to be detected in one position. Touch is detected
by sensors placed underneath the book, allowing for interactivity. In future scenarios, the pages
of the book will have touch foils that can track users’ touch interactions and allow for further
interactions such as drawing or multi-touch.

7.2.2 The Influence of Space

Social interactions in public spaces are influenced by the physical layout of the environment
[23]. Depending on the space, it can encourage or discourage social interaction [23]. The phys-
ical environment influences the subjective experience of people, while the technology present
in the public space is an active part of that experience [23]. It is important to understand the
relationship between the physical environment and the technology placed in the public space in
order to facilitate social interactions and positive experiences [23]. Fischer et al. introduce the
term Shared Encounters, ephemeral technology-enabled interactions between people in public
spaces where co-presence is experienced [17]. The technology needs to be integrated into the
physical environment. Fischer et al. divide the environment into different spaces around the

technology in order to consider how the environment influences the technology and vice versa
(Figure 30) [17]:

e Display Spaces are the areas from which a display can be seen.

o Interaction Space is the space used to carry out a form of communication with the instal-
lation. It belongs to a single person, but can overlap with other person’s interaction space.

o Potential Interaction Spaces (PIS) are spaces where the interaction between system and
performer can potentially occur.

e Gap Spaces are spaces that create distance, either between human and system or among
humans.

e Social Interaction Spaces (SIS) are those areas where people congregate, being attracted
by the system, and have a Shared Encounter.

o Comfort Spaces provide a sense of physical and psychological ease. Protective features like
walls, pillars, trees, etc. draw people subconsciously towards them.

o Activation Spaces are spaces where some displays can be seen from, often triggering cu-
riosity, but interaction is not possible.
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Figure 30: Visualisation of the different spaces identified by Fischer et al. for urban technology
installations [17]

Distinguishing between different spaces in an environment highlights that the experience of
technology installed in public places is not simply shaped by a given setting [17]. It is created
by the relationship between the installation, the space in which it is placed, the architectural
design and layout of the space, and the other people in the space [17]. This creates a complex
model of influence that needs to be taken into account in public space installations for successful
social interaction [17].

The interactive books are placed horizontally in public spaces, reducing the distance between
the installation and the active users. However, the display space is still relatively large, as the
books are installed elevated, allowing for comfortable interactions while standing. The interac-
tion space is rather small and is located on one side of the installation, directly in front of
it. The potential interaction space is almost the same as the interaction space, as it is only
possible to interact directly when standing in front of the installation. The social interaction
space is however slightly larger as the installation shows an animated projection even when it is
not being actively used, allowing social interactions from a distance by observing the content.
The comfort space is given by the physical layout of the environment, which changes in the
installations of the interactive books. The activation space could also potentially be larger,
depending on the physical layout of the space, as the books are elevated and can be seen from
distance.

7.3 Place

This subsection introduces the relevant characteristics to the topic of place. Place is concerned
with location, beyond a purely spatial perspective. It is the meaning of a space in relation to
the people who inhabit it, the activities that take place within it and its historical context.

7.3.1 Physical Integration of Data

Spatial Augmented Reality makes it possible to situate data for visualisation, in contrast to
traditional screen-based solutions, but the spatial relationship has to be taken into account in
the development and design [130]. Placing data in the environment offers the potential for the
physical object to act as an information-carrying medium as opposed to simply being an object
[130]. Willett et al. present a model with two axes for positioning a visualisation depending on
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the physical referent and physical presentation of the visualisation [18]. The physical referent is
the physical object or space to which the data relates, whereas the physical presentation is the
object that makes the data visible.

Phyiscal Referent

N
7
Situated Situated
Visualisation Physicalisation
Phyiscal
Presentation
Embedded Embedded el
Visualisation Physicalisation . >

NON-SITUATED SITUATED EMBEDDED EMBEDDED
VISUALIZATION VISUALIZATION VISUALIZATION | PHYSICALIZATION

(a) (b)

Figure 31: (a) Design Space of Physical Integration of Visualisations based on Willett et al.
[18], (b) Examples of different characterisations [18]

The relationship between the two axes can be seen as the spatial proximity of the data referring
to an object and where it is represented. Figure 31, (a) shows the space with the two axes of
physical referent and physical presentation. In the design space the different characterisations,
shown in Figure 31 (b), can be positioned. A low intensity in physical reference and presenta-
tion results in a situated visualisation, such as a visualisation on a phone close to the relevant
object or space. A higher degree of physical reference leads to a situated physicalisation, where a
physical object encodes the data. Embedded visualisations have a high degree of physical repre-
sentation but a low degree of physical reference, usually represented as overlays, projections or
other techniques that present the data close to the physical object. Finally, embedded physical-
isation present data on physical objects that are closely related to the physical referent. It may
also be the case that the physical reference is not explicit, but rather a semantic relationship,
because the object collecting the data does not present the data in a meaningful way. The
physical integration of data into the environment allows people to remain aware of the context
and may perceive the data differently, providing additional insights that would not be possible
with traditional media.

The interactive books can be placed in the middle of the physical reference axis of the design
space in Figure 31 (a), as the information is neither purely visual nor purely physical. With
the use of a physical book for the visualisation of information on it, the example shows the
continuum of the axis. On the physical representation axis, the books are situated rather than
embedded, and the relationship is also more semantic rather than actual.

7.3.2 Empathy through Spatial Presence

Spatial Augmented Reality can enhance spatial and social presence, which helps to create em-
pathy [131]. It is therefore a suitable solution for education and awareness-raising in society
on difficult issues, which would not be possible by other means [127]. Empathy involves seeing
the world from a different perspective and responding emotionally to that different perspective
[132]. SAR is able to transform an environment and thus to show it from a different point
of view. It is shown that a higher level of spatial presence can be achieved with projection
mapping, which influences attitudes and possible changes in behaviour [131].
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Figure 32: Dyslexperience installation to create empathy and awareness for dyslexia [19]

One such example is the exhibition Dyslezperience (Figure 32), which raises awareness of
dyslexia through the experience of SAR [19]. It uses a physical book on which the content is
projected in a special font that can be used to simulate dyslexia in order to create empathy
and understanding. Another experiment uses projection mapping to support smoking cessation
[131]. They compared traditional information about the negative effects of smoking with a
projection of the consequences on the participants’ bodies. The results showed that projection
increased spatial presence, leading to a higher persuasion effect.

Interactive books are often used as part of exhibitions. One such example is ‘Arabian Journeys’,
which tells the story of nature and culture in Arabia. These books are used to engage and
immerse the user in the history of Arabia, to create an understanding of it and to educate them
about its rich culture and heritage.

7.4 Activity

This subsection introduces the relevant characteristics to the topic of activity. Activities should
not be viewed in isolation. They are components that contribute to broader goals and can be
carried out in different spaces, over different periods of time and in collaboration with others.
The relationship between a person and the goals he or she wishes to achieve is complex and
influenced by the social and cultural context.

7.4.1 Interaction Modalities

Besancon et al. [133] distinguish several interaction modalities: 1) tactile and pen-based in-
teraction, 2) tangible and haptic interaction, 3) mid-air gestural interaction, and 4) hybrid
interaction. Tactile and pen-based interaction enables direct control via pen or touch-based
interaction that is well known and well established. Tangible and haptic interaction is based
on the use of physical objects for the synchronous manipulation of digital objects. In this way,
it aims to make use of the natural abilities of human beings to interact with digital content.
Mid-air gestural interaction also makes use of natural human interaction in the real world,
either through wearable technologies or optical tracking. Optical tracking allows for interaction
without any additional device, either through gaze, gesture or facial expression, captured by
tracking the body. Hybrid interaction capabilities are usually developed to overcome the limi-
tations of the above techniques by combining them, such as mid-air gesture interaction with
tactile interaction.

For an opera in China, a novel way of mid-air interaction was developed [20]. To enable inter-
action with the background projection, it uses sensors hidden in the actors’ costumes. This
allows the actor to manipulate the digital content projected in the background without being
visible to the audience. For example, the actor can light a lamp and move it with hand gestures
as in Figure 33.
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Figure 33: Interaction with background projection in opera with bluetooth [20]

In terms of tangible interaction, Walsh et al. present ephemeral tangible user interfaces for the
rapid creation of controls based on the current context and affordances in the environment [134].
This allows the user to create disposable, temporary controls that are based on the objects in
their environment. For example, in the cooking scenario, it is likely that a timer will be needed,
but the designer cannot predict what tools will be available in the user’s environment. For
example, a kitchen utensil could be used as a timer that starts and shows remaining time as it
is turned.

In the example of i-art’s interactive books, tactile and pen-based interaction is used to interact
with the content projected in the book. Tactile and haptic interaction is also used as users can
turn the pages of the book. Mid-air gestures are not yet used, but would have great potential.

7.4.2 Memorability

Spatial Augmented Reality often uses physical objects for interaction. Since early childhood,
humans have been interacting with and learning from physical objects [135]. Tangible User
Interfaces (TUIs) can build upon these abilities, which can be beneficial for spatial memory,
especially in the case of spatial data [135]. Additionally, TUIs not only improve spatial memory
but also enhance creativity in spatial design tasks by positively affecting spatial cognition [136].
The manipulation of TUIs allows for the formation of new spatial information and relationships
that are not observable in 2-dimensional interactions [136]. TUIs are also beneficial for recalling
spatial relationships between objects and information associated with the object [135], [137].

The interactive books allow physical interaction through an object with the digital projection,
therefore they are defined as TUIs. As they are mainly used in exhibitions to present informa-
tion to the public, they are especially suited to convey information to enhance memorability
of the information. The books can be further accompanied with a physical pen to draw digital
content into the book. The pen is applied in the exhibition of Picasso, where users can draw the
outlines of a projected painting with the pen. This allows for reproduction of the characteristics
of a painting from picasso, which would also allow for the possibility to print the own drawing
to take it home.

7.5 Community

This subsection introduces the relevant characteristics to the topic of community. Community
refers to individuals in relation to a particular place. The focus is on how a specific community
utilizes technology or a physical location to achieve their objectives. It is closely tied to the
notion of place, which derives its meaning over time from the activities of the community.
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7.5.1 Degree of Participation

Spatial Augmented Reality has the ability to involve multiple people to varying degrees. As the
projection is usually on a larger scale, it is not only visible to the person actively interacting
with the technology [138], [139]. Bystanders or observers can also see the projection as well
as the interaction [138]. The passive presence of some people also creates an opportunity for
social learning by observing how others interact with their environment or specifically with a
technology [23]. SAR should not only be designed with a focus on an enjoyable user experience
for active participation, it should also be an invitation to participation for bystanders [23]. By
observing others, people also create expectations about the activities of the active users [23].
These explicit or implicit social interactions can be seen as influences that shape the experience
[23].

Not only can SAR be used actively or passively, there are also times when a system is not in
use. This should not be forgotten and should be seen as inviting the user to move from passively
observing to becoming an active participant [23]. Potential factors to motivate people to engage
could be curiosity, appeal of the content or technology, challenge, or collaboration [138].

Figure 34: Interactive books in the Arabian Journey exhibition allowing for active participation
by several people

As i-art’s interactive books are quite large, this allows for active participation by several people,
as in Figure 34. In particular, the interaction through touch allows for interaction in a group
and also creates a situation in which social learning can take place. The mere presence of the
books also enables social learning for bystanders and passive users, depending on the spatial
layout of the environment. They also consider the state of not being used by a person in the
installations where the interactive books are used. In this state, they show an animated projec-
tion that invites the user to actively participate by creating curiosity.

7.6 Time

This subsection introduces the relevant characteristics to the topic of time. The concept of time
concerns the recording of data for a visualization and its display, as well as the relationship
between these two moments. Additionally, time can be considered beyond pure objectivity or
subjectivity and instead be viewed as socially constructed, defined as Social Time. Further, it
also encompasses temporal relevance which considers social norms, activities and conventions
regarding to time.

7.6.1 Sustained Attention and Engagement
Maintaining users’ attention and engagement is important for extended interaction with an
object or installation [21]. Hong et al. have created a framework in which the experience of a
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museum visit is divided into a pre-visit phase, a during-visit phase and a post-visit phase [21]. In
the during-visit phase, attention, engagement and immersion play a crucial role in determining
whether and for how long a person interacts with an installation. In a first step, the installation
must successfully attract the user’s attention. The user is more likely to explore the installation
if his/her interests and expectations are met. Not only are interests and expectations impor-
tant in attracting attention, but also the attractiveness of the installation can be crucial. Once
the user starts interacting with an installation, they need to understand very quickly how to
interact with it and what it is trying to communicate. Otherwise, the user will stop interacting
with it. To increase the time spent interacting with an exhibit, the level of immersion must be
high. The level of difficulty of the content also has an influence on the engagement, as it should
neither be too difficult nor too easy.

N

Figure 35: Interactive books at the Landesmuseum Ziirich, showing the digital content with
common signifiers for interaction

It is likely that the interactive books attract the attention of users in a museum as the pro-
jection on a physical book is very uncommon and novel for most people. Therefore, it could
be assumed that the attractiveness of the installation is high but no estimation can be made
about the interest and expectation of the users. Once the user starts to interact with the books
as it successfully attracted attention, it has to be communicated on how to interact with the
books. As most people know the interaction from physical books, the page turing interaction
should not pose a problem. However, it has to be conveyed that the books are interactive and
touch-gestures are possible to derive further information about the content presented. They use
common signifiers for interaction which are mostly known from the use of mobile devices as
in Figure 35. To sustain engagement with the books, the immersion should be high which also
depends on the content and context.

7.7 Potential Evaluation of the User Experience

This section presents options for the evaluation of the identified characteristics that are rele-
vant to the example. They can either be assessed in isolation, or they need to be analysed in
combination with other aspects, as they are closely linked and interdependent.

7.7.1 Consider the different degrees of Participation

As SAR provides the opportunity for different levels of participation, these should be considered
in the evaluation of the user experience. From this point of view, it is also understandable that
not only the number of active interactions should be taken into account in the evaluation for
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the analysis of the success of the installation, as bystanders do not actively interact, but still
have an experience of the installation [23].

Wouters et al. conducted contextual enquiries to analyse the installation in a public space [23].
They observed the situation over several days and conducted further analysis with active and
passive participants through semi-structured interviews. This would provide further informa-
tion about the motivation for participation, the social learning of passive participants and the
social interactions of active participants. In addition, they analysed quantitative data collected
from the system, including number of active participants, length of active participation, and
configuration of people who interacted with the installation.

7.7.2 Physical Integration

The different levels of physical integration of the data make it possible to perceive it differ-
ently than on traditional screens. However, it is not clear how the different levels of integration
change the perception of the users [18]. In order to analyse the perception, but also the differ-
ent interpretation of the data, the think-aloud method, or also called protocol analysis, can be
useful [136]. This could be used to analyse the underlying cognitive processes and perceptions
of different integrations, either by comparing two different integrations or by evaluating a given
integration of data. It would be important to have a clear definition of the objectives of the
visualisation and of what it is intended to convey. The results of the evaluation would allow
discussion of whether the intensities in the physical reference or presentation are appropriate
and whether the reference is explicit or more semantic with less spatial proximity.

7.7.3 Empathy

To evaluate sympathy and empathy induced through media the Ad Response Sympathy (ARS)
and Ad Response Empathy (ARE) questionnaire [32] can be used and adapted as in [140]. Both
instruments were developed the evaluate sympathy and empathy in advertisement videos, how-
ever they argue that it can be used for several types of media [140]. Both have five questions
which are evaluated with a seven-point likert scale as in Table 5.

ARS ARE

Based on what was happening in the com-
mercial, I understood what the characters
were feeling.

While watching the ad, I experienced feeling
as if the events were really happening to me.

Based on what was happening in the com-
mercial, I understood what was bothering
the characters.

While watching the ad, I felt as though I were
one of the characters.

While watching the ad, I tried to understand
the events as they occurred.

While watching the ad, I felt as though the
events in the ad were happening to me.

While watching the ad, I tried to understand
the characters’ motivation.

While watching the commercial, 1 experi-
enced many of the same feelings that the
characters portrayed.

I was able to recognize the problems that the
characters in the ad had.

While watching the commercial, T felt as if
the characters’ feelings were my own.

Table 5: Ad Response Sympathy (ARS) and Ad Response Empathy (ARE) questionnaire [32]

7.7.4 Memorability
Memories can be semantic, general facts and knowledge about a particular event, or they can
be episodic, factual memories related to the personal experience of [141]. The episodic memories
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are important in predicting whether a visit is perceived as positive and whether there is a
desired for future visits [141]. The most memorable events are those that are distinctive, stand
out and are social in nature [141].

Mai et al. showed that emotions are crucial when it comes to memorability [142]. They evalu-
ated the memorability of TV commercials on the basis of the emotions they evoke. The results
show that positive emotions and comprehensibility play a crucial role in memorability, with
advertisements that evoke the most positive emotions and are easy to understand being the
most memorable.

An appropriate questionnaire to assess emotions and comprehensibility is the User Ezperience
Questionnaire (UEQ) [143]. It has six subscales to assess 1) attractiveness, the overall impres-
sion of the product, 2) efficiency, whether the product is efficient and easy to use, 3) perspicuity,
whether the product is easy to understand and learn, 4) dependability, whether the user is in
control of the interaction, 5) stimulation, whether it is interesting and exciting, and 6) novelty,
whether the product is creative and innovative.

7.7.5 Interaction Modalities

The interaction with the technology should not require a high level of mental and physical
effort. In addition, it should be easy to use, quick to learn, and appropriate for the given task
and the given technology. In order to evaluate the usefulness and the usability of the interac-
tion method, the first subscale of the questionnaire Modular Fvaluation of key Components of
User Experience (meCUE) can be used [144]. This questionnaire uses a seven-point Likert scale
for the evaluation of a product. The questionnaire has further modules for perception of non-
instrumental qualities, user emotions, consequences of use and overall evaluation.

7.7.6 Object Detection

From a user perspective, SAR needs to be stable and fast in detecting objects. The projection
mapping should not have any offset and it should be able to work even in the case of occlusion.
Depending on the scenario, it should also support dynamic use of the object, such as trans-
lation or movement. The User Ezperience Questionnaire (UEQ) is one way of assessing how
object detection and projection mapping are perceived, as it assesses efficiency, perspicuity and
dependability [143].

Most studies on new marker detection methods do not evaluate the user experience and focus
mainly on projecting accuracy and rendering speed. However, the presence of relatively large
markers on objects could affect the usability as well as the accuracy of detecting the object and
the degrees of freedom allowed to interact with the object.

7.7.7 Analysing the Space in Installations

In order to analyse the different spaces that an installation has depending on the physical en-
vironment, a contextual enquiry can be carried out, such as by Fischer et al. [17]. Observations
could be filmed for further analysis of how people interact with each other and how spaces are
distributed around the installations. It is also possible to observe whether shared encounters
occur or are even possible given the physical layout around the installation.

For a more quantitative analysis, they propose the methods of coming from advertisement to
calculate the so-called G-value, which depends on the angle of view, distance, competing nearby
stimuli and the number of passers-by [17]. The value gives an estimate of how many people per
hour will remember the advertisement on a billboard in a public space.
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7.7.8 Sustained Attention and Engagement

One way to assess how engagement and attention are sustained is with the Augmented Reality
Immersion (ARI) questionnaire [89]. It takes into account the user’s engagement, involvement
and immersion in AR. Another suitable solution for measuring attention is eye-tracking [145]
or even eye-pupil measurement for assessing attention vigilance [146].

