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Abstract

Interactive maps are a constant companion in today’s world, aiding us in tasks from
wayfinding to making sense of complex ecological or demographic processes. They
appear in everything from location-based apps, to highly specialized, dedicated data
analytics tools. Meanwhile, the representation of these maps usually remains similar
between these contexts—they are rendered in 2D or simple 3D views, and display
their information visually.

As effective as these maps are, they do not fully exploit the multimodal way
in which humans naturally examine spatial problems and make sense of their en-
vironment. Our reasoning is not only based on visual information, but on our ca-
pacity to explore space through movements, through action and reaction, through
touch, hearing, smell, and taste. Modern spatially tracked and immersive comput-
ing systems like augmented and virtual reality headsets now allow us to experiment
with applying such methods of reasoning to geospatial problems, by moving carto-
graphic representations into the immediate spatial reach of our body.

This doctoral thesis explores the different ways in which such integrations of
multisensory representation, geospatial data and body-driven interactions can aid
us in analytical sense-making about real-world processes and phenomena. It starts
with a broad investigation of an interdisciplinary array of research topics and syn-
thesizes their aspects into a collection of taxonomies that can describe the most im-
portant design decisions that are involved in creating these “Embodied Geosensifi-
cations”. The taxonomies are then integrated into a model and diagram language
that can be used for high-level systems specification. This model is further applied
to several practical examples from existing research, demonstrating that it can accu-
rately specify different kinds of systems and aid in identifying design issues and
their possible solutions. The presented research results are expected to promote
more integrated and coherent thinking about such embodied geosensifications in
the future.
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Zusammenfassung

Interaktive Karten sind ein ständiger Begleiter in der heutigen Welt. Sie helfen
uns bei Aufgaben von Wegfindung bis hin zum Analysieren komplexer ökologis-
cher oder demografischer Prozesse. Sie finden sich in den verschiedensten digitalen
Werkzeugen, von mobilen Kartenanwendungen bis hin zu hochspezialisierten Date-
nanalysetools. Die Darstellung dieser Karten ist in all diesen Kontexten in der Regel
ähnlich—sie werden in 2D- oder einfachen 3D-Ansichten gerendert und bleiben
dabei rein visuell.

So effektiv diese Karten auch sind, nutzen sie die multimodalen Arten in denen
Menschen räumliche Probleme verstehen und ihre Umgebung wahrnehmen nicht
vollständig aus. Unser Denken basiert nicht nur auf visuellen Informationen, son-
dern auch auf unserer Fähigkeit den Raum durch Bewegungen, durch Aktion und
Reaktion, durch Berührung, Hören, Riechen und Schmecken zu erkunden. Mod-
erne immersive Technologien wie z.B. Augmented- und Virtual-Reality-Headsets
ermöglichen es uns nun, solche Denkmethoden auf geografische Fragestellungen
anzuwenden, indem wir kartografische Darstellungen in die unmittelbare Reich-
weite unseres Körpers bewegen.

Diese Dissertation untersucht die verschiedenen Möglichkeiten, wie eine solche
Integration von multisensorischen Darstellungen, Geodaten und körpergesteuerten
Interaktionen uns bei der Analyse von Prozessen und Phänomenen der realen Welt
unterstützen kann. Sie beginnt mit einer breit angelegten Recherche eines inter-
disziplinären Spektrums von Forschungsthemen und fasst deren Aspekte in einer
Sammlung von Taxonomien zusammen, welche die wichtigsten Designentscheidun-
gen bei der Erstellung solcher "Embodied Geosensifications" klassifizieren können.
Die Taxonomien werden dann in ein Modell und eine Diagrammsprache integriert,
die für die Spezifikation von Systemen auf einer hohen Abstraktionsebene verwen-
det werden können. Dieses Modell wird auf mehrere praktische Beispiele aus der
bestehenden Forschung angewandt, um zu zeigen, dass es verschiedene Arten von
Systemen spezifizieren kann und schon im Entwurf dabei hilft Probleme zu identi-
fizieren und mögliche Lösungen zu finden. Die vorgestellten Forschungsergebnisse
sollen dabei dazu dienen, dass zukünftige Beispiele solcher Systeme ihre einzelnen
Aspekte klarer und besser miteinander integrieren können.
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Introduction



2 Chapter 1. Introduction

Deliberating about our relation to the world around us has been a favourite pas-
time of philosophers, scientists and poets for centuries. Intellectual debates are still
being fought over how deeply our own cognition is integrated into our immediate
surroundings and what role the different parts of our body play in this integration.
There are hundreds of theories, many of them mutually exclusive, about how we
conceive, memorize and understand spatial context. It remains unclear if it is even
possible to be a thinking, conscious being without having “a body” within “an envi-
ronment”.