Further quantitative data could also be collected with the User Engagement Self-Report Ques-
tionnaire (VisEngage) [147]. They identified 11 characteristics of engagement that had the
highest frequency of occurrence in the literature and that were the most relevant to engagement:
Aesthetics, Captivation, Challenge, Control, Discovery, Exploration, Creativity, Attention, In-
terest, Novelty, and Autotelism.

For qualitative evaluation, contextual enquiries for observation and interviews for deeper un-
derstanding are appropriate and common tools [21].

7.8 Conclusion

The analysis of aspects relevant to Spatial Augmented Reality shows that space is used differ-
ently in SAR than in MAR or HMD. As projection mapping installations are placed in the
environment, the space, community and interaction are different and require further considera-
tion. SAR also allows for social interactions and learning to take place through the installations,
provided that the space allows for these interactions. It is also possible with SAR to integrate
data into the physical space, transforming a simple object into an information-carrying medium.
In this way, additional insights can be gained and data can be perceived in a different way.
Tangible interaction has also been shown to increase the memorability of information and evoke
emotions. As SAR is a new technology for most people, it is highly likely that people will be
drawn to it to explore its functionality. Once the user’s attention is captured, it can be main-
tained through high levels of engagement and immersion.

Unlike other AR technologies, SAR not only allows interaction as an active user, but passive
bystanders can also be considered users in SAR. They can observe active users and learn to
become active users in the next phase. This is an important difference and must be taken into
account in the design of the installation as well as in the design of the space around the instal-
lation. As it is only when the space allows for social learning that passive users can see active
users in order to learn and be attracted to them. The interaction modalities can also differ
from traditional technologies, as users can interact not only with touch gestures, but also with
tangible objects, mid-air gestures or with a pen. This makes it a versatile technology that breaks
out of the traditional screen and can be used in a variety of contexts to convey information
that is not possible with other technologies. For this reason, it can also be particularly useful
for evoking feelings of empathy, which can be stronger with greater social and spatial presence.
As a result, it can influence attitudes and possible changes in behaviour. To avoid disrupting
the immersion provided by SAR, the object detection needs to be facilitated accordingly. Ei-
ther with appropriate markers that blend into the physical space, or without markers, which
presents other difficulties in detection. However, the right technology for object detection must
be chosen by considering the space in which the objects are placed.
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Figure 36: Example of interactive books and relevant characteristics for scenario analysed in

this thesis

Figure 36 shows which elements can be evaluated based on the scenario of the interactive books.

1.

To enable projection mapping, objects must be detected by the system, either with or with-
out markers. Object recognition can be evaluated from a technical point of view, but also
from a user experience point of view, whether it is perceived as efficient, reliable and under-
standable. This could be assessed using the User Experience Questionnaire.

. Installations in public spaces have several spaces with different functionalities. In order to

analyse whether shared encounters are possible and how people interact with each other
through the different spaces, contextual enquiries may be suitable. Quantitative data can be
derived by calculating the G-value, which gives an estimate of how many people per hour
will remember an installation.

. Spatial Augmented Reality allows data to be integrated into the physical environment with

different intensities depending on the physical reference and presentation. The perception of
this integration could be assessed using the think-aloud method to understand the underly-
ing cognitive processes and perceptions.

. Spatial and social presence can support the creation of empathy, suggesting that spatial

augmented reality is particularly useful for this application. To assess sympathy and empa-
thy, the Ad Response Sympathy and Ad Response Empathy questionnaires could be used
and adapted.

. Different modalities can be used to interact with AR. To evaluate their usefulness and us-

ability, the module evaluation of key components of user experience can be used.

. Memorability is strongly influenced by the emotion and tangibility of the interaction. This

could be assessed using the User Fxperience Questionnaire, which analyses several factors
relevant to memorability.

Spatial Augmented Reality installations allow for different levels of participation, from active
interaction to passive bystanders or observers. In order to analyse whether the installation
allows for social interactions and learning by supporting different forms of interaction, con-
textual enquiries may be appropriate.

. Attention and Engagement are important to extend the interaction time with an installation.

This could be assessed using the Augmented Reality Immersion questionnaire or the User
Engagement Self-Report Questionnaire (VisEnagage).
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8 Discussion of Literature Research

Spatial computing differs from traditional screen-based technologies such as web or mobile ap-
plications. The content presented through AR is placed in the user’s real environment. It should
therefore take into account the space in which the user is placed as well as the user’s context.
Each technology needs to recognise the space differently because the content is presented and
placed differently. The modality of interaction with either the technology or the content is also
different and requires its own consideration. However, what becomes visible are the overarch-
ing similarities common to all spatial computing technologies: artificially created artefacts that
blend into the context, taking it into account, with which people interact in their natural con-
textual environment.

The aspects relevant to spatial computing have different characteristics depending on the tech-
nology, context and scenario. This requires a thorough analysis of the context and its facets,
which can be broken down to the definition of situatedness: space, place, activity, community
and time.

The use of space differs significantly between technologies. SAR uses space in a broader sense
than HMD or MAR. The user is usually not interacting independently, but with other people,
either actively or passively. In HMD or MAR, social interaction can also take place, but either
through the device to see the same content, or in the real environment, where usually only one
person can either see or interact with the digital content. However, the space has an impact on
perception in all three areas and shapes the user’s perception of the place.

We associate different norms and values with spaces, depending on the context. Not only does
the space influence how we perceive a place, but the community inhabiting the space and their
interaction with it shapes our experience, and our interaction with AR shapes their experience
of the space, either actively or passively.

The analysis shows that spatial computing needs a multidisciplinary approach, as is common
in HCI, to realise its full potential. This is because many aspects from different research areas
influence the experience of spatial computing. It also shows that in order to evaluate the novel
interaction, it is necessary to use evaluation tools from other fields. However, it is questionable
whether all tools are applicable to different spatial computing applications. There are still many
unanswered questions about user experience and its evaluation in the current state of the art.
This is also a reflection of the fact that the field is not as mature as virtual reality or traditional
web or mobile development.

The shortcomings of the current state of the art are also reflected in the current applications
of spatial computing and how to evaluate them. There are many aspects that are relevant to
development, but most development teams have limited time and are unable to conduct such
extensive research. Consequently, they look at current applications and evaluation methods
of others. Thus they end up using traditional and simple methods. However, what becomes
apparent is that methods and considerations do exist, but they are not so well established and
therefore require a lot of research. This leads to the question:

How can additional considerations and methods relevant to spatial computing be-
come established within this field to develop better experiences, leading to a more
holistic evaluation?
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9 HCI Models in Augmented Reality

There are various models in HCI regarding interaction or perception. However, many of these
models have shortcomings, either focusing on a few aspects in the situation or neglecting the
complexity of the interaction. This chapter introduces the theoretical basis of complexity science
and modelling in HCI. Based on the literature research some models are analysed and which
aspects they cover of the term situatedness. Lastly, the development of a model showing the
situational influence in spatial computing is outlined.

9.1 Complexity of Interaction

The interaction of a human with technology is dynamic, the behaviour results from the inter-
action of these two elements, shaping the experience [33]. However, it is not only the technology
and the human that drive the behaviour, the environment and other humans also influence
the interaction, making it a complex system of behaviour with multiple elements [33]. The ele-
ments influence each other through feedback. As the user has a goal when interacting with the
technology, the interaction changes the state of the system, which affects the user’s behaviour,
making it an endless cycle of changing elements [33]. There is still a lack of understanding of
the dynamics of interactions in HCI, as the use of complexity science in combination with HCI
is still quite new [33]. Interactions evolve and adapt over time depending on the context [33].
This viewpoint moves away from the older view of understanding an interaction as a linear
process of human intentions through a computer and more towards an agency-based approach
that emerges from the context [33].

9.2 Modelling of Complex Systems

When analysing a situation, people have mental models that illustrate the causal attributes
of different elements. However, many of these mental models are flawed because few take into
account the feedback loops of the elements and think in terms of single strand causal chains
rather than complex systems with feedback loops [148]. This way of thinking can lead to igno-
rance of side effects, as it assumes that actions have only one effect, rather than creating a series
of effects that change many elements in the system [148]. Not only are feedback loops ignored,
time delays of consequences are often also not considered [148]. Causality is often searched with
temporal or spatial proximity [148]. In complex systems, however, cause and effect are often
distant in time and space [148].

A situation has many elements influencing each other, creating a complex interdependent sys-
tem. Modelling can be a useful tool for understanding the influences and interactions of the
different elements. The aim is to illustrate complex processes in order to show the dynamics of
the elements and to lead to an effective policy-making [148]. Successful models include not only
technical components but also political, social and environmental impacts [148]. This shows the
complex system and its dynamics emerging from the interaction of the different components in
the model [148].

Sterman states that a complex system is made up of several elements, and that in order to
build a model of a complex world, different dynamics must be taken into account [148]. For
example, systems are constantly changing. Systems always evolve and change, although the
scale of change may vary. Also, the elements in a system are tightly coupled. Actors within a
model interact strongly with each other and their environment. Also, often forgotten in dynamic
systems, actions have feedback that must be considered. The decision taken changes the some
elements, causing changes in other elements of the system, thus influencing again other elements
in the system.
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When building a model, boundaries are important. There are many influences to consider and
the number of external influences should be as small as possible to understand the system and
not rely on external elements [148]. External influences should also not be omitted as it is
then expected that they have no influence on the system [148]. The built model needs to be
evaluated with different sources of data from observations, theory and experts [148]. In this way
it may be possible to illustrate complex processes and understand their dynamics for successful
interventions [148].

9.3 Development Process of a Model in HCI

There are two different starting points for the development of a model, either the observation
of a phenomenon in the real world or the formulation of a hypothesis about a phenomenon [3].
The first is called the inductive method where researchers observe people in the environment
without any preconceived idea, and try to describe their behaviour later to build a model based
on their observations [3]. The second approach is called the deductive method where researchers
formulate hypotheses in order to explain phenomena in the real world [3]. They then conduct
an experiment in a controlled environment to test their hypotheses. The results are analysed
and the hypotheses are adapted to the findings in order to adjust the model originally created
[3]. The deductive method strives for reliability, where the same conditions produce the same
results, and validity, where the results can be generalised given the conditions in the controlled
setting [3].

Both approaches attempt to model phenomena in the real world, creating cycles of theory and
observation to iteratively refine the model created [3]. Since HCI is neither a pure social science
nor a pure natural science, both approaches have their validity and may need to be combined,
the inductive approach with more quantitative results and the deductive approach with more
qualitative results. However, both methods are based on the same assumptions:

e Natural phenomena exist and can be isolated for study.

e Observers are unbiased.

o Repeated observations under the same conditions will yield the same results.

o Conclusions drawn from observations in one setting can be generalized to other settings. [3]

The combination of the two approaches may be useful in HCI, as it is not a natural phenom-
enon that is being studied, but the interaction of human beings with an artificially created
artefact [3]. Because people can adapt, the problem is not static but rather dynamic, with
people adapting to the use of technology and changing their behaviour over time in response to
environmental, social and technological influences [3]. Mackay therefore proposes a combined
approach to the creation of models in HCI, in which researchers formulate hypotheses about a
behaviour and also make observations in the real world that influence the model [3].

68



Observation
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Figure 37: HCI creates and examines the interaction of people with artificially-created artifacts,
moving between theory and empirical observation. The boxes represent the interaction with ar-
tificially-created artifacts, rather than independent natural phenomena or design artifacts.[3]

Figure 37 shows a simplified approach on how to create a model in HCI through a combination
of Theory and Observation [3]. However, such an approach is not only common in HCI, it is
also being used in several domains of research as the the combination of theory and observa-
tion is very useful. Further can the two inputs not be viewed in isolation as when conducting
observations, usually hypotheses exist based on theoretical knowledge.

9.4 Models found in Literature

Based in the prior research it becomes visible that elements which influence an experience in
spatial computing are interrelated influence from different factors. Several researchers came
up with models to show the influence and relationships of factors in technology. Relevant and
interesting models from the literature research are being presented hereafter and analysed.

9.4.1 Visitor interactive experience model
Hong et al. follow an inductive approach to form their model of visitors experience in an inter-
active science museum as in Figure 38 [21].

Pre-visit During-visit Post-visit
e

Figure 38: Visitor interactive experience model, indicating how a visitor interacts within an

Memorization

| Reminiscence

Expectation Sharing | —

interactive museum/exhibition context. [21]

Based on three different stages: pre-visit, during-visit and post-visit, their model illustrates
the temporal flow of interaction with an installation. The relevant emotions in each phase are
shown, as well as their relationship to each other. For example, in the during-visit phase, the
emotions for fun and immersion are related. The model also shows the dependencies of each
phase, if the user stops in phase, the whole interaction stops and the journey starts with the
next installation.

9.4.2 The Interaction-Attention Continuum
Bakker et al. follow a deductive approach to construct the interaction-attention continuum as
in the Figure 39 [22]. The pose the hypothesis that interactions with interactive systems should
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be available at various levels of attention. [22]. Their model shows the continuum from focused
interaction, where no other activity can be performed, to peripheral interaction, where infor-
mation can be perceived and interacted with from the periphery, to implicit interaction, where
no explicit interaction is performed and it relies on the sensor to detect the human and their
activity.

interaction type: focused interaction peripheral interaction implicit interaction
level of attention: center of attention periphery of attention outside attentional field
interaction consclous subconscious subconscious
characteristics: intentional intenticnal unintentional
direcl precise conlrol direct imprecise control no direct control
< >
fully focused completely outside
attention attentional field

Figure 39: The interaction-attention continuum. [22]

9.4.3 Honeypot Model - Engagement with Interactive Systems

Wouters et al. have created a model through an inductive approach to illustrate the so-called
honeypot effect, a social learning influence that causes individuals to be affected by the mere and
passive presence or activities of others, regardless of any competition, reward or punishment
[23]. This effect has already been studied in HCI, especially the influence of spatial configura-
tion, but not the drivers and motivations for engaging with an interactive system, especially in
public spaces.
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Figure 40: Honeypot Model containing the user roles, trajectories, influences and triggers that

affect how audiences engage with interactive systems. [23]

Figure 40 presents the honeypot model and user roles, trajectories, influences and triggers for
interactive systems. It considers different forms of user roles, from bystander to actor, and the
trajectories from this passive to active role.

9.4.4 Value of Public Interactive Displays

There are several factors that influence whether a public interactive display is perceived as
useful. Parker et al. used a deductive approach to analyse which factors influence the perceived
value of such displays [24]. They conducted a literature review of several public interactive
displays and analysed the different aspects. They identified four aspects that contribute to
perceived value: People, Location, Community and Time.
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Time

People

Figure 41: The key factors found in our analysis: People, location, community, and time. [24]

The model, as in Figure 41, shows that each of the factors is related to the others and is influ-
enced by the overarching factor of time. The people factor describes the individuals or groups
interacting with an interactive public display, which is further defined by five aspects: Trust,
Privacy, Relevance, Appropriation and Ownership. Location describes the composition of the
physical location and Community the collection and type of users found in a particular space.

9.4.5 Perception-Action Cycle

People interact with their environment and make sense of it based on their prior knowledge.
This dynamic cycle is captured in Neisser’s Perception-Action Cycle in Figure 42 [25], produced
by a deductive approach. The perception of the environment and its elements is influenced by
existing knowledge. The model shows how awareness of a situation is maintained in a dynamic
environment, also known as situational awareness. It also illustrates that visual perception is a
continuous activity.

Environment

Modifies Samples

Knowledge Directs Exploration

Figure 42: The perception-action cycle. [25]
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9.4.6 Determinants of Usability

Already in 1991, Bevan et al. stated that usability is not a static quality, but rather a quality of
a product for a user that depends on the task being performed in a particular environment [26].
This notion emphasises that technology should be analysed through a socio-technical frame-
work, taking into account the interaction between people, the environment and their goals.

Product attributes

/’l Product attributes user is aware of

KJ\

Understanding
Attitude and mental
effort

\“ User performance with product /

Figure 43: Multiple determinants of technology usability. [26]

Organisational
context

Environmental
context

They created a model that illustrates the determinants of usability through a deductive ap-
proach as in Figure 43. The model shows that the environment, task, product and interaction
influence the usability of a product.

9.4.7 Semiotics of Space

The semiotic triangle, Figure 44, was developed by Méittanen [10] and is based on Peirce’s
idea through a deductive approach. They have adapted Peirce’s notion for the analysis of a
concrete interaction of a living organism with its environment. The model illustrates how spatial
meaning is formed through perception, action and interpretation.

sign

Perception Interpretation

object interpretant
Action

Figure 44: The semiotic triangle [10]

Semiotics studies how people interact with their environment by analysing how they perceive
signs and objects in space, which require interpretation by the interpreter, leading to actions
which form the chain of interpretation.
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9.4.8 Conclusion of Models

The presented models all stem from HCI, analysing the interaction of user with technology
from different view points or with different aspects. What becomes visible is that based on the
term of situatedness, every model only considers some aspects and not the relation of all five
factors. Table 6 gives an overview of the presented models and which aspects from the term
situatedness they consider.

aspects space | place | activity | community | time
Visitor interactive experience model X X
The interaction-attention continuum X

Honeypot Model X X

Value of Public Interactive Displays [x X
Perception-Action Cycle X X X X
Determinants of Usability X X X

The semiotic triangle X b

Table 6: the different models and the aspects considered based on the term situatedness

9.5 Development of a Model

As the analysis of the existing models in the literature shows, most of them have shortcomings
and do not consider the situation in its full complexity, which is a simplification of the dynamics
in the system. This thesis aims to model the system dynamics of how the situation shapes the
experience in spatial computing in order to illustrate the influence on the experience and to
highlight the importance of the context. The aim is to support developers and designers in the
consideration of environment and situation for the development of outstanding user experiences
in spatial computing. The model should help to analyse issues in the user experience and detect
the root cause with it as aspects are tightly coupled and interrelated. Identified issues have
therefore often many potential sources and dependencies.

9.5.1 Identification of Elements in the System

To develop a successful model which illustrates the system dynamics, the various elements
compromising the situation need to be identified. For each scenario which was analysed in the
previous part of this thesis, a schema has been developed to illustrate the characteristics and
the relationship.

Figure 45 shows the schema for the scenario of Arigo, using a HMD to support users in proce-
dural tasks. In this scenario, the projection is above the real object, relevant for the task. The
user wearing the HMD perceives the projection and the real world deepening on the context in
which he/she is placed.

73



Figure 45: Schema for HMD

Figure 46 shows the schema for the scenario of feey, using MAR to collaborate with an expert
to find suitable plants simulating their appearance through MAR. In this scenario, there are
two actors present interacting with each other remotely through a video call. The user places
the digital plant through the mobile device in the real environment. The perception of the
augmented world happens through the mobile device of the user, as well as the remotely par-
ticipating expert.

Figure 46: Schema for MAR

Figure 47 shows the schema for the scenario of the interactive books, using SAR to project
onto physical books allowing tangible interaction in the augmented world. In this scenario the
perception of the physical world in combination with the digital projection influence the inter-
action of the active but also passive users.

74



Figure 47: Schema for SAR

If analysed for similarities, several elements can be identified such as:

Place

1. Perception of the user
2. Previous knowledge
3. Emotions

4. Interpretation

Space
1. Physical space
2. Digital content

Community

1. People present in the environment

2. People present in remote environment
3. People absent in the environment

Activity

1. Actions of the user
2. Goals of the user
3. Attitude

Time
1. Temporal flow

2. History

What the user perceives influences how she/he acts. The community, either present or absent,
influences the environment, as well does the user interact with the community. These influences
and relations were tried to illustrate in Figure 48.
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Figure 48: Model to illustrate influence and relation of User, Environment, and Community

Perception and cognition are interrelated, what a user sees needs to be processed through cog-
nition. However, perception and cognition are influenced from the previous knowledge of the
user as well as by the environment they are placed in. The environment consists of the physical
space as well as the digital projection on the real world, creating an augmented space which
is based on perception and cognition. The augmented space only makes sense if the digital
projection suits into the physical environment and allows for meaningful interpretation which
is followed by bodily actions from the perceived environment. Further is the user influenced by
the community, either present in the environment or absent but however shaping the norms
and values of the space through its history.