One of the most important—and simultaneously one of the oldest—steps in ex-
panding our spatial context is the creation of maps. Cartography takes what is too
far for our sensory faculties to recognize and moves it closer to us. This basic fact
has not changed from ancient cave drawings to modern virtual 3D globes. How-
ever possible it may be to understand oneself without spatial perception, we can
never understand “the world” without bringing it closer to our own bodies. The
way we draw our maps has deep influences on our understanding of the environ-
ment, other people, geopolitics and many areas of modern life. Cartography, in a
way, can be seen as visual communication about the world that is beyond our im-
mediate perception. It cannot be overstated how important that makes cartography
for our understanding of the planet and the global systems we operate in.

This makes it all the more surprising that most of our modes of utilizing compu-
tational power to aid this understanding still end up mirroring flat 2D maps printed
on paper. Even when rendering 3D maps, they are often constrained to being 2D sur-
faces with height-based information added on top. Why is spatial information not
something we regularly put into the world around us, something to feel, hear and
manipulate as we wish, even though technology would allow us to? What makes
flat maps on flat screens such a powerful concept? Apart from just familiarity, there
are multiple commonly cited reasons for this (lack of) development:

1. The visual sense is very effective for taking in large amounts of information.

2. For many types of data and analysis, dimensional reduction into two dimen-
sions is efficient.

3. 2D displays are simpler to build than 3D displays.

4. 2D input devices are simpler to build than 3D input devices.

In a world where 2D maps are sufficient, and 3D display and interaction tech-
nologies are difficult, we have all grown accustomed to the former. But simulta-
neously, we have always dreamed of going further, even before we developed dis-
play technologies that allow us to perceive beyond a flat plane. Conventional maps
make the environment accessible, but they also disembody it, making us unable to
directly intervene without employing abstract interfaces like mouse and keyboard.
Why should maps not be something we can touch, move and shape? Experimen-
tal haptic and force-feedback controllers regularly try to capture new markets for
human-computer-interaction, such as training and recreation. Why should maps
not be something to listen to? Modern sound interfaces are highly advanced in dis-
playing spatialized audio information. There is an appetite for new additions to the
canon of cartographic knowledge—what needs to be figured out is how to use these
new technologies in the geospatial, cartographic context.
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1.1 Motivation and Research Questions

Whenever interest arises in employing non-standard technologies like immersive in-
terfaces or non-visual displays for geospatial data analytics, those that are supposed
to design these systems quickly encounter an issue not often found in geovisualiza-
tion today: a lack of precedent. Often, there will be a set of data and a goal of what
kind of information should be extracted from it. In conventional cartography, we
can fall back to a large number of existing techniques and traditions. The design
idea is quickly drafted by invoking and comparing commonly understood reference
solutions to each other. But once we want to make use of new technologies from do-
mains like Virtual Reality (VR) or new non-visual display systems, such techniques
and traditions are often missing entirely. Without these building blocks, it can be
exceedingly difficult to identify possible roadblocks as well as opportunities before
already being deep into the implementation of a system—at which point it is often
too late to naturally integrate them.

Lets consider a collection of point values over a city, representing measurements.
The pathway to a 2D geovisualization here is simple: Find a 2D base map. Con-
vert the data into an appropriate GIS (Geographic Information System) format that
works with the chosen visualization software. Superimpose the data by picking a
fitting color palette from a predefined list. Map the measurement values onto this
palette. Then consider more advanced cartographic questions like label placement,
following well-established guidelines. Once the map is done, enable a set of prede-
fined interactions, such as retrieving numerical data values by clicking on a point.

Now we imagine the same situation, but the data is supposed to be shown while
the user is located in the 3D model of the city. Maybe the data display is an ancillary
part of a larger system that lets users explore virtual cities. Maybe the data needs
to be shown in a real-life context, through augmented reality (AR) technology. Sud-
denly, there is no precedent. Should the points be shown on the ground below the
user or floating above them? Should the points be transparent so the world behind
them is still visible? What happens when the user enters a densely built area and
most points are completely obscured? How do we access values that are far away?
How do we select values or interact with the data when all our VR motion controller
offers is one button and a virtual laser pointer? What if the very limited screen real
estate is already used up and the data needs to be shown through purely non-visual
means?

Currently, there are only scattered experiments and disparate models of how
to approach these problems. Even with a solid technical foundation in immersive
display technologies, applying them to data visualization problems is challenging.
Some of the issues that lead to the conception of this thesis stem from exactly such
challenges. Berger and Bill (2019) describes the implementation of a system that
tries to show what the values visualized on an urban traffic noise map really mean.
It achieves this by placing the user into a virtual city model and playing the esti-
mated traffic noise back as an audible sound. But there was a problem: while the
audio playback could be developed according to mostly existing concepts from the
field of sonification, the noise map itself still needed to be visible to give a broader
spatial context. But the ground-level viewpoint of an immersive virtual city intro-
duces multiple forms of occlusion, such that data gets less visible the further it is
away. With no true solutions to this issue at hand, subsequent research investigated
multiple ways of tackling this problem, from a sound and haptic-based display for
distant values, to interaction-based methods. During the sound-based investiga-
tion in Berger (2020), it became clear that we were missing a clear conception of
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sound-based data display in immersive environments—and that this extends to all
the other primary senses too. While visualization has many appropriate taxonomies
for such axes, the broader category of data display that spans all the human senses,
in this thesis called Sensification, still lacks them. During the interaction investigation
in Berger (2021a), the same issues became clear for the concept of Embodied Interac-
tions—those user interactions that use movements, gestures and tangible objects for
input. Similar problems were also encountered concerning the quality of geospatial
data necessary for display in immersive systems.

However, despite these challenges, there has been a clear and active demand for
embodied and multisensory systems within the literature and on research agendas
for many decades, even before the current hype around immersive virtual reality
displays. This is usually done under the larger banner of Immersive Analytics (Ens
et al., 2022), but sometimes more specifically for the geospatial case (Slocum et al.,
2001). Ultimately, the hypothesis driving this field is as such: 2D maps and visual-
izations are powerful for what they do, but immersive analytics systems can solve
entirely new problems or allow us to tackle old problems in new ways.

So far, the issues of multisensority, immersive geovisualization, and embodiment
are often separate bullet points on such research agendas and only occasionally in-
tersect. This thesis will be an attempt to explore this overlap, from here on called
Embodied Geosensifications. The underlying hypothesis is that this combination has
the potential to be a potent tool, but our lack of clear conceptions of how these as-
pects can integrate with each other often obscures what design pathways can even
be taken. To develop a model of these possibilities, we identify four main research
questions. The first three questions concern the individual aspects considered on
their own: human senses (multisensority), immersive geospatial data representation
(geovisualization) and body-driven interactions (embodiment). The last question
concerns the conceptual combination of these aspects:

1. Senses: What are the primary sensory modalities of the human body that we
can display data to? Which modality should be targeted for what data?

2. Data: Do we have to evolve our conception of geospatial data for immersive
systems? What are key factors in this evolution?

3. Interactions: What kinds of interaction can there be between the human body
and geospatial data?

4. Model: How can we model embodied geosensifications in a practical way?

1.2 Structure and Content Overview

This thesis will start with a survey of the current state of the art of (geo-)spatial in-
formation visualization in Chapter 2. This chapter covers all topics that are relevant
for the creation of taxonomies and models that actually take into account the current
state of technology—what are the current frontiers in 2D data visualization and car-
tography, and how far have we gone with 3D, multi-sensory display technologies
past and present? What solutions are examples of truly spatial and sensory data
sensification and how well do they seem to work?

Equipped with that knowledge, we will follow the four research questions. The
first three questions make up Chapter 3, which attempts to clearly define a set of
possibilities, as well as the technological, cognitive, and physiological considerations
for each of the three aspects.
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In Chapter 4, we will attempt to rework the defined taxonomies into a complete
model of multi-sensory, immersive, embodied geospatial analytics systems. As such,
this chapter has to provide the glue between the previously established concepts.
The individual steps frequently refer back to the concepts of senses, data and inter-
activity.

In order to show how the developed model can be applied, Chapter 5 will take
a more practical turn and return to the prototypes that lead to the development of
this thesis. These examples will be relayed to the concepts that their creation helped
influence or that were important in their creation. They will also be retroactively
subjected to the model developed during the earlier chapters, in order to create a
varied collection of examples that cover most aspects of the developed model and
diagram, and to demonstrate that the diagram is expressive enough to handle very
different kinds of systems.

For a visual overview of how the ideas in this thesis develop from chapter to
chapter and section to section, see Figure 1.1.

Interactivity
Embodied User

Interfaces

Visualization
Cartography Spatial ComputingImmersive 

Geovisualization
2.

State of the Art

Data
Representation of
Geospatial Objects

Senses
Sensory Variables
and Sense Aspects

3.
Taxonomies of

Embodiment and
Spatial Data

4.
A Model for Embodied

Geo-Sensification

Coverage Problem
[Berger 2020]

Exploring Spaces
[Berger 2021a]

Noise Sonification
[Berger and Bill 2019]

5.
Case Studies

The Original
Model

[Berger 2021b]

The Geo-
Sensification Diagram

Applying the Taxonomies

Decoupling
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of Data
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FIGURE 1.1: An overview of the content of this thesis. The four main
boxes represent Chapters 2 through 5. The included boxes show the
sections of each chapter. The arrows represent how the sections itera-

tively build upon the concepts established within them.
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2.1 Visualization and Visual Analytics

With visual displays being the dominant form of data presentation, this chapter will
start at the most common point of entry: Visualization.