However, several elements are missing in this illustration such as for example the influence of
time as well are the overarching goals of the user not included, and the previous knowledge of
the user.

9.5.2 Modelling of System Dynamics

Figure 49 presents a first version of a model to illustrate the system dynamics of the identified
elements relevant to the user experience in spatial computing. It is divided into two parts: the
user and the environment, which is connected by the interaction with the artefact. The user’s
perception is affected by the overarching goals to be achieved, the user’s attitude as well as
emotions. This in turn influences the interpretation of the situation, which is also based on the
user’s previous knowledge. The interpretation and perception of the situation leads to actions
that depend on the temporal flow. The model also includes temporal delays, as the interpreta-
tion of a situation can be memorised and used as prior knowledge in future scenarios. The user
interacts with the environment through the artefact. The physical space is influenced by the
history of the place, as well as the digital space, which in combination creates the augmented
space with which the user can interact. This is also influenced by the community inhabiting
the space, either present or absent.
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Figure 49: Model to illustrate system dynamics with feedback and time delays, highlighting
new aspects relevant to spatial computing in orange

With spatial computing, new aspects are relevant to the user experience, such as the ergonomics
of the interaction, which is located in the middle of the model in Figure 49. In a traditional
mobile or web application, the ergonomics of the interaction could be neglected because the
interaction takes place purely on the device. In spatial computing, however, the user is moving
around the space and may be holding or wearing the device. The ergonomic issues arising from
this need to be considered as it has a huge impact on the user experience as it can lead to pain
and fatigue.

The spatial link of digital objects to physical space is also important and needs to be considered
in spatial computing. This aspect lies in the environment between physical and digital space.
It defines whether the digital objects displayed through AR are correctly linked to support the
user’s mental model and allow for natural language guidance such as “above the item”.

Another consideration lies between the physical space and the community with the aspect of
intrusiveness. Devices are equipped with cameras and sensors to detect the environment in
which they operate. As a result, they also scan the private environment of the user or other
people present in the space, which can lead to feelings of intrusiveness.

On the user side, the cognitive processing of information is now relevant to the development
of applications for spatial computing. With AR it is possible to simulate objects in the envi-
ronment, however not everybody processes information in the same way where as some benefit
more from simulations and some rely more on their mental images. The cognitive processing
style of the user strongly influences the perceived usefulness of AR simulations.

9.5.3 Difference to 2D-Interactions

The model created in Figure 49 is applicable to spatial computing applications where context
needs to be considered and spatial interactions can be performed by the user. It takes into
account aspects relevant to the user experience in spatial computing that were previously not
very important. In traditional mobile or desktop applications, the context does not have much
influence on the user experience. In addition, the interaction only takes place on the screen
of the device. The user can be in any environment and have the same interaction with the
application. The physical environment does not allow or hinder the user from interacting with a
mobile application, but it may in spatial computing. Furthermore, the digital content is always
visible on the mobile device and manipulation is limited to touch interactions. In spatial com-
puting, visibility depends on the context and there may be multiple interaction possibilities,
resulting in a different user experience.
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The left-hand side of the model, which is an illustration of the user’s cognition, can also be
applied to traditional mobile or desktop applications. However, the mental processes are slightly
different in the two cases. In contrast to spatial computing, in mobile applications the environ-
ment is not relevant to the perception or interpretation for actions.

9.5.4 Further Iteration of the Model

Based on a review with Prof. Dr. Carmen Zahn as well some inputs from the World Information
Architecture Day Conference the model was further developed in some points as illustrated in
Figure 50.
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Figure 50: Improved model after review and inputs

As the user is in the physical space and is therefore part of the situation, the two dimensions -
user and environment - should not be separated from each other and should overlap. Therefore,
the dimensions are drawn as circles overlapping through interaction in the revised version. This
visualisation further emphasises that the situation should be analysed holistically as a complex
system in which elements are highly intertwined and interact with each other.

Further considerations are added in the dimension of the user. The beliefs of the user will have
an influence on the interpretation and the patterns of behaviour will have an influence on the
behaviour.

9.5.5 4E Cognition

The mind cannot be considered in isolation to understand how cognition works. It is a process
of the brain and how it interacts with the body and the physical and social environment [149].
This forms the theory of 4F cognition, a relatively new concept that builds on early work in
1993 on the embodied mind by Varela et. al [150]. 4E cognition, like embodied mind, states that
cognitive processes are dynamically intertwined with the human environment, leading to the
four types of cognition that are embodied, embedded, extended and enactive [149]. They can
be defined as:

e Embodied: Cognition is not just a mental process, but involves the body and the mind and
the interaction between the two.

e Embedded: Cognition is not isolated from context, but is influenced and shaped by it.

¢ Enacted: Cognition is not passive but an active process in which the user interacts with the
environment and other people, resulting in cognition through the actions and behaviour.

o Extended: External elements outside the boundaries of the mind can also be an essential
part of cognition, such as objects, tools or other people.
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4E Cognition also incorporates complexity theory as the four different types of cognition form
a complex system. It also has many similarities to the notion of situatedness, which also has
a holistic focus on the situation, where multiple elements in the context shape the situation in
which the user is placed.

Information processing and interaction with the environment and other people is different when
AR is introduced. This changes all four types of 4E cognition and creates a whole new situation.
With AR, we interact with the physical environment and it is through this interaction that we
perceive and interpret the world. This highlights the fact that the processing of information
in AR should not be seen in the traditional way as with 2D content, but rather as a complex
interaction with the situation in which the user is placed. With AR the four types can change
as follows:

e« Embodied: AR allows the user to interact with the digital content in the physical world,
creating a new situation beyond the natural environment. The user is immersed in the scene
of the augmented environment through the interaction of the body with the digital space.

¢ Embedded: The user’s context is enriched with digital information that may also allow in-
teraction, creating a new situation in which the user can interact with the augmented world
which in turn influences the cognition. The digital content offers new possibilities, either in
the digital space on its own or through the enrichment of the physical space.

e Enacted: The introduction of AR changes the way we interact with other people, possibly
also disrupting it as there is an information asymmetry or it feels like a barrier to commu-
nication when someone is wearing an AR headset. As the behaviour and actions of the user
and surrounding people changes, so does the enacted cognition.

e Extended: The digital content of AR can enrich extended cognition by changing the men-
tal load of some tasks, as some thinking can be offloaded. For example, visual instructions
overlaid on a machine instead of textual information on paper, or digital simulation instead
of mental imagery.

It is important to take into account the change in the situation caused by the introduction of
AR. A situation with AR cannot be considered in the same way as a situation without AR, as
changes occur on several levels. The interaction between the physical and the digital needs to
be analysed in detail and how the interaction with the environment changes. Figure 50 is an
illustration of how closely the elements are coupled and interact with each other. The potential
difference to 2D interactions is also highlighted by the theory of 4E cognition. As context is not
as influential in this area as it is in spatial computing, 4E cognition may not be applicable in
2D-interactions.

The considerations with 4E cognition leads to a revised version of the model, with a more
user-centered design approach than the previous version, which was more allocentric. Figure 51
illustrates the coupling of the four levels and the corresponding considerations for each level.
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Figure 51: Revised model with 4E Cognition showing the novel combination of 4E Cognition
with Spatial Computing

9.5.6 Practical Implications

The constructed model shows relevant aspects to consider in the context of a situation for spa-
tial computing. This theoretical model can be translated into a framework, which can be used
in practice to evaluate the user experience and to help identify the causes of issues encountered.
As cause and problem are often distant in time or space, a holistic and coherent strategy is
needed to evaluate the situation, which can be achieved with the constructed framework. It also
recognises that interactions are complex and cyclical rather than linear. Changes in one element
of the situation affect other elements, creating a cycle of change. The framework recognises
this and after each change in the situation, all elements can be assessed to see if there are any
changes due to the change in another element. By analysing all the steps and changes in the
situation, it may also be possible to find the cause of a problem.
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Figure 52: framework derived from theoretical model to analyse the situation holistically

Figure 52 shows the constructed framework derived from the theoretical model in Figure 51.
The first column shows each element of the model in its relevant dimension. The first step is to
analyse the initial situation. What are the user’s initial goals? What are his/her attitudes and
emotions? The perception of the situation can be constructed with this information and each
observation can be noted in the framework. After changing one of the factors, for example when
the user starts to interact with the technology, the observation may be moved to the second
column to note the changes in the factors due to the user’s interaction.
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10 Qualitative Research

This chapter outlines the theoretical basics of qualitative research to lay the foundation for
the user study. It discusses the difference of qualitative and quantitative research as well as ex-
plains the features of qualitative research followed by grounded theory and some basic research
designs. Further are some sampling strategies outlined and different triangulation possibilities.
Qualitative research offers different strategies for data collection which are explained and how
the data can be analysed.

10.1 Quantitative vs. Qualitative

There are two main types of research: quantitative and qualitative. Quantitative research is
often found in the natural sciences, where a phenomenon is studied under controlled conditions
in order to achieve a higher level of validity. Researchers formulate a hypothesis based on lit-
erature and define dependent and independent variables in the experiment. The results are
statistically analysed and conclusions are drawn. Depending on the statistics, the results allow
for a generalisation, which makes it possible to formulate general laws. [151]

Unlike quantitative research, qualitative research takes place in a less controlled environment,
analysing people in their natural environment. It also does not require a literature review prior
to an experiment, as observation can serve as a basis of knowledge. More recently, however, it
has also been suggested that the state of the art should be analysed in advance to find gaps in
order to formulate meaningful research questions. Qualitative research is also open to analysing
a problem in all its complexity, not reducing it to a few variables. The quality of the results
can be defined by whether appropriate methods have been chosen and whether the results are
grounded in empirical material. Further is generalisation not achieved by the number of cases
studied, but more the quality of the cases analysed which should be based on a solid theoretical
background. Numerical generalization does not fit to qualitative research as many studies aim
to develop new theories and insights. This approach is more common in the social sciences and
often provokes debate as to whether it is scientific or not. [151]

There has been an ongoing debate about the validity of qualitative research and the superior-
ity of quantitative approaches. It is important to understand that the two approaches do not
exclude each other and that there is no single superior method. The research approach depends
on the research question, for example whether to observe a frequency or a human experience.
The two methods can also complement each other, creating a mixed methods study, either as a
triangulation or in sequence. In this way, the two approaches can cover each other’s shortcom-
ings, so that the frequency of a phenomenon can be understood with a quantitative approach,
and the reasons for a phenomenon can be understood with a qualitative approach. [151]

10.2 Features of Qualitative Research

Qualitative research is especially useful in analysing complex situations which encompass many
variables which cannot be isolated. The subject under investigation is represented in its entirety
embedded in the context. This does not create an artificial situation in a laboratory an tries to
analyse the subject in its natural environment which allows to observe practices and interactions
of the everyday life. The aim of this approach is to discover and explore rather than test what
is known. [151]

By analysing a phenomenon from the point of view of the participants, this approach can
also reveal a variety of perspectives. Fach case has different insights, experiences and social
backgrounds that can lead to conclusions about the subjective and social meanings associated
with it. The analysis of the subjective meaning that individuals attach to their activities and
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interactions embedded in the environment is known as symbolic interactionism. It is based on
three premises: (1) Humans act towards things on the basis of the meaning that these things
have for them, (2) the meaning of these things are derived out of social interactions, and (3)
the meanings are handled through interpretation by the human. This results in a subjective
point of view on situations that have different meanings for each individual. [151]

Qualitative research attempts to understand a phenomenon from the subjective point of view
of the participants, including the social rules that are relevant to a situation. Individual cases
are the subject of in-depth analysis and are the basis for comparisons and generalisations. Each
case represents the personal perspective of an individual in a specific social or cultural context.
Each case’s reality is constructed, either actively produced in conversations or interactions, or
latently in social situations. The empirical analysis of these situations is based on the produc-
tion of texts by the researcher. The perspective of the subject is reconstructed and forms the
basis for interpretation.[151]

10.3 Grounded Theory

Qualitative research often aims to develop new theories and insights, which should be
“grounded” in empirical material. Grounded theory was developed by Glaser and Strauss in
1967 and it is still very prominent and being further developed by researchers. It allows for a
very open approach to a field of study, but researchers should still be aware of the theories that
are already in place. Although some of the theories should be known, this is not the starting
point of the grounded theory research, but rather the end point. [151]

Theoretical

l Sampling ]

Theoretical i
Saturation? Data Collection

Process

Figure 53: Cyclical Process of Grounded Theory

Grounded theory is an approach in which a variety of materials are collected and analysed in
order to have an understanding of a phenomenon. This may include observations and ethnog-
raphy as well as interviews or documents. The choice of material to be used depends on the
cases being analysed and the insights they provide to further develop a theory based on the
empirical material. [151]

The process of grounded theory research is based on theoretical sampling, grounded theory
coding and theory writing. The focus is on the analysis of data that has been collected in
various forms. The aim is to understand the complexity of a situation in its entirety, rather
than to break down the complexity of a situation and its context into variables. The process of
Sampling, Data Collection, and Data Analysis is cyclical as illustrated in Figure 53. After each
iteration the researcher analysis if theoretical saturation is reached which ends the process. [151]
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10.4 Basic Designs in Qualitative Research
In qualitative research, there are a few basic designs that can be used in isolation or in combi-
nation, depending on the research question.

Case Study

Retrospective Snapshot Longitudinal

Comparative

Figure 54: Basic Designs in Qualitative Research forming two axis

Case studies aim to reconstruct and accurately describe a particular case. A case can be an
individual, a community, an organisation or an institution. What is important is the relevance
of a case to the research question and the consideration of other relationships to the case. A
case can be chosen if it is particularly interesting or typical of a general problem. The difficulty
is to choose an appropriate case that will allow insights and more general conclusions to be
drawn. [151]

In a comparative study a number of cases are observed. However, they are not analysed in depth
as a whole and in all their complexity as in case studies, but only relevant extracts from the
cases are analysed and later compared. The difficulty is in the choice of appropriate dimensions
for analysis and in the way in which the complexity of a case is taken into account. [151]

Retrospective studies analyse certain past events and processes from the subjective point of view
of the individual to understand their meaning for the individual or collective life history. It
is important that the timeframe for analysing the events is clearly defined and which sources
should be used in addition to interviews. It is also important to consider current perceptions of
the events, which may influence memory and evaluation. [151]

Snapshots are an attempt to describe circumstances at the time the research is being conducted.
However, past events and processes have an impact on the current situation, they are not the
subject of the research. Snapshots consider the past, however do not try to reconstruct it and
focus on the present situation. [151]

Longitudinal studies analyse certain events over a number of time periods. In order to analyse
how certain things have changed over time, several periods of data collection need to be defined
with a meaningful interval between them. The collection method, such as interviews, needs to
be adapted according to the time frame in order to capture the development. This approach
offers an opportunity to analyse events or views over time and their evolution. The change can
be observed and recorded, as opposed to retrospective studies where past events have to be
reconstructed. [151]

10.5 Sampling Strategies
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Figure 55: Sampling and Analysis Strategies

Sample selection can be carried out according to the principle of representativeness. It is usually
based on random sampling, where the potential samples are evenly distributed and a certain
number of cases can cover the entire sample to ensure an even representation of characteris-
tics. Another principle is based on relevance, where certain characteristics are relevant to the
research question and it is therefore decided to include the subject in the sample. In qualitative
research, the principle of relevance is usually applied to sampling, although there are different
ways of selecting a sample. [151]

The sample can be defined in advance by identifying the relevant dimension to be covered. This
approach is similar to quantitative research, but mainly based on the principle of relevance
rather than representativeness. A subcategory of sampling beforehand is purposive sampling,
where certain cases are selected on the basis of their characteristics. Possibilities include select-
ing extreme or deviant cases, typical cases, maximum variation in the sample, critical cases,
important or sensitive cases, and convenient cases. [151]

Grounded theory often uses step-by-step sampling, where the researcher decides along the way
which material or case to analyse next, also called theoretical sampling. With this approach,
it is often unclear how long the research will take as samples are taken until theoretical satu-
ration is reached. In this case, new samples would not provide new insights into the research
question. [151]

Before deciding which samples to use, it is also important to consider whether sampling width
or depth is more important. Width tries to represent the field in its diversity by using many
different cases, whereas depth tries to analyse a particular area in the field and understand its
underlying structures. [151]

10.6 Triangulation

Complex issues may require multiple methods of investigation. This may be a combination of
quantitative and qualitative methods, resulting in a mixed methods study, or a combination
of qualitative approaches, using the concept of triangulation. This is the combination of differ-
ent methods that result in different perspectives on a phenomenon, thus creating a more solid
foundation as the scope, depth and consistency can be increased. [151]
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Figure 56: The four types of Triangulation

One type is data triangulation, which uses multiple sources of data, distinguished either by time,
space or people. Another type is investigator triangulation, where different observers or inter-
viewers are used to minimise bias. The results of each researcher are systematically compared
for analysis. Theoretical triangulation has a different starting point, as the researcher starts
with multiple hypotheses to illustrate the different perspectives for research. Finally, method-
ological triangulation proposes a combination of methods to study a phenomenon, either as
within-method or between-method. Within-method triangulation seeks to analyse an issue from
multiple perspectives using the same method, such as a semi-structured interview combined
with narrative sequences. Between-method triangulation combines methodological approaches
that differ in their focus and in the data they provide, such as a combination of semi-structured
interviews and observation. [151]

10.7 Data Collection

In qualitative research, data is usually collected as verbal data. This allows implicit knowledge
to be revealed and further insight to be gained. It can be collected through semi-structured
interviews, narrative interviews or focus groups, although there are other forms, but these are
the main methods for verbal data. Other data can be gathered through observation, documents
or visual data such as film or photography. [151]

10.7.1 Semi-structured Interviews

The semi-structured interview is probably the most common type. It is based on a set of prepared
questions, mostly open-ended, to guide the interview. However, it allows for some flexibility as
the order of the questions does not need to be strictly followed, but rather serves as a guide for
the interviewer. Interviews can be further divided into a focused interview, a semi-standardised
interview and a problem-centred interview. [151]

The focused interview was introduced to study the effect of mass media on the population. It
starts with a stimulus, usually in the form of a film or photograph, and its effect is studied
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through the interview. It encourages retrospection by presenting specific material or asking
specific questions to recall a particular event. [151]

The semi-standardised interview aims to reconstruct the interviewee’s subjective theory about a
topic. It uses not only open questions but also theory-driven, hypothesis-driven and confronta-
tional questions. It is further complemented by the structure-laying technique, where the insights
from the interview are graphically represented and later interpreted with the interviewee. [151]

The problem-centred interview uses a combination of open-ended questions and narrative
prompts to elicit biographical information about a particular problem. It uses several elements
as a conversational strategy between the interviewer and the interviewee: a conversational en-
try opens the conversation, general and specific prompts lead the interviewee to the specific
problem, and ad-hoc questions can be used to elicit additional information. [151]

10.7.2 Narrative Interviews

The narrative interview aims to reconstruct biographies of participants or experiences of cer-
tain major events or developments in society. The interviewee is asked to narrate the story of
interest, including all relevant events from beginning to end. The interviewer does not interrupt
the interviewee during the story and only asks follow-up questions at the end. The interview
begins with a narrative question to stimulate the interviewee’s thoughts and narrative. A sub-
category of the narrative interview is the episodic interview, where only certain episodes are
the subject of analysis. [151]