The term visualization is used in many different contexts and can refer to many
applications. In a way, every form of graphics displayed on a computer screen or
any drawing or print visualizes something. However, when we speak of visualiza-
tion in a scientific context, we are usually referring to the concepts of information
visualization or scientific visualization. The former tends to refer to the visual display
of abstract data set (economic data being perhaps the most prominent example), the
latter to visual display of data about some physical fact or process.

Whatever kind of fact is visualized, there is a set of criteria most visualizations
try to follow: (Card, 2009) (Schumann and Müller, 2013)

Expressiveness A visualization should only display what is actually part of the rel-
evant data set.

Effectiveness A visualization should only display what the human visual system is
capable of perceiving and can perceive well.

Appropriateness A visualization should only be made if the effort to create it does
not vastly exceed its usefulness.

These criteria are of course very generalized—attaining a visualization that ful-
fills these guidelines is usually a process that requires far more specific workflows.
The main way we think about visualization today is the visualization pipeline as
first proposed by Haber and McNabb (1990), shown in Figure 2.1.

FIGURE 2.1: The visualization pipeline as it appeared in Haber and
McNabb (1990).

It has been expanded multiple times and applied to multiple sub-disciplines of
visualization, however the general concept stays the same: We take a set of data that
we have enriched in some way (for example by data analysis methods), we prepare
that enhanced set of data for the visualization by filtering or reducing it, then we
map it to a representation that can usefully be displayed on a screen, and then we
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render that representation. A more modern pipeline that explicitly includes all these
steps can be found in Dos Santos and Brodlie (2004) and is shown in Figure 2.2.

Raw
data

Prepared
data

Focus
data

Geometric
data

Image
data

Data
Analysis Filtering Mapping Rendering

FIGURE 2.2: The visualization pipeline as it appeared in Dos Santos
and Brodlie (2004). (adapted)

One fact of note in both of these pipeline models is that they are shown to be uni-
directional. A series of processes is completed, which then creates one result. There
was a time when visualization worked in this way, but this can hardly be said to
be the case today. Most visualizations are interactive in some way, to the point that
definitions of the term visualization often already specifically include the concept of
interactivity. Thus, what is called a pipeline could now perhaps be more properly
called a visualization loop, or as Dwyer et al. (2020) put it, a “sense-making loop”.
Especially the steps of filtering and mapping are iterative and contain feedback.
Sometimes this loop is even split towards the end, for example to create multiple
renderings with different filters and mappings applied on the same set of data.

Decades of research work and visualization practice have led to a foundation
of interaction techniques that are basically usable off-the-shelf today. Examples for
such techniques are:

• Dynamic Query (Shneiderman, 1994). Users can adjust the filter that that is
operating on the data set interactively and in real-time.

• Focus and Context (Bjork and Redstrom, 2000). Users can focus on a specific
part of the data, while the broader context still remains visible.

• Coordinated Multiple Views (Roberts, 2007). Multiple visualizations are shown
simultaneously and react in unison when an interaction happens on one of
them.

One can find these techniques in many modern business dashboards and data
visualization programming libraries. They can be seen as the building blocks that
make visualizations interactive. Another kind of visualization canon are the com-
mon visualization types we almost reflexively apply any time we face a data analy-
sis problem. These are usually called charts or graphs and denote a specific tradition
of mapping data to visual artefacts. Examples include bar charts, line graphs, scat-
terplots and more. A visualization type of special interest for this thesis is the map,
which specifically encodes geospatial data.

If we extend the filtering or data analysis steps of the pipeline to be interactive
processes that are integrated in the same interface as the rendered data, we move
into the highly interdisciplinary territory of Visual Analytics (Keim et al., 2006). Here,
we integrate visualization with dynamic use of more classical data analysis steps
(statistical analysis and other computational methods) and human computer inter-
action (HCI), to create intuitive, effective computer interfaces in which we can take a
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set of raw data and apply all steps of the visualization pipeline dynamically to probe
and interrogate it. This process aims to attain knowledge about a given set of data
more effectively than through the use of just statistical analysis or visualization.

After establishing some foundations, we now move on to the current state of the
field. Cui (2019) offers a very thorough introduction to the evolution and contents of
the term visual analytics, as well as of the challenges that the field faces. At the core
of their conception of modern visual analytics is the concept of dimensionality and
dimensionality reductions. This includes basic questions like what to do with highly
multidimensional data sets, or when 3D visualizations are appropriate in compari-
son to 2D visualizations. This is caused by the data sets in question growing larger
and more complex as our methods of data collection improve.