10.7.3 Observations

The term observation can be defined very broadly to include the collection of information in
various ways, either as a participant or non-participant, and in various forms, in order to un-
derstand a particular phenomenon. Most often it is the use of documents or communication to
observe interaction and other processes. The observation can be facilitated either as participant
observation, ethnography or the use of wvisual data. It can also be classified as systematic or
unsystematic observation of a natural or artificial situation. [151]

In participant observation, the researcher becomes a participant. As an active member of the
field, they take part in activities and do not just observe. It also involves informal or formal
interviews with other participants and the collection of information about practices in the field
in the form of notes or videos/photographs for documentation. [151]

Ethnography is based on longer participation and observation than participant observation and
is also more flexible. It can also be combined with group discussions and documents such as
diaries, newspapers or letters. It can also be conducted as participant observation, but also
allows for non-participation in the field and only observation of the active participants. [151]

Visual data used in the research field can be studied in observations by analysing their content,
intentions, composition or use. [151]

10.8 Data Analysis

Qualitative research aims to make statements about implicit and explicit dimensions and to
make sense of material by interpreting and classifying verbal or visual data. The analysis of
verbal data is usually done through coding. This method uses categories to analyse texts by
assigning a label to words, phrases, segments or lines that represent their meaning. There are
several methods of coding that can be used depending on the research question and the data
to be coded. [151]
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Most methods start with an open coding of the verbal material to derive codes from the data.
Later the codes can be used by other methods such as theoretical coding, axial coding or thematic
coding. [151]

Open coding should allow the relevant codes to emerge from the analysed text. The data is
segmented and annotated with a code that describes its meaning. The codes can represent the
expressions of the interviewees (in vivo codes) or from the literature (constructed codes). Open
coding is contrasted with deductive coding, in which pre-defined codes are used to analyse the
verbal data and match text segments to the relevant codes. [151]

Axial coding attempts to reveal relationships between codes by using a coding paradigm model
(Figure 57). It attempts to clarify the relationships between a phenomenon and its underlying
cause and consequences, taking into account the context and the strategies of the participants.
[151]

Context
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Figure 57: Coding Paradigm Model for Axial Coding

In theoretical coding, codes are grouped into coding families in order to identify underlying
structures or principles. Several coding families may be derived from the literature, or families
may be constructed from the codes identified. Examples of theoretical families are Process,
where codes are grouped on the basis of stages, phases, transitions, chains or sequences; Strat-
egy, where codes are grouped on the basis of strategies, tactics, techniques or management; or
Culture, where codes are grouped on the basis of social norms, social values or social beliefs.
[151]

Theoretical and axial coding focus on an issue, whereas thematic coding focuses on individuals
and analyses the data on a more case-by-case basis than the others. This also allows groups of
participants and their contrasting views to be illustrated. Open coding will be applied on a case
by case basis and the codes identified for each case will be grouped into thematic areas. [151]

88



11 User Study to Evaluate the Model

To evaluate the constructed model a user study is conducted. This chapter will outline the goal
of it and as well the benefits of combining HCI with Computer Science background. Further
are potential applications elaborated which could be developed for the user study. Lastly, the
chosen application for implementation is outlined as well as the results presented and discussed
from the conducted user study followed by the implications of the results on the constructed
model.

11.1 Goal of the User Study

The previous chapters lay the foundation for the construction of a theoretical model that il-
lustrates potential considerations for user experience in spatial computing. To evaluate the
constructed model, a user study is conducted. The aim is to understand whether users interact
with spatial computing in the way that is assumed and visualised in the theoretical model.

From the theoretical model, a framework is derived that will help developers and designers in
practice with the evaluation of the user experience of their spatial computing applications. In
the user study, the framework will be evaluated in terms of its suitability for use in a usability
test and whether problems and their causes can be identified.

To achieve the objectives of

(a) Evaluation of the theoretical model through analysis of the interaction of users in spatial
computing

(b) Evaluate the constructed framework on the basis of the theoretical model for practicality
(c) Evaluation of the codes in the model

the research object must be narrowed down with a specific research question and application.
The codes in the model can be evaluated using deductive coding and new codes can be found
using inductive coding.

11.2 HCI and Computer Science

There is an ongoing debate in computer science about whether or not human-computer inter-
action (HCI) should be part of the discipline. Many argue that HCI is more psychology than
computer science and should therefore be part of this discipline. However, design also plays
a crucial role in HCI, but this fact is often neglected, as many examples show. Rather than
arguing whether HCI is psychology or computer science, it should be seen as an interdiscipli-
nary field where skills in one area influence and foster skills in the other as the following points
should outline.

Combination of Knowledge leading to new Approaches

Spatial Computing is a growing field in computer science. However, it is usually only considered
from a technical point of view, such as performance, resolution or novel technical approaches.
Spatial computing transforms the space as a whole. Not only are changes being introduced to
the space itself, but it is also changing the way in which we perceive the situation as a whole
in the space. The digital content is embedded in a situation where the user interacts not only
with the digital content but also with the physically present people and environment.

The combination of spatial computing and 4E Cognition Theory makes it possible to illustrate
these changes in the user’s situation. 4E Cognition describes four different levels of cognition
and is an extension of the theory of embodied cognition that also takes into account the space
and the community of the space.
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It is only with knowledge and understanding of both fields that this combination of spatial
computing, from computer science, and 4E Cognition, from psychology, can be achieved. Com-
puter scientists need to understand that technology affects and transforms our perception of
the whole situation in which we find ourselves. How this transformation takes place can be
illustrated with 4E cognition. To illustrate the change and understand its implications, knowl-
edge of computer science and psychology is required.

Psychological impact of design

Good design requires an understanding of psychology. When designing an application, it is
important to have an understanding of how users perceive elements and how they are likely to
be interpreted. For example, elements have affordances that are not universal and vary between
user groups. The possible interpretations of the user groups need to be taken into account and
how decisions will be made. Only the combination of all three fields - psychology, design and
software development - enables the development of outstanding user experiences.

Automatic data collection by the device

The devices usually allow certain data to be collected automatically from the user. In the case
of the Vision Pro, head gaze or hand position can be collected. However, in order to collect
this data, the application must be specifically designed to enable these features. The window
or windows must be placed in an immersive space to enable tracking. Applications are usually
placed in the shared space, where several applications can be seen and used at the same time. In
the immersive space, the user has to focus on one application as all other applications are hidden
in the user interface. In order to take advantage of the possibility to record, the application has
to be developed with the idea that it should be placed in an immersive space, either mixed or
full, as the change from shared space to immersive space at a late stage of development creates
a lot of work. By combining the disciplines of psychology and computer science, the researcher
knows the possibilities and limitations of data collection and can strategically enrich the data
with these functionalities.

Control of influencing variables in design and development

Conducting an experiment by designing and developing software involves many variables that
affect the results. These variables need to be identified, which requires knowledge of design,
software development and psychology. For example, an understanding of how the fidelity of
a prototype or piece of software affects its perception and the resulting emotions can help in
choosing the right level of fidelity to achieve the desired outcome of the experiment. Further-
more, other variables can be designed specifically for the experiment, not only in UX design but
also in the software development process. However, this can only be achieved if the different
disciplines are combined and synergies are exploited.

Consideration of technical constraints

With knowledge of design and software development, the technical constraints of a technology
are known and the design can be pragmatically developed in accordance with these constraints.
Because the development effort can be estimated, features that are very difficult to develop are
not designed, but more developer-friendly solutions are explored. Even if the evaluation of the
software is done by the same person, the focus of the evaluation can be set according to the
design. Observing the interaction with the software provides different insights than reading a
report from another person. It is possible that some findings will not be reported because the
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focus is different. It is also possible to distinguish whether a problem is due to the design or
technical limitations of the software.

Effective communication

By having knowledge in all three fields of design, psychology and software development com-
munication with various stakeholders can be facilitated differently. The point of view can be
better understood and the language used in communication can be adapted accordingly. Dif-
ferent languages and specific terms are used by stakeholders in different areas. Knowing these
can help to facilitate effective communication and reduce misunderstandings. Using the same
language can not only reduce the number of errors, but it can also help to generate new ideas
and solutions.

11.3 Potential Applications
To conduct a user study to evaluate if the model is suitable to analyse issues in the user expe-
rience, a proof of concept has to be implemented.

In this part, possibilities for a proof of concept implementation are introduced to conduct a
user study. For each possibility, the potential scenario, limitations and implementation steps
are estimated. With this information, the suitability of the scenario and technology is evaluated
for suitability to evaluate the created model.

11.3.1 Spatial Augmented Reality

The potential scenario of SAR is inspired by the paper: FibAR - Optical Fibres embedded in
3D printed objects for SAR [16]. It uses 3D-printed objects to embed optical fibres in it. The
objects are detected through the different blinking patterns of the fibre, which are invisible
for the human. With the detection of the distribution of the fibre cables it allows for dynamic
projection mapping, as the system can detect the position of the object.

Potential scenario: Users should collaboratively analyse different meal options to understand
the impact of food choice on the environment. They can choose several types of meals to allow
for visual analytics of the impact. With the selection of a meal, the ingredients are visualised
on a 3D-printed plate.

Goal: It has been shown that SAR is suitable for potential attitude change as it can convey
information differently to other media forms. It also has the ability to embed information in
visualisations, creating tangible interfaces. This allows new information to be revealed, which
is not possible when using other forms of visualisations. The aim of the user study is to analyse
what influences the attitude and a potential change of it through embedded visualisation.
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Figure 58: Sketch for scenario of SAR

Potential Limitations: The implementation from the researchers use a camera with 525 fps,
where as Lusee has 30 fps and a projector with 1°000 fps which is much lower with Lusee. This
leads to a slower detection of the pattern and some seconds of delay when the object is moved.
Also, the implementation uses projection mapping from the side where as Lusee projects from
the top.

Steps for implementation:

e 3D printing of object with special material to allow for embedding the fibre cables
e Changes in Lusee

e Recognition of bit pattern of fibre cables

e Identification of object through pattern

o (Calculation of position through pattern
e Creation of projection mapping

Time estimation: 5 months

Aspects considered:

space place activity community time
e object detec-| o visual refer-| ¢ situational e communica- o sustain en-
tion ences awareness tion gagement
e physical inte-
gration
e empathy

Table 7: the different aspects considered based on the term situatedness

Overall evaluation: This scenario seems less suitable for the task of evaluation the created
model. It covers only few aspects as well is the development time very long which leads to a

short time for conducting the user study and analysis of the model. Further has the lusee setup
many limitations which would lead to delays in detection and projection.

11.3.2 Mobile Augmented Reality

The potential scenario of MAR is inspired by the application of feey and some experience in
the use of model-viewer to create AR experiences.
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Potential scenario: The user should place digital furniture in a given space and analyse its
composition whether it fulfils the requirements. The user should analyse the different options
available and their suitability. It is possible to place the various elements in the physical room
through AR to simulate their appearance.

Goal: It has been shown that simulation can assist users in their decision making by serving as
a model-driven decision support system. However, simulation is susceptible to spatial percep-
tion, which is influenced by colour and shape. The aim of this user study is to analyse what
influences the decision comfort with simulation.

Steps for implementation:
¢ Create AR elements in blender
e Create Application for AR with WebXR

Time estimation: 4 weeks

Aspects considered:

space place activity community | time
e manipulation e visual refer-| o situational e sustain engage-
of objects ences awareness ment
e visual realism [ o spatial link o fatigue
e spatial percep- e ergonomics
tion e decision  sup-
port

Table 8: the different aspects considered based on the term situatedness

Overall evaluation: Several aspects can be covered in the scenario. Further, this combination
has not been studied yet and would contribute to the corpus of knowledge. Through the use of
WebXR the implementation can be rather fast and is usable in several environments.

11.3.3 Head-Mounted Displays
The potential scenario of HMD is inspired by Arigo and some students project using Coconut
XR for HMD application development.

Figure 59: Example Spatial UI from Coconut XR
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Potential scenario: The scenario adapted from Arigo to simulate the procedural task with
guidance. The user wears the HMD and can see the step-by-step guidance for the procedural
task of mixing radio pharmaceuticals. However, the user is a novice who has never performed
the complicated task and requires therefore many cognitive resources to perform the steps.

Goal: It has been shown that with an AR model it is possible to give instructions with spatial
references in natural language. However, the spatial mental model influences the understanding
of these references and can lead to a high cognitive load in understanding and performing the
necessary actions. This user study aims to analyse what influences cognitive load when using
spatial references in natural language guidance.

Steps for implementation:

e Setup environment for development for potentially MetaQuest
¢ Develop scene with coconut XR

e Develop 3D elements with unity

Time estimation: 4 weeks

Aspects considered:

space place activity community | time
e spatial percep- | ¢ visual cues e situational e sustain engage-
tion e textual repre- awareness ment
sentation o fatigue

e ergonomics
e interaction
modality

Table 9: the different aspects considered based on the term situatedness

Overall evaluation: Many aspects can be covered and research scenario could be interesting
contribution to corpus of knowledge in HCI. The implementation time is rather low and the
setup can be used in several environments.

11.3.4 Conclusion

The new Apple Vision Pro had just been launched at the time of deciding which case to choose
for the evaluation. The Institute had purchased one and it was available in time for the user
study. Therefore, in consultation with the advisor, the case for the HMD was chosen, but instead
of using the MetaQuest Pro with Coconut XR, the Apple Vision Pro will be used.

11.4 Implementation

This section will outline the task for the user study as well as the UX/UI Design of the appli-
cation and the technical implementation of it. Further is the research question outlined for the
user study as well as the sampling strategy and method for data collection & analysis.

11.4.1 Task
As the example application is based on the Arigo research project, the task will be the same.

Through the HMD, users see step-by-step instructions for placing syringes and turning valves
in a specific order. The instructions are displayed digitally on a 3D model and the user has
to perform the necessary steps with the physical elements as in Figure 60. The syringes have
to be placed on the physical model and the valves of the physical model have to be turned.
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The users have to place 8 syringes in different places on the model and turn the valves of the

syringe holder.
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Figure 60: View from the Apple Vision Pro of a user placing the syringes on the physical model

with the digital instructions in the back

The instructions are given in small batches, and the user can click on a button to proceed to
the next step once the current step has been completed. On the left side of the window in the
digital space, the user can see which steps still need to be taken to complete the process, as

shown in Figure 61.
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Figure 61: Instructions given through AR with the digital model and textual information in
small batches, left upcoming steps are visible to the user

11.4.2 UI / UX Design

As the application is developed with SwiftUI, which is a declarative programming language,
the UI design is heavily pre-defined from Apple. The Human-Interface Guidelines of Apple are
already implemented in the standard components of SwiftUI. They also suggest to use their
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standard design in order to have a coherent design language throughout the devices and prod-
ucts. The paradigms and components are already known to many users and therefore simple
and intuitive to use.

With VisionOS for the Vision Pro, new design possibilities are introduced as it is especially de-
signed for augmented reality. One example is the glass window style of elements as in Figure 62.
On traditional 2D-devices the interfaces used the entire screen. However, in AR the window is
placed in the real surrounding of the user and the windows need to fit in accordingly. The glass
background effect poses the possibility to subtly integrate the window into the context of the
user and ensure that the text is always readable.
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Figure 62: Spatial Window of the Apple Vision Pro using the Glass Background Effect

Not only are the design guidelines from Apple applied, also the considerations outlined in the
previous chapters are considered in the application as outlined below and illustrated in Fig-
ure 63.

o Visual cues are used to indicate which elements are relevant to the current step. In the 3D
model, the relevant elements are coloured, as in contrast to the machine, which is grey. The
cues are therefore diegetic, explicit and non-limiting the interaction.

e The visual cues, which highlight the information relevant to the current step, allow informa-
tion to be easily processed following the principle of least effort for communication.

e Only textual information that is temporally relevant to the current step is displayed in the
guidance process. The user can see which steps are ahead in the navigation area, but the
detailed text only gives information about the current step.

e The user’s attention can potentially be held well as they have a high level of interest in the
technology and are excited to use it for the first time. Furthermore, the interaction possibil-
ities are easy to understand and learn, the immersion in the augmented space is high, and
the difficulty of the task is low due to the step-by-step guidance supported by the visual cues
in the 3D model.
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e The glass window background and window interaction capabilities in VisionOS allow the
user to rearrange the window in the physical space, but the glass background always ensures
the readability of the text.

e In VisionOS, the window can be resized by the user, with the content such as text and
3D model also automatically resized. This changes the size of the model and can affect the
perceived visual realism of the digital twin.
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Figure 63: Window showing a step in the guidance process with visual cues

11.4.3 Technical Implementation
The application offers the opportunity to the user to get accustomed with the device and task.

Welcome to Arigo

Discover the support to create a substance

-by- i Digital Twin
Step-by-Step Instructions. : Background information

Introduction 3D Model About
odel

Start the process of mixing radioactive Explore the 3
substances with the help of a 3D Model support you.

Learn more about this project.

Figure 64: Start screen of the application allowing the user to get accustomed to the device
and task

The introduction screen allows the user either start the guidance process, explore the 3D-
model of the machine, or learn more about the application as illustrated in Figure 64. The
3D-model of the machine is introduced and the user can explore the model and understand
which components the machine has. This may help the user to conduct the process of mixing a
substance as he/she knows already the components of the machine and therefore may simplify
the understanding of the natural language guidance. This section also has the 3D-model of the
machine which is created with Unity and imported into RealityComposerPro, which is needed
for importing the 3D-models into the application. On the first screen also an introduction to
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the step-by-step guidance in shown where the user can also start the process. When starting
the process from the introduction screen, the user navigates to a new navigationStack, which
is the navigation design of SwiftUI as illustrated in Figure 65.

Model

ViewModel Modules

l L
Intro NavigationStack Guidance NavigationStack 1

Modules Guidance NavigationSplitView

ModulesOverview € ——— -
— Step Details

l All Steps 4|\ 3D Model
Navigation Button

Details 3D Model L g g ’

ModuleDetails

Figure 65: Software Architecture of the Arigo Application for VisionOS

The NavigationStack uses a push/pop paradigm. As the introduction and the step guidance are
not interrelated two different stacks are being implemented. At the end of the step guidance
the user pops back to the root navigation stack which is the start screen of the application and
the entire navigation path gets deleted. This is an efficient way of clearing navigation path and
reduces memory usage.

Einsetzten
Spritzen oben

Figure 66: Step-by-step guidance using NavigationSplitview, showing the current and upcoming
steps on the left and detailView with the corresponding 3D-model on the right side

The step guidance itself uses a NavigationSplitView in order to indicate the current step to the
user on the left side of the window and the guidance text with the 3D-model on the right side
of the window as illustrated in Figure 66. The text for the guidance is stored in a enumeration
in the Model. This allows to dynamically show the content on the window and iterate through
the enumeration. The step description is dynamically pulled from the enumeration and when
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selected, the details to the current step are shown in the detail view on the left side. The bind-
ing to the 3D-model has to be done manually with if-statements. This may not be the most
efficient way of binding the models to the relevant step, however with a switch case or dynamic
presentation trough the information from the enumeration does not work, assuming that the
threads do not have the same processing time and therefore can’t load the information when
needed on the UL

In the detail view the user can continue to the next step with a button. This iterates through
the enumeration and increments with each click. The increment is also bound to the number of
steps shown in the left side, where the steps to be performed are shown. When clicking on the
button to go to the next step, the current step disappears in the step indication and the view
switches automatically to the next step in the step indication on the left and also in the detail
view on the right side of the window. When the user has reached the end of the enumeration the
navigation pops back to the root NavigationStack, which is the start screen of the application.