There is however another solution to multidimensional data that does not nec-
essarily involve a reduction of dimensions. As technological progress creates novel
display and interaction technologies, new dimensions of display beyond the conven-
tional 2D screen become available. This can ranges from large touch screen arrays to
experimental interfaces like smell displays. We have to ask what is more effective—
using transformation and reduction techniques on the data or adding more parallel
display channels? There is no final answer to this question, because it is highly con-
textual. It is also the wrong question to ask at this point in time, because the field
of “visualizing” through such immersive and multi-sensory means is still barely de-
veloped. A better question might be: What are they ways in which we can utilize
the new display and interaction dimensions that current hardware unlocks for us?

To begin answering this question, we will first move deeper into one specific sub-
discipline of visualization, to then extend this sub-discipline back out into the mul-
tisensory realm. Considering the geospatial focus of this thesis, this sub-discipline
is of course the one concerned with geospatial visualizations in the form of maps.

2.1.1 Cartography

“Viewed in its development through time, the map details the changing thought of the human
race, and few works seem to be such an excellent indicator of culture and civilization.”

Norman J.W. Thrower, Maps and Civilization (J. W. Thrower, 2007)

The study of cartography is an old one and far too complex to fully encompass
in a thesis like this one. Certain specific concepts and topics in cartography will
become relevant in Chapter 3 and will be discussed there. This section will only
briefly look at some current developments to then move on to how cartography
relates to modern visualization specifically.

There are multiple active research directions in the cartography community. For
one, there are specific technical problems, like label placement (Rylov and Reimer,
2014) or rendering and styling (Meier et al., 2014; Dübel et al., 2017). Many of these
problems can be considered solved for most common use cases, but still require chal-
lenging research in many corner cases. Another example would be map projections,
which are well established in everyday use, but are still a current topic in planetary
cartography, where researchers try to answer questions like how to design projec-
tions for astronomical bodies with non-standard shapes or axis of rotation (Pędzich,
2019).

Another direction in cartography is the analysis of existing maps, like for exam-
ple historical maps. This involves the use of ontologies, computer vision algorithms
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and historical knowledge. A similar direction is the use of existing image material in
the form of aerial and satellite imagery—how do maps transform if we do not fully
control the symbology and thus every pixel, but superimpose additional informa-
tion onto a real-world image? This has some overlap with the AR and VR research
which will be discussed in the following sections. Here, we for example superim-
pose labels on building surfaces in the user’s field of vision (Postert et al., 2021) or
create virtual environments purely from 360 degree images and then extend them
with textual labels as well as other multimedia data (Westphal and Berger, 2020).

There is also the direction of critical cartography and other sub-disciplines that
deal with the sociological, material and historical consequences of cartography and
how cartography is done. Here, we often find a deep relation to other fields like phi-
losophy and critical geography. This research is not of immediate importance in this
thesis, as we are mostly focused on technological aspects—but especially the topics
of embodiment and conceptions of space (see Section 3.2) had their roots in these
disciplines before they ever became relevant to engineering and computer science.

Perhaps the most relevant however are two other research directions in cartogra-
phy: First, the semiotics of maps and how they interact with geographical data, usu-
ally manifested in the form of map symbologies in GIS software, as well as Jacques
Bertin’s visual cartographic variables (Bertin, 1967). These topics will be dealt with
in detail in Section 3.1 of this thesis. These concepts have been established and re-
fined for decades. Most of the evolution that is still present within them is happening
at the intersection with the topics of the following sections—immersive technologies
and other novel display systems.

Far more active is the second relevant research direction: Interaction design and
user experience research. Here, the field of cartography directly intersects back with
visualization and visual analytics, as it moves into the larger context of interactive,
dynamic software systems, like the mapping applications we use everyday on our
computers and phones. One large review study by Roth et al. (2017) sums this up
neatly by starting with the following sentence: “The possibility of digital interac-
tivity requires us to re-envision the map reader as the map user.” They name data
visualization and HCI directly as the main interdisciplinary influences on cartog-
raphy, right next to geography and psychology. For years now, a large part of the
cartographic discipline has been quantitative user study-driven research interrogat-
ing very specific questions of interaction design and cognition.

Because the questions that are being answered here are usually very context-
specific, this kind of cartography has been shifting very quickly as new classes of
consumer devices become available. New generations often engage very differently
with maps. Where their parents might have learned to read maps out of pure neces-
sity when travelling to unfamiliar locations by car, a child’s first run-in with maps
today may just be the “minimap” displayed in the corner of their favourite video
game—which has proven implications for how maps are perceived (Horbiński and
Zagata, 2022). Modern cartographic software has to take these trends into account.
The same will be true for the kind of systems that are the focus of this thesis.

9 of the 18 questions in the ICA’s 2017 paper on the future of cartographic re-
search (Griffin et al., 2017) can be directly mapped into the purview of this specific
research drive in the field of cartography. It is also important to note, that in this
interactive usability-driven context, the term cartography has to some degree been
left behind. Most of the literature, when referring to interactive cartographic appli-
cations, prefers the term “Geovisualization” (Çöltekin et al., 2017) or less commonly
the term “Geovisual Analytics” (Andrienko et al., 2010).
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2.1.2 Geovisualization

The term Geovisualization has been in use for longer than this current cognitive
drive of research and has been used to refer to many digital forms of cartography. Its
specific meaning as an interactive, data-driven and explorative form of digital car-
tography came about in the 1990s, spearheaded by Alan MacEachren MacEachren
(1995), building on foundations laid by Bertin (1967) and others, and fueled by the
rapid progress of scientific and information visualization research at the time.

Interestingly, these publications coincided with a massive boom in interest and
research around virtual reality (see Section 2.2) which results in many sources from
the time, like much of the ICA’s agenda on cognitive and usability issues in geovi-
sualization from 2001 (Slocum et al., 2001), being focused around the intersection
of geospatial data and immersive virtual environments. The agenda laid out then
remains useful to this day, as six major research themes were identified:

1. Geospatial virtual environments (GeoVEs)

2. Dynamic representations (including animated and interactive maps)

3. Metaphors and schemata in user interface design

4. Individual and group differences

5. Collaborative geovisualization

6. Evaluating the effectiveness of geovisualization methods

Especially virtual environments, including their effectiveness, how to collaborate
in them, and their interface design are still areas of active research, some of them
having only become relevant again after they had fallen out of fashion for years. This
is well illustrated by an agenda paper from Çöltekin et al. (2017), which includes
very similar categorizations of research drives, but is much more current. Meng
(2020) goes as far as saying that “user experiences of geovisual analytic approaches
are far from being systematically studied.”

There has also been progress on the third point in Slocum et al.’s agenda, i.e.
progress in metaphors and schemata (in short: guidelines) for user interface design.
Roth (2013b) explicitly invokes Bertin’s and MacEachren’s visual variables as histor-
ically helpful visualization primitives (although he refers to them as representation
primitives) and attempts to empirically discover similar primitives for interaction
design in maps. This is done by structured interview with geovisualization design
experts. It is interesting to note here that Bertin’s original variables were not at all
empirically derived, but were entirely based on Bertin’s professional experiences.
Empirical study of these variables as well as additions to the models were done
post-hoc by other research groups (MacEachren, 1995).

In his empirical study, Roth is trying to answer questions he already posed ear-
lier in Roth (2013a), in the form of a research agenda for “cartographic interaction
science”—a term which is rarely used in the literature, but might be useful in decou-
pling the interactions from the visualization where necessary. The agenda ends up
not looking too dissimilar from the agenda shown earlier, but there is one interesting
observation baked into it, which will inform assumptions made in Chapters 3 and 4:
Every interaction includes three components—the user, the visualization and a me-
diating computing device. In order to design a useful interaction, we need to keep
all of these components in mind and constantly ask ourselves questions like “When



2.1. Visualization and Visual Analytics 13

do we show what visualization?”, “How exactly do we interact at what moment?”,
“What is the specific use case?”, and many more. After articulating some of these
questions in Roth (2013b), he goes on to focus in on the specifics of “How?”, i.e. what
individual interaction exchanges can we offer users to support a useful interaction
strategy? He considers multiple existing taxonomies of interaction by conceptu-
alizing the process of interaction as the use of interaction operators on visualization
operands, which is used to fulfill objectives in order to reach a goal, and then claims that
any interaction taxonomy can be either based on the operand (visualization-based),
the operators (interface-based) or the objectives (intention-based). Roth goes on to use
his empirical study to reincorporate concepts from other taxonomies, both combin-
ing them and resolving some of the conflicts, thus reaching a synthesis that makes
this specific taxonomy very useful for the rest of this thesis. The specifics of this
taxonomy will be further discussed in Section 3.3 of this work.

Another issue not mentioned in the earlier agendas is the move from purely
geospatial to spatiotemporal data. As advances in sensing and database technol-
ogy have been implemented around the world, large multidimensional geospatial
time series need to be visualized. Here, entirely new visualization techniques are
still in active development. Some examples include methods visualizing trajectories
(Tominski et al., 2012), flows (Boyandin et al., 2011) and events (Sheidin et al., 2017).

2.1.3 3D Geovisualization

With their roots firmly set in the research of virtual environments, geovisualizations
are already often three-dimensional, even if much of the underlying GIS data tends
to be stored as two-dimensional geometries. However, there are some trends that
warrant direct notice.