As it is not possible to collect eye tracking information with the Apple Vision Pro, some other
solutions must be found to analyse where the user is focusing while interacting with the content.
Because the headset has the ability to anchor content to the user’s head, it is possible to track
the user’s gaze. Content can only be anchored to the head in an immersive view. As the user
should still be able to see the physical space, the window must be placed in the mixed immersive
view. The immersive view must be actively opened and closed by the user, as no other window
will be visible in this mode. In the Arigo application for Apple Vision Pro, the start and end of
the immersive view is tied to the start and end button of the instruction process. In this way,
the user does not notice that the immersive view has started and the head gaze can be tracked.
As only visual analysis is possible, an object has to be anchored to the head, which in the case
of Arigo should not be distracting. Therefore, a small black dot is placed in front of the headset
to visually track the head gaze, as shown in Figure 67.
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Figure 67: Tracking of the head gaze with little black dot placed in front of the headset anchored
to the head of the user

11.4.4 Research Question

The aim of the study is to understand which elements influence the orientation of a user in
a step-by-step guidance process with a 3D model and natural language instructions. Further
should be evaluated whether there is a difference in users based on their spatial imagination
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and binocular vision, as well as on their affinity for visual or verbal information based on their
experience.

Through this question, several points of the model can be covered and how they interact with
each other can be analysed.

With these questions the constructed model for influences in spatial computing should be
analysed in its entirety to discover and explore new influences. In doing so, the constructed
model should be evaluated and further considerations should be found that can be added to
the model. The situation should be analysed from the participant’s point of view to understand
the subjective meaning of elements and interactions and how they are interpreted.

The study is designed to analyse the individual cases of each participant to understand the
situation in depth. Thus, the study is designed as a case study, analysing snapshots of situa-
tions, but considering the impact of the past on the current situation however without further
investigation.

11.4.5 Sampling

The study is planned with three different cohorts of three participants each. The first group
is experienced in working with 3D models due to their job or education (visual cohort). The
second group has a greater affinity with language (verbal cohort) and the third group has a
high level of technical knowledge (technical cohort). All participants have a positive attitude
towards AR, but mostly limited experience with it.

11.4.6 Data Collection & Analysis
To analyse the elements influence the orientation in spatial computing an ethnography and
semi-structured interviews will be conducted.

In preparation to the test the participants will conduct a test to evaluate their spatial imagina-
tion and binocular vision. The spatial imagination is evaluated using the Mental Rotation Test.
The test uses eight figures which are turned in a 0°, 50°, 100° and 150° angle either correctly
or inverted as in Figure 68 [152] as originally developed by Vandenberg and Kuse [153]. The
participants have to identify the correctly turned figures as fast as possible.

Figure 68: Mental Rotation Test of a Figure turned with a 150° angle

The binocular vision will be evaluated using the stereoacuity test as an android application [154]
as illustrated in Figure 69. It analyses the binocular vision of participants by showing several
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images which are only visible with anaglyph glasses reducing the angle with each correctly
identified image. As lower the angle is as better is the binocular vision of a participant. The
binocular vision can have an influence on the cognitive load of participants as the application
uses a 3D-model in AR which is harder to perceive for participants with low binocular vision.

Figure 69: Stereo Acuity Application analysing the binocular vision

In the ethnography, some questions will be asked before and after the participants perform the
task combined with an observation during the participants perform the task. The application
is further designed to be able to analyse the head gaze of the participants. With this it can be
analysed where the focus of attention was.

The semi-structured interview should help to understand how the user has oriented themselves
in the augmented space given the instructions either in text or with the 3D-model.

As some aspects relevant for the user experience in spatial computing could already be identified
through literature, a combination of open and deductive coding will be used for the analysis
of data. With this, it should be evaluated whether the constructed framework with its aspects
can be filled out and which other aspects need to be further considered. The codes identified
through open coding will be further structured through thematic analysis to reveal general
topics of the codes.

Axial Coding will be done to evaluate whether it is possible to find causes for issues by using
the constructed framework.
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11.4.7 Hypotheses

In preparation to the user study some hypotheses are formed to analyse whether the research
question and study setup is matching and the goal of the study can be achieved. Further will
the hypothesis after the study be evaluated whether the results were as expected.

Hypotheses:

1. Participants will be able to follow the instructions easily and complete the process without
any major problems.

2. Participants will rely too much on the 3D model and will not actively or consciously process
the steps performed.

3. The visual cues in the 3D model will help participants to process the information easily.

4. The visual cues will immediately be recognised as the elements which are relevant in the
current step.

11.4.8 Investigating Reliance

As the hypothesis is that participants will rely too much on the 3D model, a mismatch between
the text of the instructions and the digital model illustrating the steps was implemented in the
application.

In the process, the participants have to place eight syringes on the model and connect six tubes
to it. They then have to turn the valves so the fluids in the syringes flow in the right direction.
Before turning the valves, a number of steps have already been performed, which could have led
to a learning effect that the digital model always shows the information in the text, so people
rely more and more on the digital model. Therefore, a mismatch has been placed at the end
of the process. The instructions tell the user to turn the third valve to the right, however the
digital model shows the fourth valve turned to the right (Figure 70).

Figure 70: Mismatch of the text and digital model for the valve. In the model valve 4 is turned
and highlighted whereas valve 3 is grey and not turned.

With this discrepancy it is possible to find out whether the participants read the text of the
instructions, compare it with the digital model or whether they only rely on the digital model.

11.4.9 Investigating Perception of Visual Realism

To illustrate where the tubes should be placed in the digital model, coloured notches are placed
in the model with low visual realism. The aim was to find out if the high abstraction of realism
was helpful compared to high visual realism.
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To analyse the perception of high visual realism, a small discrepancy in the size of syringe
seven was placed in the digital model as it has the same size as syringe 6 in the physical model
(Figure 71 a). This is to analyse whether the small mismatch is perceived also compared to the
low visual realism option for the tubes (Figure 71 b).

a) b)
Figure 71: a) Mismatch in the visual realism of syringe seven as it has the same size as syringe

six in physical model and b) Low visual realism visualisation to connect the tubes with the
model

11.5 Results

This section present the results of the user study. First the participants are introduced as well
as the final code system followed by a case analysis for each participants. Lastly, the general
findings of the study are presented as well as the research question answered.

11.5.1 Participants

Table 10 shows the nine participants of the user study, including background information to
their profession as well as the measurements for binocular vision and the mental rotation test.
The column cohort indicates to which cohort the participant belongs to based on their back-
ground. The column focus indicates where to focus was in the case of the visual and textual
mismatch, either they followed the text or the model.
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Nr | Background Measurements Cohort | Focus
1 | BIM Specialist, MAS Digital Construction Binocular Vision: 66" | Visual | Text
MRT: 96%
2 | Web Developer Binocular Vision: 132" | Tech Text
MRT: 98%
3 | Master Student Virtual and Digital Construc-| Binocular Vision: 132" | Visual | Model
tion MRT: 96%
4 [ Professor School of Pedagogy Binocular Vision: 132" | Verbal | Model
MRT: 74%
5 | Computer Science Student Binocular Vision: 198" | Tech Model
MRT: 96%
6 | Teacher Communication School of Economics [ Binocular Vision: 330" | Verbal | Text
MRT: 88%
7 | Designer Mechanical Engineering Binocular Vision: 66 | Visual | Model
MRT: 98%
8 | Consultant University Development Binocular Vision: 791" | Verbal | Text
MRT: 96%
9 | Full Stack Software Engineer Binocular Vision: 198" | Tech Text
MRT: 98%

Table 10: Participants of the User Study with their backgrounds and measurements of Binocular
Vision and Mental Rotation Test

11.5.2 Codesystem

During the user study the participants were asked to think aloud. These protocols were tran-
scribed and analysed with an open and deductive coding in MAXQDA. The terms from the
created model were used as codes, as well were new codes introduced. Figure 72 shows the
resulting codesystem from the analysis of the think-aloud protocols and interviews conducted.
New codes were introduced on an ongoing basis and already coded documents were analysed
again for the newly introduced codes.
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» Fehler Poszition digitaler Inhalt Verstandnis

» Handlungsumfang Overlay phyisches Modell Lerneffekt
o Gross Platzierung Erleichterung des Verstindnisses
o Klein & Wahrnehmung » Emotionen
Physisches Modell » Motion Blur » Unterstitzung
Kennzeichnung e Schwierigkeiten @ Unsicherheit
Physische Interaktion o Text Instruktionan @ Anstrengung
Ergonomie » Struktur » Hilflos
o Leseverhalten » Reliance Text @ Verwirrung
» Unterbrochen o Farblicher Abgleich Visual Cues
o Schnell » Richtungsangaben
» Fenau » Textkomplexitat
@ Kurz @ Fokus auf die Nummerierung
@ Orientierung @ Digitales Modell
o Feedback @ Visual Cues
o Konventionen @ Farbauswahl
@ Orientierungspunkt » Reliance Modell
o Kontrolle » Visual Realism
@ fbgleich digitales Modell und Text o Tief wahrgenommen
@ Abgleich Physisch und Maodell » Mismatch wahrgenommen
@ Abgleich Physisch und Text @ Hoch wahrgenommen

@ Abgleich Digital { Physisch

Figure 72: Codesystem from inductive and deductive coding of the user study

11.5.3 Case Analysis

The think-aloud protocol for each participant was coded and analysed in detailed. The case of
each participant is briefly outlined below, enriched with background information and the main
highlights of the case.

User 1

User 1 is an expert in Building Information Management and is doing an MAS in Digital Con-
struction and therefore belongs to the visual cohort. Binocular vision is very good with an angle
of 66" and mental imagery is also very good with a result of 96% on the MRT. The user also
has red-green colour blindness.

The user usually reads the instructions thoroughly. After reading the text, the user compares
the instructions with the digital model to better understand the instructions. After comparing
the text and the digital model, the user carries out the steps with a small extent of action and
verifies the actions through the digital model.

The text is also perceived as rather complex with the change of directional information (from
right or left). Therefore, the user sometimes has to read the instructions several times to un-
derstand them and compares the text with the digital model. The user also mentioned that the
digital model does not provide enough information to rely on it completely. However, in steps
where the digital model has enough information to perform the steps, the user does not read
the text and relies completely on the digital model.

Due to red-green colour blindness, the user does not see the visual cues in the step to rotate
the vials. This leads to confusion as the instructions appear inconsistent. As the user does not
see the visual cues, the mismatch between digital model and text for valve three is not seen
and the user follows the text instructions.
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The user uses the placed syringes and the number of openings on the machine for orientation.
In particular, the prominent syringes are mentioned to support orientation in the physical and
digital model.

User 2

User 2 is a web developer and student in Computer Science and therefore belongs to the tech-
nical cohort. Binocular vision is good with an angle of 132" and mental imagery is also very
good with a result of 98% on the MRT.

The user reads the instructions very thoroughly and memorises the number of the syringe and
the opening on the machine. After reading the instructions, the user compares them with the
digital model. The user carries out the actions very carefully and follows the instructions very
closely. At the end of the action, the user compares the physical model with the digital model
for verification.

The user recognises even small mismatches in the digital model that lead to irritation. However,
the user still finds the digital model helpful and uses the visual cues for orientation. However,
the user does not rely on the digital model because there is not enough information and the
text instructions are not detailed enough.

The user recognises the mismatch for the valve and follows the text instructions.
User 3

User 3 is a master student in virtual and digital construction and therefore belongs to the visual
cohort. Binocular vision is good with an angle of 132" and mental imagery is also very good
with a result of 96% on the MRT.

In the beginning, the user reads the introduction to the process very carefully and compares
the information with the physical model. The user also arranges the syringes according to their
number. In the beginning, the user compares the text with the digital model and then carries
out the actions on the physical model. However, after a few steps the user reads less and relies
more on the digital model, and at the end of the process the user relies completely on the digital
model without reading the instructions. This behaviour could indicate that there is a learning
effect that the digital model usually shows the same information as the text. The user also
mentions that there is a learning effect in the structure of the text, and that the visual cues are
supportive in visualising the current actions.

When the user reads the instructions, the extent of action is small, whereas when the user relies
on the digital model, the extent of action is large.

As the user relies completely on the digital model and does not read the instructions at the
end of the process, the mismatch between the text and the digital model for valve 3 is not
recognised and the user follows the instructions from the digital model.

User 4

User 4 is a professor at the School of Pedagogy and therefore belongs to the verbal cohort.
Binocular vision is good with an angle of 132" and mental imagery is also low with a result of
74% on the MRT.

The user reads the instructions very briefly and only the beginning of the sentence. As soon
as the user could deduce a possible action from the instructions, a comparison was made with
the digital model and the action was performed with the physical model. Therefore, the extent
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of the action was small. After a few steps, the user relies only on the instructions with the
visual cues of the digital model and does not read the text any more. As the user only reads
the instructions very briefly, the working practice is somewhat sloppy and an error occurs with
syringe 6. The error is noticed at a later stage because of a check between the digital and
physical model where the mismatch was observed.

As the user relies completely on the digital model and does not read the instructions at the
end of the process, the mismatch between the text and the digital model for valve 3 is not
recognised and the user follows the instructions from the digital model.

User 5

User 5 is a Computer Science Student and therefore belongs to the technical cohort. Binocular
vision is lower with an angle of 198 and mental imagery is high with a result of 96% on the
MRT.

The user takes some time to get started and reads the first step carefully several times, com-
paring it with the digital model. However, the user soon starts to read the instructions in an
interrupted manner and misses the relevant information at the end of the sentence. This leads
to confusion and the user relies on the digital model for guidance. The user understands the
visual cues for the syringes, but not for the tubes, and is confused by the missing information
on the digital model and the complexity of the text instructions. Similarly, in the second step
of connecting the tubes, the user does not understand the visual cues on the digital model.
Surprisingly, to turn the valves, the user relies on the digital model and does not read the
textual instructions.

The user shows some difficulties in perceiving the digital model and its visual cues, especially
in transferring the knowledge from the digital model to the physical model. The user also found
the process a bit exhausting and the observed concentration was low.

As the user relies completely on the digital model and does not read the instructions at the
end of the process, the mismatch between the text and the digital model for valve 3 is not
recognised and the user follows the instructions from the digital model.

User 6

User 6 is a teacher at the School of Economics in Communication and therefore belongs to the
verbal cohort. Binocular vision is very low with an angle of 330" and mental imagery is lower
with a result of 88% on the MRT.

The user is very focused on the text and sometimes performs the actions without looking at
the digital model. In the beginning, the user reads the introduction very carefully. However,
after a few steps, the user reads the instructions interrupted and performs the steps as soon as
they can be deduced. The comparison with the digital model is only carried out from time to
time, in particular when the textual instructions are too complex or when the user is uncertain.
The user is very concentrated and the extent of the action is small. Also in the valve turning
step, the user relies on the text and performs each turn step by step in accordance with the
text instructions.

The user recognises the mismatch for the valve and follows the text instructions.

User 7
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User 7 is a designer in mechanical engineering and therefore belongs to the visual cohort. Binoc-
ular vision is very good with an angle of 66" and mental imagery is also high with a result of
98% on the MRT.

In the beginning, the user reads the instructions very carefully and memorises each number in
order to place the syringe in the correct opening. The user soon notices that the digital model
shows the same information as the textual instructions and compares the two at each step. The
user no longer reads the sentences in their entirety and misses important information about how
to perform the actions. The user is therefore confused as there is a perceived mismatch between
the text and the digital model. In cases where the visual cues are immediately understood, the
user does not read the textual instructions and relies on the digital model, for example in the
step of connecting the tubes

Interestingly, for the valve mismatch, the user reads the text instructions aloud but rotates the
valves according to the digital model.

User 8

User 8 is a consultant in the development of the university with education in linguistics and
therefore belongs to the verbal cohort. Binocular vision is very low with an angle of 791" and
mental imagery is high with a result of 96% on the MRT.

In the beginning, the user reads the text instructions very carefully and compares them with
the digital model. The user orders the syringe according to its number for preparation. After a
few steps, the user starts to read the text intermittently and performs the action as soon as it
can be deduced. As a result, the user misses important information at the end of the sentence
and perceives a mismatch between the text and the digital model. If the textual instructions
are simple enough to understand, the user relies on the text alone and does not make a com-
parison with the digital model. The user performs the actions very carefully and remembers the
number of the opening for each syringe. The visual cues are immediately recognised and help
with orientation, especially in the steps to connect the tubes. When using the digital model for
orientation, the user has a strong focus on the colours of the visual cues.

The user recognises the mismatch for the valve and follows the text instructions.
User 9

User 9 is a full stack software engineer and therefore belongs to the technical cohort. Binocular
vision is low with an angle of 198" and mental imagery is high with a result of 98% on the MRT.

In the beginning, the user reads the introduction very carefully and compares the text with the
physical model. The user also reads the textual instructions for the first step very carefully and
remembers the information about placing the syringe in the correct position. However, the user
would count the openings differently and relies on the digital model. After the first step, the
user changes the reading behaviour and performs an action as soon as it can be deduced from
the instructions. In cases of uncertainty, the user compares the textual instructions with the
digital model and reads the text several times. However, if the text is clear, the user performs
the action without looking at the digital model. As the textual instructions sometimes contain
several steps and the user is strongly focused on the text, syringe 6 is forgotten.

The visual cues are perceived as helpful and the user notices the mismatch in the size of the
syringes. The user recognises the mismatch for the valve and follows the text instructions.
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11.5.4 Findings
Based on the detailed analysis of each case the following general findings can be deducted:

Visual Cues

The visual cues in the digital model are perceived as very helpful. In the case of uncertainty
about the instructions in the text, the users rely on the visual cues in the digital model for their
understanding.

The use of colour is also important for understanding which elements are currently relevant
and which are previous elements. In the step of connecting the tubes, users often referred to
the tube as “the blue tube” or commented “blue to blue” while making the connection to the
physical model. The low level of visual realism in the step of connecting the tubes was found to
be very helpful and most of the users were able to follow the steps immediately. However, when
the visual cues were given with high visual realism already a slight mismatch to the physical
object was observed and lead to confusion.

Text Instructions

The textual instructions are perceived as too complex and the structure is not ideal. Users often
read the instructions interrupted because there was too much information in one sentence. They
therefore carried out the steps without reading the sentence to the end and missed important
information placed at the end of the sentence.

Some sections of text have 2-3 steps that are numbered. Users often forgot which sub-steps they
had already completed, leading to confusion or even errors. However, in some cases the users
also mentioned that there was not enough information in the text, for example in the step to
turn the valves. Most users were missing information on which direction to turn the valves, as
the only instruction given was to “turn it up”.

Most users focused on the numbering of syringes and openings on the machine. While perform-
ing the task, they often repeated verbally the information they had read about the numbering.
Directional information was also important and was often repeated while performing the step.

Overall, the process was not perceived as exhausting or demanding by most users. However,
reading and understanding the textual instructions was demanding and perceived as overly
complex for the actions to be performed.

Information Sources

The textual instructions and the visual cues on the digital model are perceived as two sources
of information that need to be compared. However, most of the users mentioned that only one
of the current sources would not be sufficient to perform the steps, as both are missing certain
information that can only be perceived by combining the two. Having only one source would
be preferable, especially if all the information could be visualised in the digital model, which
would be supportive for most users.

Consistency

Changes in the structure of the information were often perceived as confusing or sometimes even
overlooked, such as the change in direction to place the syringes in the correct opening. The first
instructions were given from the left and the second from the right. As the information about
the direction is at the end of the sentence and most of the users did not read the instructions
in full, the information was missed and confusion arose.
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One user also has red-green colour blindness and missed the visual cues in the step to turn
the valves. The visual instructions were perceived as inconsistent, leading to confusion and
uncertainty.