First, one kind of spatial data that is reliably three-dimensional is large-scale sim-
ulation data, as found in meteorological and flood-risk simulations (Rydvanskiy and
Hedley, 2020). Here, the full accuracy of both the simulation itself as well as of
the visualization can only be attained by moving into the 3D space. Older two-
dimensional methods are often pushed to their limits by modern requirements for
simulation accuracy.

Secondly, there is one of the biggest research drives in all of geovisualization,
often forgotten in agenda papers, as it is usually driven by governmental or corpo-
rate initiatives: large-scale 3D models, usually either scanned from aerial imagery
or mass-collection of street-level images (Tan et al., 2020), or procedurally generated
from existing geospatial data sets and large rule-based systems. Between projects
like Google Maps and Esri CityEngine, mass adoption of CityGML models and
more, there are huge implications for “in-place” geovisualization that can be dy-
namically utilized and embedded into these models, thus enabling the analysis of
data in its true spatial context.

Perhaps one of the biggest hurdles for mass adoption of 3D geovisualization is
the main issue with any form of 3D visualization: Occlusion and Distortion. The
dimensional reduction to 2D often employed in cartography, as well as scientific
and information visualization, is to a large degree caused by these two problems.
It is often better to simplify the view on the data, than to require the user to deal
with an interactive virtual camera in order to get a complete view of the data. For
a number of years, it was business data visualization that gained some infamy for
committing similar mistakes through the excessive use of 3D-features like shadows,
depth and oblique viewpoints. We need to be careful that the reflexive use of 3D
tools in our mapping applications does not suffer the same fate—there is now a
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plethora of research into dealing directly with exactly such problems (Deng et al.,
2015; Zhang et al., 2016; Röhlig et al., 2017).

Most of the advantages and issues described in this section are further ampli-
fied once we also move our display and interaction devices into 3D. When we are
wearing a VR headset and holding handheld motion controllers, suddenly not only
the environment and the data itself can occlude our view on the data, but also our
virtual body and the 3D user interface (UI) elements. In the following sections, we
will take a look at the basic concepts and technologies present in this space and then
reincorporate them with what we have already learned about geovisualization.
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2.2 Spatial and Immersive Computing Technologies

Whenever a new technology accumulates enough hype to exit the realm of experi-
mental research prototypes, it will quickly find itself in a constant state of termino-
logical confusion, trapped between scientific definitions, corporate marketing and
common parlance. And while most seemingly settle on some basic terms after some
years of popularity, the technologies here have experienced no such equilibrium.
Perhaps the most settled starting point are the terms of Virtual Reality (VR) and
Augmented Reality (AR). In its most basic form, VR is about entering a different,
virtual world while shutting out the real world. AR on the other hand is about
adding digital objects to the real world.

This basic distinction is still very congruent with the originally established scien-
tific definition by Milgram and Kishino (1994). Here, the authors propose a “Mixed
Reality Continuum” with the real world on one side, and virtual reality on the other.
This is a continuum of immersion, i.e. how deeply our sensory information is im-
mersed in either the real world (i.e. real world stimuli reach the sensory organs as
usual) or the virtual (i.e. real world stimuli are replaced by synthetic stimuli). In this
model, AR broadly refers to the whole left side of the continuum—sensory states in
which most stimuli originate from the real environment, but some are replaced on
the way. Ultimately every stimulus is of course “real”, the replacement here refers to
some form of display device that blocks out anything coming in from an “outside”
(which is contextual depending on the hardware used) and instead induces different
information into the sensory organ it displays to. Milgram also proposes to call the
right side of the continuum “Augmented Virtuality” (AV), i.e. a state where most
but not all sensory input is replaced, though the term has not caught on in either
science or consumer spaces.

The problem is that this proposed state of full immersion that Milgram calls Vir-
tual Reality, is not actually what people mean when referring to VR today. Instead,
what they refer to are usually head mounted displays (HMDs) that block the wear-
ers complete field of view and then display a view into some virtual environment,
usually combined with headphones and handheld controllers. Both HMD and hand-
held controllers are usually tracked in 3D space to offer the user an illusion of mov-
ing through a stable virtual world that tangibly exists in reference to their body. A
full sensory immersion display like the one proposed by Sutherland et al. (1965), in
which “A chair [...] would be good enough to sit in”, is not what Virtual Reality is
or even can be today. Modern VR is thus both less than what Paul Milgram defined,
but also much more. Many today would not even consider a HMD that can display a
virtual world enough to constitute VR, as the handheld controllers or body tracking
done by modern systems has become so ingrained in the term and how it is viewed.