Personality

It was also observed that the personality of the user had an influence on performance. In partic-
ular, the user’s attitude had a huge influence, as some users were very detailed and concentrated.
They followed the instructions very closely and even felt that the instructions were not detailed
enough. Others were less precise and followed the instructions loosely.

The more accurate participants also had a preparation phase before starting the process. They
read the introduction and compared the information with the physical model. They also ordered
the syringes for preparation to make the process more efficient.

One user also mentioned that the numbering of the openings on the machine differed from the
personal mental model. This conflict could only be resolved by comparison with the digital
model.

Learning Effect

Most users understood the visual cues in the digital model immediately, especially the visual-
isation of the syringes. The visual cues in the step of connecting the tubes often took some
time. However, in the second step there was a learning effect as the visual cues were understood
immediately.

There was also a learning effect as the user relied more and more on the digital model towards
the end of the process. Users realised that the text and the digital model showed the same
instructions and therefore relied more on the digital model as it required fewer resources to
interpret compared to the text.

11.5.5 Research Question

The user study was conducted with the research question:

Which elements influence the orientation of a user in a step-by-step guidance process with a
3D model and natural language?

To answer the research question hypotheses were formed before conducting the user study. Each
hypothesis will be introduced and compared to the results below.

1. Participants will be able to follow the instructions easily and complete the process without
any major problems.

This hypothesis has to be rejected partly. The process was not perceived as exhausting for
most users, however reading the textual instructions was demanding. The structure of the
text often lead to confusion and even some errors. However, the digital model was supportive
for understanding the textual instructions and simplified the process.

2. Participants will rely too much on the 3D model and will not actively or consciously process
the steps performed.

This hypothesis can be confirmed for most users. To analyse this hypothesis the mismatch
between the text and digital model in the step to turn the valves was introduced. With this,
it can be analysed whether users rely on the text or digital model. As most users turned the
valve according to the digital model it seems that the reliance is on the digital model and
no comparison was made any more with the text instructions.
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Further have most users always compared the text instructions with the digital model and
later compared their action with the physical model with the digital model. Very rarely was
the action performed only based on the textual instructions without the comparison with
the digital model. It can therefore be assumed that the actions are not performed actively
based on the understanding of the instructions and only a comparison to the digital model
was made.

3. The visual cues in the 3D model will help participants to process the information easily.

This hypothesis can be confirmed. The visual cues were perceived as very supportive during
the process and helped users to understand the textual instructions in cases of uncertainty
or confusion. The comparison with the digital model was usually made immediately after
reading a certain fragment of the sentence for understanding.

4. The visual cues will immediately be recognised as the elements which are relevant in the
current step.

This hypothesis can be confirmed partly. Most users understood the visual cues in the step
of the syringes immediately. It was clear that the blue syringes are the current ones where as
the white syringes are the already placed ones. However in the later steps some users had to
learn what the visual cues meant and that they belong to the current step to be performed.

When combining the argumentation for the hypotheses and findings of the case analysis the
following elements can be observed to influence orientation:

Digital Model
e« Prominent Elements as Landmarks

In wayfinding people use prominent landmarks for orientation [62]. This behaviour could
also be observed in the user study where users used prominent elements as landmarks for
orientation. As for example the first syringe which has to be placed horizontally or syringe
4 which is larger than the other ones. When placing syringe 5 or connecting the first tube
the larger syringe 4 was often used for orientation and was commented as “placing it next
to the big syringe”.

e Visual Realism

The digital model had a high level of visual realism and showed many details of the physical
model. The syringes and valves also had a high visual realism by modelling the elements in
great detail. Only the connection of the tubes was visualised with low visual realism, as it
would have been difficult to see the tubes as they are very thin.

The high visual realism of the machine itself helped the user to orientate and find out where
to place the elements. The combination of the high visual realism machine and low visual
realism cues for the tubes yielded very good results. Users immediately recognised the visual
cues and knew what actions to perform. However, combining the high visual realism machine
with the high visual realism elements can lead to confusion. Because the syringes were mod-
elled with a high level of detail, even a slight mismatch between the physical and digital
elements was detected, sometimes leading to confusion. This risk of potential mismatch is
reduced with the low visual realism visual cues.

e Mental Separation of Elements
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In order to facilitate orientation and to derive the necessary actions from the text and the
digital model to the physical model, the users mentally divided the machine into several
parts. Some divided it into a left, right and bottom part and referred to it as such verbally,
while others divided it into a top and bottom part. Carrying out an action in one of the
mental part allowed them to ignore the other parts and focus only on the relevant section.
This behaviour was observed when an error occurred. Only when an action was performed
in the relevant mental part was it recognised by comparison with the digital model.

Natural Language
e Structure of the Text

As most of the users did not read the sentences until the end, they missed out on impor-
tant information, which led to confusion. Also, many users compared the text to the digital
model for understanding as soon as an action or meaning could have been deduced from
the sentence fragment. The structure of the text is therefore highly relevant when giving
instructions. The relevant information has to be placed at the beginning of the sentence in
order to increase the possibility that it will be read.

e Provided Information & Mental Models

The textual instructions were given with indication to the number of the syringe and the
number of opening on the syringe holder with directional information such as to the right or
left. The user used this information for orientation, counted the openings and ensured they
had the correct syringe number. As obvious as it seems that the users used the information
provided by the author, it shows the importance of thinking about the mental model of the
potential users. If the information provided differs from the mental model, there may be
confusion or uncertainty. In one case, the user had a different counting behaviour than the
author of the instructions and confusion arose due to this discrepancy. This could only be
solved by comparing the text to the digital model.

Combination
e Colours

The visual cues in the model were recognisable due to the coloured highlighting compared
to the grey model. Also the currently relevant elements are coloured differently to the previ-
ously relevant elements. In the step to turn the valves the elements were coloured differently
depending on the direction in which the valves have to be turned. The users could not make
the connection easily with the textual information and highlighting the text in the same
colour would have been supportive. In the step to connect the tubes most users associated
the colour with the object and referred to it as “the blue tube” or performed the step with
the comment “blue to blue”. This indicates that the colouring of the elements is used for
orientation.

Some users also mentioned that the model itself could have colours to simplify orientation.
Instead of giving directional information the instructions could have been given with colours
as for example “place syringe 2 in the second opening on the blue part of the machine”.

e (learly Distinguishable Elements

During the process, users have to use several items and place them in the correct position
on the machine. The syringes were labelled with numbers for identification, whereas the
container and the tubes were not labelled. Users could clearly identify which syringe to use
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as the text referred to the number of the syringe. However, at the beginning of the process
some users were confused about syringe number 6 as they were not sure whether it was 6
or 9. However, when they had to perform actions with the tubes, either in the machine or
placing them on the machine, they were not sure which item the text referred to. The tubes
were indicated in the text with directional information, such as “the tube in the middle of
the machine”. With this information, it was not clear to most users which tube to use, and
they compared the text to the digital model for clarification, taking more time. In cases
where the elements could only be clearly identified from the text, the actions were sometimes
carried out without comparing it to the digital model.

Size of the Instruction

There were differences in the extent of the instructions given in each step. For example,
for placing the syringes in one part, instructions were given for two syringes in one step.
For more complex steps, such as connecting the tubes, the extent was smaller or simpler
steps, such as turning all the valves in the bottom part up, were given in one sentence. It
could be observed in the study that the smaller the scope of the instructions was, the easier
it was to carry out the actions. The user did not have to remember certain parts of the
sentence and could perform the action immediately after reading it. They also did not need
to remember which action they had just performed in order to continue reading the sentence.
In the shorter instructions, they could move on immediately to the next step. Many users
also criticised the length of the instructions and wished for smaller steps.

Connection of Text and Model

The user study showed that users often missed the link from the text instructions to the
digital or even physical model. It was suggested that the colour of the visual cues from the
digital model should be used in the text instructions, or even that the physical model should
be highlighted with the appropriate colour. As the text was placed on one side of the window
and the digital model on the other, it was perceived as two separate sources of information
that needed to be linked. Some users also mentioned that it would be helpful to have an
overlay on top of the physical model and place the instructions directly on top of it. Or, if
an overlay is not technically possible, bring the text instructions closer to the digital model
to make the connection easier.

Consistency of the Instructions

After a few steps with the instruction process, the users showed a learning effect and recog-
nised the structure of the instructions. Understanding the structure made it easier for the
users to follow the instructions as less cognitive effort was required. However, when the
structure changed, confusion and uncertainty arose. For example, one user has red-green
colour blindness and was unable to see the visual cues in the step to turn the valves. This
inconsistency in the instructions led to confusion and the user was unsure of what to do. It
is likely that another user may have mild red-green colour blindness as the user had severe
problems with the identification of the green visual cues. This user was also confused as to
why the structure of the instructions had changed and had difficulty following the required
steps.

Cognitive Effort for Interpretation

Most users reported that it was not difficult to follow the process and perform the necessary
steps. However, the most demanding part was reading the instructions and making the con-
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nection with the model to understand the required actions. Many had to read certain steps
several times to understand the instructions, which required more cognitive effort and was
perceived as exhausting.

Spatial Proximity of Elements

In the study it could be observed that the majority of the users constantly compared the
textual instructions with the digital model and the digital model with the physical model.
The result is a triangle of fixations for the understanding of the instructions for the execution
of the necessary actions on the physical model. In order to allow for a constant comparison
in the triangle of fixations, the elements should have a high degree of spatial proximity.
As Apple Vision Pro automatically places the window in the centre of the view in which
the eye tracking was performed, many had the window slightly to the right. Although they
were given instructions on how to move the window in the digital space, none of the users
changed the window, although they mentioned that the placement of the window was not
very comfortable for them and that they would have preferred the digital window to be closer
to the physical model.

11.6 Implications

The user study has yielded some interesting findings where some seem relevant for most spatial

computing applications. For this, the points are analysed and in more general terms summarised

to implement them in the constructed model.

The relevant terms in each level are elaborated below:

Embodied

e Mental Model

The study showed that users have some preconceptions about certain elements, which are
shaped by their previous knowledge. These preconceptions can also be referred to as a mental
model, which is different for each user and depends heavily on a person’s previous knowledge
and experience. The mental model also has an influence on the interpretation of a situation
and therefore also on the behaviour. In order to better understand both, the mental model
and the user’s prior knowledge should be analysed and is therefore added to the model with
the question: What prior knowledge shapes the mental model?

Embedded

e Spatial Arrangement

In the study, most participants continuously compared the digital content with the physical
model. Depending on the placement of the digital content, larger movements of the head
were required, which can be tiring and demanding. The digital content was also constructed
as a separate window, although some participants mentioned that they would have preferred
a stand-alone model that could be placed next to the physical model for faster comparison.
This suggests that the spatial arrangement of the digital and physical content is important
and should be considered also in combination with the spatial link of elements.

Landmarks

To compare the digital and physical spaces, landmarks are used for orientation. The land-
marks can be prominent elements in the digital or physical space that are clearly identifiable.
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The identified landmarks serve as orientation points that support and allow faster interpre-
tation and connection of the space.

Structure of Elements

The way elements are structured, either in digital or physical space, is crucial and has a
strong influence on how the situation is perceived and how the interaction is shaped. In
the user study, the text was perceived as poorly structured and important information was
missed, leading to confusion. Not only the structure but also the consistency of the structure
is important, as the users learned the structure after a certain number of steps, and a change
in the structure again leads to confusion and uncertainty.

Spatial Mental Model

The structure of the elements also shapes the users’ spatial mental model. Users create a
mental model of the digital and physical space in which they either use the given structure
of elements or create their own structure. This is done by dividing the given elements into
smaller parts for orientation and interaction. The spatial mental model of the users should
be taken into account and not interfere with their understanding of the structure.

Enacted

Feedback Loop

The user’s interaction influences the perception, which creates a feedback loop, as the per-
ception influences the interaction. This behaviour was also seen in the user study where
certain interactions influenced the perception of further steps. This is also an important
point when considering 4E cognition, where the situation is seen as a whole and perception
is not a linear process that ends with the interaction. It is therefore important to analyse
behaviour and perception as a feedback loop that influences each other.

Extended

Provided Information

In the user study the user used the information provided for orientation. In the text, cer-
tain elements with directional information were mentioned and therefore the user oriented
himself or herself by this information. It is therefore important to take into account what
information is provided and in what form, and also what information is not provided, as
some of the users were also missing certain elements.

Support

In the model, present and absent people are considered at the enacted level. However, it
should also be considered what support these people can give in a particular situation, as
this also influences cognition.

Revised Model

Figure 73 shows the revised model with the findings from the user study implemented.
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User's Perception
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Embodied Enacted
Emotions Perception . .
. i . Interaction Artefact / Environment
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History of Place Physical Space Tools
Spatial Link of Objects Digital Space . Provided Information
Objects
Landmarks Arrangement Support

Spatial Mental Model

Structure of Elements

People

Embedded Extended
Spatial Environment Additional Elements

Figure 73: Revised Model with findings from user study considered

11.7 Discussion

The user study revealed some interesting points about how orientation is facilitated in spatial
computing. Combined with the hypotheses formulated prior to the study, some behavioural
patterns became visible. These findings were generalised and implemented in the constructed
model. However, not all findings could be generalised and are only relevant to the specific case
of the study. Nevertheless, with the evaluation framework derived from the constructed model,
the generalised points should help the designers to uncover these findings.

The study showed that users continuously compared the text with the digital model and also
compared the physical model with the digital model. Many steps were carried out only by com-
parison with the digital model. This may indicate a high degree of reliance on the digital model,
leading to a behaviour of simply copying what is visualised, rather than actively processing
the actions. In turn, this could have the effect of a lower level of recall of the steps that were
performed, as they were not consciously processed. The example of wayfinding with and with-
out digital tools could also be compared for the behaviour of not actively process information.
Wayfinding with real-time information on the map about where the user is leads to less recall of
the route. This could be even higher with AR wayfinding, where the user does not even have to
translate the allocentric map into an egocentric execution, but simply follows the information
provided on the smartphone screen through AR.

It would also be interesting to evaluate whether the visual reliance would be even higher if
the digital model would hold more information. Many participants mentioned that the text
instructions were necessary because the digital model did not provide all the information. It
could be hypothesised that with this change, the reliance on the digital model would be even
higher and that the participants would read even less. Another change to the study design could
be to provide more guidance through colour rather than numbers or directional information.
Many participants mentioned that they found the visual cues very helpful and could be used
even more to give instructions, also in combination with the physical model.

The study also raises the question of how the results would change if it was carried out in a
laboratory rather than a classroom, and if the syringes were not empty. The current set-up
was clearly recognisable as a test set-up where there would be no consequences if a mistake
were to be made. The users also clearly identified the situation as such and had no constraints
in interacting with the elements or the model. In reality, however, the model is placed in a
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laboratory and the process has to be completed under time pressure. The study only asked
users to avoid errors and did not mention time pressure. All these variables could change the
results.

Another interesting finding of the study is the perception of the steps with low visual realism.
Even with the high level of abstraction, the elements were clearly identified by the participants.
It would be interesting to evaluate how interaction and orientation would change if the syringes
were also visualised with low visual realism. A potential research question would also be whether
low visual realism leads to lower cognitive load.

As well as the situation in which the study took place, the choice of technology also influenced
the results. Because the Apple Vision Pro is a new device with a cutting-edge UX, users were
excited to test the new device, which influenced their attitudes and emotions. The resolution
and interaction capabilities are not comparable to current state-of-the-art technologies such as
Meta Quest Pro, which has lower resolution, limited and tiring interaction, higher motion blur
and less accurate hand and eye tracking.
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12 Evaluation Framework for UX in Spatial Computing

As the literature review has revealed there are currently limited possibilities to evaluate the user
experience in spatial computing and no coherent methodology is existing. Extensive research is
required to find points for UX consideration and how to evaluate them, which is not practical
for UX designers in practice.

This master thesis should be a first step to fill this gap and provide a test instrument to evaluate
the UX in spatial computing holistically. To achieve this goal, a literature review was conducted
to identify relevant issues based on the term of situatedness. This should reveal relevant aspects
in the areas of space, place, community, time and activity. Based on the findings, a model was
constructed to show the influences on UX in spatial computing. This model was further iterated
and combined with 4E cognition theory to emphasise the user’s interconnectedness with the
situation and the different elements in the situation.

12.1 Structure of the Evaluation Framework

The constructed model has been translated into an evaluation framework. This should help
designers and developers to identify problems in spatial computing applications. The evaluation
framework shows the different items and levels from the constructed model, but in a table to
be filled in by the user’s observed behaviour during the use of the application. As the relevant
items are only mentioned with keywords, questions were formulated for each item to help de-
signers and developers to understand the keywords and consider the relevant aspects of the
behaviour.The different levels of 4K cognition and the associated keywords are illustrated be-
low (Figure 74 - Figure 77), along with questions formulated to support understanding. The
framework is divided into steps of interaction, where for each step the relevant questions of the
respective level are to be answered.

With the division of each action and the analysis according to all four dimensions, it is possible
to identify issues in the UX. However, the framework only shows the issues. The transformation
from uncovering an issue to designing potential improvements still needs to be done by the
designer/developer as usual in usability testing.

- How is the perception of the digital
content in the phyiscal space? Which
emotions are visible?

User's Perception - Embodied - How is the interpretation of the
+ Perception Emotions content? Which expectations does
- Interpretation Expectations the user have?
+ Behaviour Attitude - Which behaviour results from the
. Mental Model Previous Knowledge interpretation? How is the personal
attitude?

- Which prior knowledge
characterises the mental model?

Figure 74: Keywords and associated questions of Embodied from Evaluation Framework
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- How is the connection to physical
space? Which history does the
physical space have?

- How are the digital objects linked to

Spatial Environment - Embedded the physical space? Which anchor

- Physical Space History of Place points do the digital elements have?
- Digital Space Spatial Link of Objects - How is the arrangement of the

+ Arrangement Landmarks elements in the digital and physical
- Structure of Elements Spatial Mental Model space? Are there elements which

serve as points of orientation?
- How is the structure of the
elements? Does the structure
correspond to the user's spatial
mental model?

Figure 75: Keywords and associated questions of Embedded from Evaluation Framework

- ~
- How is the interaction with the 0
artefact and the environment?

- Which people or digital agents are
relevant in the process? Which

Activities - Enacted people are present or absent?
- Interaction Artefact / Environment - How is the interaction with these
+ Community Present / Absent People people?
- Feedback Loop Behavioural Pattern - How is the feedback loop from the

interaction to the perception? How
does the interaction change the
perception?

Figure 76: Keywords and associated questions of Enacted from Evaluation Framework

Additional Elements - Extended ) ) .
- Which objects are used? Which

+ Tools ) o . -

. Objects Provided Information mformatlc.wn is provided or missing
for the objects?

+ People Support

- Are there people who provide
support? Which support is provided?

Figure 77: Keywords and associated questions of Extended from Evaluation Framework

12.2 Innovation

Current evaluation methods are usually derived from 2D interactions with mobile phones or
desktop applications. However, these methods neglect many aspects relevant to spatial com-
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puting, where the user interacts with 3-dimensional space and context is much more important
than in 2D applications. Not only is there a gap in evaluation methods, but the state of the
art in the design of spatial computing applications lacks general guidelines on what aspects are
relevant to the user experience of these applications. A versatile tool is needed to deliver and
evaluate the user experience of spatial computing applications, allowing for flexibility depending
on the technology and use case.

Current methods do not consider the situation as a whole or focus only on the digital content of
the application. In spatial computing, however, the entanglement of physical and digital space
needs to be considered, as well as the spatial interaction of the user in both spaces. The spatial
component is very important, but is usually not included in the evaluation.

12.2.1 Holistic Evaluation
The created evaluation framework is therefore a first step to fill the gap in the current state of
the art and to support designers and developers in their daily work. The evaluation framework
tries to consider the situation as a complex system with feedback loops and combines spatial
computing with 4E cognition.

4FE Cognition and Spatial Computing

In spatial computing we are interacting with the environment and it is through physical inter-
action that we perceive the world, interpret it and interact with it accordingly. The evaluation
framework combines spatial computing with 4E Cognition, which states that cognition is a
process of the brain and how it interacts with the body and the physical and social environment
[149]. The framework takes into account elements from both the physical and digital space,
as well as the user’s interaction with both spaces. It also considers the social aspects of the
situation and how they influence it. With this combination, the user and the environment are no
longer seen as separate, but highly intertwined. The user is situated in the space and influences
it as a part of the situation as a whole. This emphasises another aspect of the framework, which
no longer considers elements as separate, but analyses a situation holistically.

Interaction as Complex System

Some theories see interaction as a linear process that ends with the action through the user’s
body. More recent theories see interaction as a complex system with feedback loops. Especially
when interacting with 3-dimensional content there is a feedback from the body to the cognition
that needs to be considered. The evaluation framework takes this feedback loop into account. It
is divided into several steps of actions performed by the user to highlight the changes resulting
from previous steps, as a change in one element may result in changes in many other elements
of the situation. This not only allows the interaction to be analysed as a complex system, but
also gives the opportunity to analyse a problem and find the potential cause in previous steps,
as cause and error are often not close in time or space.

Collection of relevant aspects

The literature review showed that many aspects are relevant in the context of spatial comput-
ing. However, extensive research is needed to find relevant points for consideration, especially
beyond the technical aspects of space. The evaluation framework combines different aspects
that are relevant in the situation of spatial computing applications, not only considering the
space itself. Considerations based on the notion of situatedness are implemented to provide a
holistic way of including place, activity, time and community. This allows us to consider that
the user’s emotions associated with the space influence the perception as well as the norms and
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values of that place. Furthermore, it is not seen as the user acting with the technology, but
rather acting through the technology to achieve a certain goal. Interaction does not occur in
isolation. It is usually surrounded by other interactions, not only with the space, but also with
social interactions, either planned or unplanned. The social interactions also shape the place as
we perceive it and influence our behaviour.

This holistic view of a situation incorporated in an evaluation possibility is rather uncommon
where as instruments usually focus on one single aspect, neglecting the influence of the entire
situation. The developed evaluation framework should provide the possibility to analyse a sit-
uation holistically and to reveal problems in different areas.

12.2.2 Implications

Spatial computing applications are currently evaluated using a variety of tools. Depending on
the time and knowledge of the team, several tools from 2D interaction and VR are combined.
However, with limited time or knowledge, traditional tools such as the System Usability Scale
or Nasa-TLX are used for evaluation. However, these tools have limited suitability for evalu-
ating spatial computing applications as they focus on only one aspect or usability in a very
broad sense.

The developed evaluation framework should be a first step to fill this gap and provide a holistic
way to evaluate spatial computing applications. This should allow teams with little knowledge
or time constraints to still consider many relevant aspects in the context of their application to
identify issues and provide a good user experience.

12.3 Use of the Evaluation Framework for the User Study

The items included in the framework were derived from the literature reviewed and the results
of the user study conducted. To evaluate whether the framework is usable one case of the user
study is used as an example. The evaluation framework was completed for this case to analyse
whether it covered all relevant findings from the study. To do this, each interaction step was
analysed in detail and the relevant questions for each level were answered.

The formulated questions are helpful for filling in the framework, but it takes a lot of time to
complete the whole process and as more steps are added to the framework, the questions are no
longer visible on the screen and it has to be scrolled back and forth to fill it in properly. However
besides the minor inconvenience of scrolling it could be filled out easily with the supporting
questions and many issues could be revealed with them. However, as the levels are very close
and intertwined, it is not always clear to which level a particular point belongs. This is why
some points are mentioned in more than one level. Another technical issue is that the cell where
the relevant points are noted are not automatically increasing or the lines are not breaking at
the end of the cell.

Furthermore, it is questionable whether the same results would be obtained without the prior
detailed analysis of coding the entire process to reveal problems through the framework alone.
It would therefore be advisable to evaluate another application without previous knowledge by
the author.

Changes based on Evaluation

As some technical problems have been discovered, a change of tool is necessary. A similar tool
to Whimsical is Miro with different features. Miro offers the ability to use tables, which auto-
matically increase the size of cells as more text is added. It also offers the functionality of key
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information cards that can be pinned to the left side of the screen, which is a good way to avoid
scrolling to see the relevant questions when filling in a cell, as shown in Figure 78.

Miro fee  United = & Q > OB W B E ¢t F B O L e -
- How is the perception of the digital content in - @ X
the phyiscal space? Which emotions are visible? ®
- How is the interpretation of the content? What E
s beliefs does the user have?
- Which behaviour results from the interpretation? T
How is the personal attitude? IBM Plexs... - B = = A 9 P
- Which prior knowledge characterises the mental X X )
model? < o es for second sofa with text search  Searches for third sofa with text search
@ and places it in room and places it in room
5 Color /
3
Ji Status Not set A
t LE,‘ ot how the previous sofa looked like
B Assignee Not set ks need to compare sofas to decide which one
1 Iy + Really likes the feature of placing it in the room
Dates Not set tt s back to the other sofa to place it again in + Very positive about visualisation to check which
ic 1to better compare with the second sofa sofa to buy
2 vs very well how to interact with a smartphone
Tags - =) iudge that this is bigger than the previous sofa
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Figure 78: Screenshot from using the Miro board with the relevant questions pinned on the left

12.4 Use of the Evaluation Framework for the IKEA AR App
As it can be assumed that the evaluation framework is suitable for the cases of the user study,
it is unclear how generally applicable it is. It is therefore used with the example of the IKEA
AR app, which is close to the feey app that was investigated in the literature review.

Furthermore, it should be evaluated whether the framework can be used with little effort to
simulate a real case as in the industry.

To use the IKEA AR app, users should find a suitable sofa for a room and analyse its appear-
ance. They were asked to compare the sofa Linanés in dark grey, Landskrona and Vimle in AR.

The first user was asked to evaluate the sofas to see if they would be suitable for creating
a relaxation area for students at the FHNW. The test lasted 10 minutes and the evaluation
framework was filled in immediately after the test.
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Case: Evaluation of the IKEA AR App - Comparing three different sofas to support decision making which one to buy

Performed Step

Embodied
- Perception Emotions
« Interpretation Beliefs
+ Behaviour Attitude

+ Mental Model Previous Knowledge

Embedded
+ Physical Space History of Place
- Digital Space Spatial Link of Objects
- Spatial Proximity Landmarks

= Structure of Elements Spatial Mental Model

Enacted
- Interaction Artefact / Environment
+ Community Present / Absent People

« Feedback Loop Behavioural Pattern

Extended

« Tools 0
« Objects Provided Information
« People Support

- How is the perception of the digital
content in the phyiscal space? Which
emotions are visible?

- How is the interpretation of the
content? What beliefs does the user
have?

- Which behaviour results from the
interpretation? How is the personal
attitude?

- Which prior knowledge
characterises the mental model?

- How s the connection to physical
space? Which history does the
physical space have?

- How are the digital objects linked to
the physical space? Which anchor
points do the digital elements have?
- How is the spatial proximity of the
digital and physical space? Are there
elements which serve as points of
orientation?

- How s the structure of the
elements? Does the structure
correspond to the user's spatial
mental model?

- How i the interaction with the
artefact and the environment?

- Which people are relevant in the
process? Which people are present
or absent?

- How is the interaction with these
people?

- How is the feedback loop from the
interaction to the perception? How
does the interaction change the
perception?

- Which objects are used? Which
information s provided or missing
for the objects?

- Are there people who provide
support? Which support is provided?

Looks at the first sofa and starts AR view

+ Excited about the possibility if placing the sofa in
the room
+ Immediately perceived as a real sofa in

ace

+ Is seen as realistic to check whether it fits the
needs

+ Tries to'sit on the sofa to check the size and view in
the room when sitting

- Knowledge in architecture

- Sofais properly placed in room

- Sofais placed somewhere to check how it looks

+ Wallis used to place sofa in corner

- Digital and phyiscal space is blending

+ Sofa has immedatiely the correct size when AR is
started

- Hard to manipulaté and tumn the sofa to place it
correctly in room

+ Walks around in the space to analyse how the sofa
looks from different angles

- Sits on the sofa to judge it

- Moderator is used to analyse size of the sofa

+ Thought about students who would sit on sofa

+ Can better judge the size when moderator sits on
sofa

+ Modelis perceived as digital twin of real sofa

« Makes a picture of the sofa with AR

- Moderator is used to sit on sofa to judge s size
- Note is used to see names of the sofas to be
compared

Issues
+ Hard to analyse size when no reference is availabe
in the room
- One hand is needed to hold smartphone. Only one
hand available to manipulate sofa which is very
cumbersome

Searches for second sofa with text search
and places it in room

- Forgot how the previous sofa looked like

+ Thinks need to compare sofas to decide which one
tobuy

+ Goes back to the other sofa to place it again in
fo0m to better compare with the second sofa

+ Knows very well how to interact with a smartphone

+ Canjudge that this is bigger than the previous sofa
immediately

+ Difficult to compare sofas as already forgotten how
the previous looked like and fo elements for
comparison are available

+ New sofa placed next to box to check the size

+ Boxserves as orientation point to judge size

- Resizes sofa by mistake and AR does not work
anymore properly, needs to restart
- Sofais floating around in room
+ Moderator is again used to judge size of the sofa
- Is asked to sit again on it to comapre it
+ Judges the size only by the size of the moderator
+ Makes another picture with AR
+ Does not remember which one is which in
picture

+ Box placed in room is used to judge the actual size

Searches for third sofa with text search
and places it in room

+ Really ikes the feature of placing it in the room
+ Very positive about visualisation to check which
sofa to buy

+ Moves the sofa around randomly in the space to
see how it looks anywhere

+ Walks around in room and checks several angles
compared to the box to judge better the size
- Places the sofa next to the box to analyse size
- the previous sofas were placed in room to
analyse appearance
- Now the sofa is moved next to the box and
replaced to previous location to check
appearance

of the sofa as it would be to analyse
size and couldn't be compared to other sofas

Issues
+ Cumbersome interaction with one hand
- Needs to remember which sofa is currently looked
at or which one itis in picture
+ Noreference element available to judge size

check size

Issues
+ Found box by coincidence and used it to judge the
size of the sofa
- Abit cumbersome to interact, resizing by mistake
then floats around in room

Figure 79: Filled out evaluation framework for the use of the IKEA AR app to compare three
different sofas with the AR functionality

The placement of each sofa in the room was considered as one step in the evaluation framework.
For each step, an attempt was made to answer the supporting questions in order to identify
problems with the application. The sections highlighted in orange illustrate problems in using
the app, which are summarised in the last row of the framework for each step.

The evaluation with the framework shows that the user had some problems with the manipu-
lation of the objects. The interaction with one hand, whereas several fingers are needed to turn
the sofa, is cumbersome and leads to errors. For example, the user tried to turn the sofa, but
resized it in AR. As a result of the accidental resizing, the AR no longer worked properly and
the sofa floated off the floor. It also became apparent that there was no reference object in the
empty room to judge the size, so the moderator was used. Later, the user happened to find a
grey box and used it as a reference to judge the size of the different sofas. There is also a lack
of information about which product is currently being analysed as well as when an image is
taken in the AR view for later reference.

Discussion

The use of the framework with the IKEA AR app shows that it reveals several issues. The use
of the framework does not require a lot of time and it is up to the user to decide how detailed
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the evaluation should be in relation to the amount of time that is available. The evaluation of
the IKEA AR app was done in three steps, but it could be more detailed.

This short test shows that the framework is usable, but the question of whether it covers enough
relevant points in the UX of spatial computing is still open.

12.5 Comparison to Design Guidelines
In some cases, design guidelines for applications also offer the possibility for UX evaluation. In
AR there are several guidelines with different recommendations.

Bloksa [155] created a comprehensive list of recommendations for augmented reality applica-
tions in his master thesis. However, the guidelines are very broad and only serve as a point of
consideration, e.g. The colour of Ul elements can make the perception more natural and visible..
Furthermore, the guidelines only apply to the Ul design of the application and focus solely on
the digital content without considering the environment or situation in which the user is placed.

The design guidelines by Kourouthanassis et al. [156] also consider the context of mobile AR
applications. However, they only present five guidelines and cover very specific points, as the
list below shows:

Use the context for providing content

Deliver relevant-to-the-task content

Inform about content privacy

Provide feedback about the infrastructure’s behaviour

Gl W=

Support user’s procedural and semantic memory

As the list of recommendations is very short and the points are specific, the guidelines can’t be
used in isolation and several guidelines need to be consulted for holistic recommendations.

Vi et al. [39] combine several guidelines for AR and provide a more comprehensive list of rec-
ommendations. They also take into account the space in which the user is located, although
this is very limited. The focus is still on the digital content and limited consideration is given
to the combination and consideration of the physical space.

Conclusion

Design guidelines are helpful in the development and design of applications as they provide sev-
eral recommendations for the application. This can help developers and designers with limited
experience to deliver better solutions and consider issues that would otherwise be overlooked.
However, as the brief overview shows, most guidelines for AR focus heavily on the digital con-
tent of the application and neglect the environment or situation in which the user is placed.

12.6 Placement of the Evaluation Framework

The Nielsen-Norman Group has created a three dimensional framework to illustrate the various
user research methods in the landscape (Figure 80). It is structured with two axes for placement.
The X-Axis distinguishes the instruments between Qualitative and Quantitative where as on
the Y-Axis they are placed as either Attitudinal or Behavioural. The third dimension illustrates
the context of use which is not visualised.
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A Landscape of User Research Methods

BEHAVIORAL @ M Eyetracking @ Clickstream / Analytics
@ A/B Testing
[ Spatial Computing Evaluation Framework I Usability Benchmarking
Il Usability Testing B Remote Moderated Testing
© Field Studies [ Unmoderated Testing

@ Contextual Inquiry

@ Concept Testing
@ Diary Studies
@ Participatory Design @ Card Sorting / Tree Testing
/\ Focus Groups @ Customer Feedback
ATTITUDINAL A\ Interviews @ Desirability Studies /\ Surveys
QUALITATIVE (DIRECT) ©2022 Christian Rohrer QUANTITATIVE (INDIRECT)

KEY FOR CONTEXT OF PRODUCT USE DURING DATA COLLECTION
@ Natural use of product [l Scripted use of product ~ /\ Decontextualized (not using product)

4 Limited (use of a limited form of the product to study a specific aspect of the the user experience)

Figure 80: User Research Landscape by Nielsen-Norman Group [27]

The constructed evaluation framework can be placed in the quadrant of qualitative and behav-
ioural instruments. As it is intended to support designers & developers in conducting usability
tests and consider relevant aspects in them, the framework can be placed at the same position
as the Usability Testing itself.

Question types across the research methods landscape

BEHAVIORAL What people do

A

H Spatial Computing Evaluation Framework
Why & How many &
How to fix ~  How much
ATTITUDINAL What people say
QUALITATIVE (DIRECT) ©2022 Christian Rohrer QUANTITATIVE (INDIRECT)

Figure 81: Question types depending on the Research Landscape [27]

Figure 81 shows which question types are usually posed depending on the two axes. As the
evaluation framework is located in the upper left quadrant it is concerned with what people

actually do instead of what people say. Further is it concerned with the Why and reasons for
potential usability issues.
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The quality of a usability test depends on the moderator and the questions asked. The points
which should be observed are defined in advance to the usability test and are defined by the
moderator. These observation points vary depending on the application and goal of the usability
testing. The same applies to the questions asked during the test, which are also created by
the moderator. This also shows that the observation points and formulated questions heavily
depend on the knowledge of the moderator in the field of application. As spatial computing is
a new area, many professional miss the specific knowledge to analyse the situation holistically.

Here the constructed evaluation framework can provide guidance and orientation in observing
relevant points as well as asking contextual questions for the spatial computing application. For
traditional usability tests no such guidance instrument is existing as the field of application is
too broad. The support and guidance with specific points in a field of application is a novelty
and can support especially in the early stage of the field. This can support the community to
rapidly build up knowledge and learn many points for consideration.

12.7 Analytical vs. Empirical Evaluation

There are two different approaches for evaluating an application. In psychology this is usually
done through empirical evaluation which is structured and combined with validated instruments
such a questionnaires. The results can be analysed statistically or deliver also results about the
usability. One such instrument is the AttrakDiff of Hassenzahl which analyses an application for
its hedonic and pragmatic quality [157]. The result is visualised in a quadrant that indicates the
attractiveness and value of the application. However, the tool does not provide any information
about issues and potential improvements.

On the other hand, there is the analytical evaluation, which is usually performed in design. The
application is evaluated through the expertise of the evaluator and potential improvements are
explored. This process is usually done iteratively to improve the application with each design
iteration. The evaluation is done without any structures as this is seen as limiting the explo-
ration of potential solutions.

Psychology

Evaluation
Framework

Figure 82: Placement of the Evaluation Framework, combining the analytical approach from
Design and empirical approach from Psychology

The constructed evaluation framework lies at the intersection of both approaches, as illustrated
in Figure 82. It combines the structured approach by providing guidance and orientation in
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the evaluation with relevant aspects and potential questions on these aspects without limiting
the exploration. By formulating questions that can be asked to evaluate the application as a
complex system, where each step of the user is analysed individually, the analysis can provide
results where problems exist and the potential root cause can be found by analysing the previ-
ous steps of the user.

This combination of approaches allows the reviewer to still rely on expert knowledge to analyse
the application, but to be supported by the evaluation framework as to which aspects may be
relevant in the situation.

12.8 Examining the Characteristics of Augmented Reality

Azuma defines Augmented Reality by three characteristics to allow for a broad definition, in-
dependent of the technology used [158]. These are:

o Combine real and virtual

¢ Interactive in real-time

e Registered in 3D

The combination of real and virtual is a key aspect of spatial computing. Not only should it
be combined as defined by Azuma, but in spatial computing the real and the virtual should be
related to each other. The consideration of this characteristic can be found in the Embedded
dimension of the framework, which analyses how the physical and digital space are connected
and what elements are used to embed the digital elements in the physical space.

In addition, AR should enable real-time interaction according to Azuma. In spatial comput-
ing, interaction should not only be in real time, but should also allow interaction with spatial
meaning, either in physical or digital space. This consideration can be found in the dimension
Enacted in the framework, it analyses the interaction with the artefact, which can be a device,
but also with the environment, either physical or digital.

Finally, the digital objects augmented in physical space should be 3-dimensional according to
Azuma. In spatial computing, the objects should not only be 3D, but also blend seamlessly into
the environment to allow for a high presence in the augmented space. This characteristic can
be found either in the Embodied dimension, which analyses the subjective perception of space,
its interpretation and the resulting behaviour. Or it can be found in the dimension Embedded,
which analyses how the digital objects blend into the physical space.

12.9 Expert Reviews

To review the Spatial Computing Evaluation Framework expert reviews are conducted.

12.9.1 Real-world Usability Test with AR Application

The first review is being conducted by Reto Senn, Head of AR at Bitforge, conducting a real
usability test with the Evaluation Framework. The application is already on the market as a
product and currently being further developed for a new customer. The company was open to
use the Framework during the usability testing to evaluate the application.

The application is a remote support solution called Yago for the construction and machinery
industry defined as: The app connects locally stationed experts with technicians in the field and
supports them with video telephony, placing hints in AR, file streaming, and the ability to draw
freely in the room in AR.
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Figure 83 shows the application in which the user can share the space through the video camera
of a mobile device with a remote technician. The remote technician can annotate the screen
and give the user instructions through AR.

-

Figure 83: Remote Support Application Yago

The usability test was conducted with one on-site user and one remote expert in a laboratory
setup. The application is intended to be used on a construction site, but as the test was con-
ducted in a laboratory setup, certain conditions that would be present on a real construction
site could not be taken into account. Nevertheless, the framework helped during the usability
test by providing a structure for noting relevant points and encouraging reflection on certain
elements. The framework was particularly useful in considering the connection between the
physical and digital space, where previously this had been done with hand sketches. It helps to
structurally note the relationship of the application to the space, interaction and perception,
leading to useful insights on how to improve the application and later to analyse how the in-
dented use differs from the real use of the application.

Using the framework provided several insights into how the application could be improved and
where the developer’s and real user’s mental models mismatched.

The framework was explained to the developer before it was used in the usability test with a
video call. The explanation of the framework revealed that it is currently too academic, espe-
cially the terms of 4E cognition. Therefore, the four dimensions of the framework were renamed
to make them easier to understand. Further feedback was that the framework was not self-
explanatory and that a short guide on how to use the framework should be included.

12.9.2 Methodological Review

The second review was conducted with Stefan Graser, PhD student in the area of quantitative
UX evaluation in AR at the Hochschule RheinMain. The review focused on the methodological
basis of the framework and its possible applications. For the review, the entire thesis was sent
in advance and the framework was discussed in detail.
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As the theory of 4E cognition was new to the reviewer, the four dimensions were discussed
especially in combination with AR. Even though the combination is not yet established in the
field, the potential of this combination is seen, especially for the holistic analysis of the envi-
ronment and the situation. However, the addition of a new theory to a new instrument increases
the complexity for understanding. Consequently, the burden of use increases and it is seen as
important to clearly communicate the benefits of the framework to increase its attractiveness
and popularity.

The reviewer is aware of the gap in the state of the art with missing instruments and the
knowledge gap in the field. He sees the framework as a useful tool to guide the developer and
designer during the usability test on which aspects to focus and analyse. He also mentions that
there is no comparable instrument and that it is a novel contribution that could be of great
value to the community in terms of knowledge building.

However, the framework is seen as interesting and with a high potential, possible drawbacks
and issues could only be assessed if the reviewer would use the framework in a real usability
test. He also raises interesting questions as to what applications the framework could not be
used for or how certain aspects that are often invisible, such as a user’s emotions, could be
made visible. He also questions why the 4E cognition theory was used, as it is new to the field
and if it seems promising, why no one has made this connection before.
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13 Closure

Spatial computing is a new topic in HCI, and there is a shortage of knowledge and research
about user experience. This is also reflected in the current state of the art, where there is no
guidance on which aspects are relevant for the user experience of spatial computing applications
or how to evaluate their UX. Recent publications have highlighted the knowledge gap and the
need for new instruments. This thesis aims to be a first step to fill the gap and provide guidance
for the UX evaluation of spatial computing applications.

13.1 Conclusion

This thesis investigates how spatial computing applications can be evaluated from an HCI
perspective. Most spatial computing applications are evaluated solely from a technical point
of view, neglecting the context in which the user is placed. However, it is crucial to consider
not only the space, but also the emotions, the connection between the physical and the digital
space, the interaction between the two and the surrounding community, as all these elements
influence the user experience in spatial computing. Although recent publications highlight this
perspective, the evaluation of spatial computing applications is still done with traditional 2D
interaction instruments or existing instruments from virtual reality. This not only ignores im-
portant aspects of the user experience, but also fails to fully exploit the enormous potential
of this technology. Figure 84 illustrates the uncertainty in UX evaluation along the reality-
virtuality continuum, where methods and considerations are well established in 2D interaction,
where there is a long history, and also at the other end of the continuum in virtual reality,
where there is high investment from gaming and the military. However, in the center of the
continuum where spatial computing is located uncertainty is high.

Reality-Virtuality (RV) continuum

Real Augmented Augmented Virtual
Environment Reality Virtuality Reality

Uncertainty in UX Evaluation

Figure 84: Reality - Virtuality Continuum visualising the amount of uncertainty in UX Evalu-
ation [1]

As the literature review shows, there is a gap in the current state of the art regarding which
aspects of the user experience of spatial computing applications should be considered and how
they should be evaluated [34]. In order to answer this research question, a literature review
was conducted based on three subjects of investigation covering several application domains of
spatial computing applications. The three subjects are illustrated in Figure 85, a) Mobile AR:
collaborative analysis of a simulation of plants in an online shop, b) Head-Mounted Displays:
procedural task for mixing radiopharmaceuticals with a 3D model, and ¢) Spatial AR: interac-
tive installation combined with physical books in the context of museums.
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Figure 85: Subjects of Investigation for analysis which aspects may have an influence on the
user experience

This review shows that there are many considerations, but they stem from other areas and
extensive research is needed to find them. Also, for most of the aspects corresponding instru-
ments exist for evaluation. However, in order to find appropriate evaluation instruments for
the relevant aspects in UX, an extensive research is necessary as well. The research shows how
time-consuming it is to find relevant aspects and evaluation instruments for spatial computing
applications. Most of the people in practice or in research are not able to invest this amount
of time and therefore use the established instruments that originate from the 2D interaction or
virtual reality.

This conclusion raises the question of how these relevant considerations and evaluation possi-
bilities can be established in practice to support designers and developers in developing spatial
computing applications. The creation of a model that shows the influence of the situation poses
a promising method. It illustrates in a condensed form the aspects relevant for the user expe-
rience in spatial computing and supports designers and developers in deciding which aspects
should be considered in the design (Figure 86). The model is further enriched by the results
of a user study with the Apple Vision Pro, which analyses the orientation of users in spatial

computing.
User's Perception Activities
Embodied Enacted
E i::::"zzz Inl::rrc'(-e;t:t)ir;n Interaction Artefact / Environment
xp Arti;u de Be:aviour Community Present / Absent People
. Feedback Loop Behavioural Pattern
Previous Knowledge Mental Model
History of Place Physical Space Tools
Spatial Link of Objects Digital Space Obiects Provided Information
Landmarks Arrangement Pejo e Support
Spatial Mental Model Structure of Elements P
Embedded Extended
Spatial Environment Additional Elements

Figure 86: Model of Situational Influence in Spatial Computing based on the Theory of 4E
Cognition

The model is based on the theory of 4E cognition, which considers the user’s cognition as em-
bodied, strongly connected to the spatial environment, and interacting with the environment
and other people. The combination with 4E cognition allows for a holistic analysis of the sit-
uation, considering not only the space but also other aspects relevant to the interaction with
spatial computing applications.

The literature review also revealed that there is no coherent methodology for the holistic evalu-
ation of spatial computing applications. Therefore, the model showing the situational influence
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is transformed into an evaluation framework. In this framework, the relevant aspects of the
model are formulated as questions for reflection. These questions support the analysis and in-
terpretation of the model. It also incorporates the theory of complexity by breaking down the
different steps of the user’s interaction into a detailed analysis based on the four dimensions
(Figure 87).

Case: Evaluation of the XY AR App - Description of the test case

Performed Step Step 1 Step 2 Step 3

- How is the perception of the digital
content in the phyiscal space? Which
emotions are visible?

User's Perception - Embodied - How is the interpretation of the
« Perception Emotions content? Which expectations does
« Interpretation Expectations the user have?
- Behaviour Attitucle - Which behaviour results from the
+ Mental Model Previous Knowledge interpretation? How is the personal
attitude?

- Which prior knowledge
characterises the mental model?

- How is the connection to physical
space? Which history does the
physical space have?

- How are the digital objects linked to
Spatial Environment - Embedded the physical space? Which anchor

+ Physical Space History of Place points do the digital elements have?
« Digital Space Spatial Link of Objects - How is the arrangement of the

+ Arrangement Landmarks elements in the digital and physical
« Structure of Elements Spatial Mental Model space? Are there elements which
serve as points of arientation?

- How is the structure of the
elements? Does the structure
correspond to the user's spatial
mental model?

- How is the interaction with the
artefact and the environment?

- Which people or digital agents are
relevant in the process? Which
Activities - Enacted people are present or absent?

« Interaction Artefact / Environment - How is the interaction with these

+ Community Present / Absent People people?

- Feedback Loop Behavioural Pattern - How is the feedback laop fram the
interaction to the perception? How
does the interaction change the
perception?

Additional Elements - Extended
- Which objects are used? Which

« Tools

-+ Objects Provided Information information is provided or missing
for the objects?

« People Support

- Are there people who provide
suppert? Which suppert is provided?

Figure 87: Spatial Computing Evaluation Framework

13.2 Discussion

The developed Model showing the situational influence and the according Spatial Computing
Evaluation Framework can provide knowledge as to which aspects should be considered in the
user experience of spatial computing applications. It provides insight into an area that lacks
guidance and research on what elements influence the user experience and increase awareness.
Furthermore, the model and framework analyse space not only from a technical point of view,
but holistically using the combination of 4E cognition and complexity science. This combination
offers a promising way of research as it analyses the situation and interaction with the physical
and digital space in which the user is immersed. This perspective is novel and may lead to other
research and perspectives that recognise the huge influence of context on the user experience
of spatial computing applications. However, it is unclear why the combination of 4E cognition
and HCI is novel, as the first mention of it could be found in 2021 by Bennett et al. at the
CHI conference [33]. Few other examples could be found in the area of learning with interactive
systems [159] or experience of mixed reality in museum [160].
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As the model and framework are based on a literature review conducted with three specific ex-
amples, the aspects included may differ for other subjects of investigation. Furthermore, not all
aspects found are included, as they are often very specific to the use case and not generalisable.
The aspects considered in the Model and Framework are held generally to allow for a broad
range of application in spatial computing, as these vary heavily with the different technologies.
This shows the compromise of a more specific framework that would be more supportive, but
only for a specific use case or technology.

Each dimension in the Framework has a limited number of aspects to consider and held rather
generally. If more aspects were included, it could be assumed that the framework would become
too large and not be used due to its size and increasing complexity. On the other hand, it could
also be argued that it is too general to use and therefore not useful. Therefore, the reflection
questions are introduced to allow for a wide range of applications to stimulate reflection on
the aspects, rather than to provide specific guidance. However, more feedback on whether the
questions support reflection and whether the aspects of each dimension are relevant is needed
from actual users in practice. Another open question is whether the framework is too academic
and whether the terms used in the framework are understandable for people in practice. It is
necessary to conduct more tests with actual users from practice to evaluate understandability
and practicability.

Furthermore, in a usability test it is difficult to observe or assess some aspects of the framework.
For example, a user’s emotions or prior knowledge that influences interpretation. The dimension
Embodied is very subjective and it is not always possible to observe the included aspects in it.
Some information could be gathered through an interview, such as the prior knowledge that
influences interpretation. However, to find out about the subjective experience, it would be
useful to supplement the usability test with a questionnaire. Here, an extension of the frame-
work to a questionnaire would be useful to assess the subjective experience of the same aspects
as observed with the framework.

Even if the framework will not be used in actual usability testing, it may encourage reflection
on how certain elements are designed in spatial computing applications. The model and frame-
work highlight new considerations and opportunities for UX design. The Model and Framework
may also stimulate discussions about UX and UX evaluation in spatial computing, and help to
generate new insights in the community. The Model and Framework does not claim to be com-
plete or perfect, rather it is intended to be a living artefact that can be twisted and turned in
accordance with needs and raise awareness of the gap in the current state of the art. The Model
and Framework are a first step addressing this gap and adding to the body of knowledge in this
still small area of research. Hopefully it will spark relevant discussions for further improvement
and how to support designers & developers in the creation of outstanding user experiences with
spatial computing applications.

13.3 Future Work

The framework is intended to support qualitative usability studies by providing relevant aspects
to consider in the user experience of spatial computing. However, usability studies are expen-
sive and time-consuming. Therefore, usability tests are usually conducted at the beginning of
a project with a few participants. However, when the product is further developed, usability
tests are no longer conducted because they are too expensive. In addition, it is difficult to as-
sess whether the product has improved with further additions. Therefore, it might be useful to
transform the qualitative framework into a quantitative questionnaire. This questionnaire could
assess the subjective experience of users of spatial computing applications. The questionnaire
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could also be used in further developments of the product to evaluate whether the quality of
the user experience has improved or not. In order to develop the questionnaire, an additional
study should be carried out with a specific spatial computing application. A potential applica-
tion is the implementation of Lusee at the Hypothekarbank Lenzburg. As many branches have
a Lusee, a relevant number of users could be found to evaluate the constructed quantitative
questionnaire.

Another further development of the framework would be possible by modularisation of it. Cur-
rently, the framework is built in four dimensions with general aspects relevant to different
applications in spatial computing. To be more specific, a modular structure could be created
to build a framework that suits the specific application by enriching the general aspects with
relevant terms for specific use cases or applications. However, this approach could raise further
issues, as the complexity could increase significantly in the development of the more specific
aspects, but also in the use of the framework, where the different modules need to be combined.

The combination with artificial intelligence for the analysis of the results could be a further
development as well. Analysing where the UX issues are based on the notes in the framework
is time-consuming. This is where the use of Al could be useful in deriving insights as to where
the issues are and where the potential root cause is. In addition, Al could be used to derive
implications from the issues for UX improvement. However, the feasibility of implementing this
cannot be estimated as well as how well the integration with AI would work.

Finally, the framework needs further validation with real users in practice. There are still open
questions about the usefulness and comprehensibility of the framework for usability testing of
spatial computing applications. Furthermore, the aspects included need to be validated, as well
as the questions for reflection.
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A Index of auxiliary tools
e For this thesis the tools Deepl for translation and Deepl Write to improve grammar and
writing style were used through the entire document.

B UI Application

< Instruktionen

Einflihrung

Die Schritt-fiir-Schritt-Anleitung von Arigo unterstiitzt Sie
beim Mischen von Radiopharmazeutika. Unterstitzt durch
ein 3D-Modell der Maschine werden fiir jeden Schritt
Anweisungen in natiirlicher Sprache gegeben. Starten des
Mischprozesses fiir Radiopharmazeutika.

Anleitung starten

Figure 88: Introduction to the process
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Schritte

Einfiihrung

Einfilhrung

Einsetzen Spritzen 1-3 In den nachsten Schritten erhalst du eine
Anleitung, wie die Station befiillt werden
muss fiir die korrekte Mischung. Die Misch-

Einsetzen Spritzen 4-8 station besteht aus einem oberen und
unteren Spritzenhalter sowie drei Steh-
platze fiir Behalter. Starte nun den Prozess.

Verbinden zu Maschine 1

Verbinden zu Maschine 2

Prozess starten
Verbinden Behélter oben
Verbinden Behélter unten

Ventile oben

Ventile unten

Figure 89: Start information for the process

Schritte

Einsetzen Spritzen 1-3
Einsetzen Spritzen 4-8

Verbinden zu Maschine 1
Einsetzen Spritzen 1-3
1. Flige Spritze 1 seitlich in die linke Offnung

des oberen Spritzenhalters ein.
Verbinden Behilter oben 2. Fiige Spritze 2 in die zweite Offnung von

Verbinden zu Maschine 2

links und Spritze 3 in fiinfte Offnung von
links in den oberen Spritzenhalter ein.

Verbinden Behalter unten

Ventile oben

Ventile unten

Zum néchsten Schritt

Figure 90: Step 1 in the guidance
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Schritte

Einsetzen Spritzen 4-8
Verbinden zu Maschine 1

Verbinden zu Maschine 2

Einsetzen Spritzen 4-8

P b 1. Flige Spritze 4 in die fiinfte Offnung von

verbinden Benaliciesty rechts und Spritze 5 in die zweite Offnung
von rechts in den oberen Spritzenhalter ein.

Verbinden Behilter unten 2. Fiige Spritze 6 in die zweite Offnung von
links, Spritze 7 in die dritte Offnung von
links und Spritze 8 in die erste Offnung von

Ventile oben rechts in den unteren Spritzenhalter ein.

Ventile unten

Zum néchsten Schritt

Schritte

Verbinden zu Maschine 1

Verbinden zu Maschine 2

Verbinden Behélter oben Verbinden z
Maschine 1

1. Verbinde den oberen Schlauch mit der
vierten Offnung von rechts des oberen
Spritzenhalters.

2. Verbinde den Schlauch in der Mitte der
Station mit der zweiten Offnung von rechts
des unteren Spritzenhalters.

Verbinden Behélter unten

Ventile oben

Ventile unten

Zum néchsten Schritt

Figure 92: Step 3 in the guidance
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Schritte

Verbinden zu Maschine 2

Verbinden Behélter oben

Verbinden Behlter unten Verbinden zu
Maschine 2

1. Verbinde den oberen Schlauch auf der

linken Seite der Station seitlich mit dem
Ventile unten unteren Spritzenhalter.

2. Verbinde den unteren Schlauch auf

der linken Seite der Station mit der ersten

Offnung des unteren Spritzenhalters.

Ventile oben

Zum néchsten Schritt

Schritte

Verbinden Behélter oben

Verbinden Behélter unten

Ventile oben Verbinden
Behilter oben

Ventile unten 1. Platziere Behélter 1 auf dem ersten Steh-

platz von rechts.

2. Nimm einen Schlauch und verbinde

den Drehverschluss auf der rechten Seite
seitlich des oberen Spritzenhalters.
3.Fiige das andere Ende des Schlauches in
den Deckel von Behélter 1 ein.

Zum néchsten Schritt

Figure 94: Step 5 in the
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Schritte

Verbinden Behalter unten
Ventile oben

Ventile unten

Verbinden
Behalter unten

1. Nimm einen Schlauch und verbinde

den Drehverschluss auf der rechten Seite
seitlich des unteren Spritzenhalters.

2. Flige das andere Ende des Schlauches in
den Deckel von Beilter 1 ein.

Zum néchsten Schritt

Figure 95: Step 6 in the guidance

Schritte

Ventile oben
Ventile unten

Ventile oben

1. Drehe das erste, zweite und fiinfte Ventil
von links im oberen Spritzenhalter nach
oben.

2. Drehe das dritte Ventil von links im

oberen Spritzenhalter nach rechts.

3. Drehe das zweite, dritte, vierte und fiinfte
Ventil von rechts des oberen Spritzen-
halters nach oben.

Zum néchsten Schritt

Figure 96: Step 7 in the guidance
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Schritte

Ventile unten

Ventile unten

Drehe alle Ventile des unteren Spritzen-
halters nach oben.

Du hast den den Prozess abgeschlossen.

Prozess beenden

Figure 97: Step 8 in the guidance

C Questions for Interview and Observation
Questions for observation before the study starts

o How is the user feeling?
e Is there any disturbance in the room?

Questions for observation during the performance of the study

e How do emotions change over the process?

e How is the concentration?

e Does the user know what to do?

e Where is the focus during performance of the steps?
e How does the user behave for orientation?

e How is the physical interaction with the elements?

e Is there a pattern in the behaviour?

Interview questions after the study

e How does the user feel when taking off the Apple Vision Pro?

e How were the directional information in the instructions perceived?
e How would they rephrase the instructions for simplification?

o How did the user orient him/herself in the digital model?

o How was the perception of the visual cues in the digital model?

e How would the user simplify the orientation with the digital model?
e How did the user find out where to place the elements?

e Which points were used for orientation in the digital space?

e Which points were used for orientation in the physical space?

e How exhausting was the process?
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Figure 104: Codeline of User 7
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