To make matters worse, the term Mixed Reality originally coined by Milgram
and Kishino (1994), which used to be the headline for the whole field, is used outside
of clear scientific contexts as little more than a synonym for versions of AR or AV in
which the tracking and display is of especially high fidelity, usually involving head
mounted displays (HMDs) as opposed to smartphones or simpler display glasses.
Into this now vacant space of a good name for the whole technological space rushed
other terms such as “Extended Reality” (XR) (Çöltekin et al., 2020) or “Spatial Com-
puting” (Greenwold, 2003). Extended reality however seems like a synonym for AR,
but one that would exclude certain related technologies such as “Diminished Real-
ity” (DR) (Mori et al., 2017), in which real stimuli are replaced in such a way that
it feels to the viewer as though they are still seeing the real world, but an actually
existing object or stimulus is missing.
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Ultimately, all of these terms convey different parts of this larger space of sys-
tems that combine spatially tracked, usually handheld or worn user interfaces with
spatially tracked, depth-enabled displays in order to believably place interactive vir-
tual objects into the users perception. Because of the spatial and multisensory focus
of this work, we have to be much more specific about how the senses are targeted
by displays than most audiovisual VR applications. Even papers that try to offer
a broad overview of the field often specifically exclude senses other than sight or
hearing, as the display and interaction technology serving them is still quite experi-
mental (Çöltekin et al., 2020).

In addition to the senses, we have also have to consider our focus on geospatial
data. Geospatial virtual worlds are unlike other virtual worlds in that they have a
clear relation to the real world and thus not only track the user locally, but automat-
ically place them into some form of geospatial reference. Considering the multiple
stacked conceptions of spatiality in such applications, this thesis will refer to the
breadth of technologies in this field as “Spatial Computing Technologies” and only
use terms like AR, VR, XR or others when a paper or application is built with these
specific distinctions in mind, usually when referring to visual display technologies.
Spatial Computing neatly encompasses spatially tracked display devices, spatially
tracked interaction devices, location-based services (LBS), the user’s body moving
through space, the different levels of tracking technology as well as the 3D interfaces
popular within the applications. Because of the overlap with terms from the world of
GIS and geovisualization, such as spatial analytics, we will always explicitly utilize
the “Geo-” prefix when referring to such methods. An interface or display device is
spatial as soon as it has some sort of local reference or tracking. It is geo-spatial once
a global reference is present and relevant.

2.2.1 Display Technologies

As one of the main focuses of this thesis is the use of multiple senses for data display,
we need to be aware of the basic facts of displaying information to each of the senses.
While some of the information will be given once it becomes important in Section 3.1,
what follows will be a general introduction into the state of the art for each of the
five primary senses.

2.2.1.1 Visual Displays

Everyone reading this work will be familiar with different kinds of visual displays,
especially of the 2D variety. Most commonly available displays at the time of writ-
ing are based on different types of light-emitting diodes (LEDs) whose light either
acts as a backlight for liquid crystal panels or directly displays color values. Older
technologies sometimes use moving electron beams that are fired onto a fluorescent
display layer, thus creating either a pixel raster if the beams are regularly pulsed or
vector graphics when the beam is continuous.

The most important aspect of visual displays for spatial computing is how they
can be made to enable depth perception in virtual environments. There are multi-
ple technologies in use to enable stereo-viewing, including systems that do this on
one display, either through autostereoscopy or signal multiplexing combined with
special stereo glasses that separate two slightly different images in such a way that
each eye only sees one of them. In current spatial computing, the most common
visual displays are HMDs, in which there is usually one high-resolution display for
each eye, aided by a system of lenses to enable the user to focus and enable distance
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perception. The current static lens systems in these HMDs are not perfect however
and can cause strain through effects like the Vergence-Accomodation Conflict (VAC),
which can exacerbate existing difficulties with VR technology, like the motion sick-
ness often caused by tracking latency issues (Yang and Sheedy, 2011).

A still more experimental class of visual HMD displays are the see-through dis-
plays used for AR applications. Here, either video cameras or optical systems are
used so that the user can see both the real world as well as virtual worlds. If
these worlds move in unison (through a technical process called registration), these
displays can induce a sense of virtual objects existing fully within the real world
(Azuma, 1997).

Even with the remaining issues in HMDs, visual displays are broadly our most
advanced displays. The other senses, with the exception of the sense of hearing, are
usually far less commonly “displayed to”, because the technology to do so is simply
not developed enough. A large list of currently available displays ordered from non-
immersive over semi-immersive to fully immersive can be found in Çöltekin et al.
(2020).

2.2.1.2 Audio Displays

Audio displays are as ubiquitous as visual displays and often naturally accompany
them. Like visual displays, they can either be blocking or be “hear-through”. Hear-
through displays are much easier to design than see-through displays, as audio dis-
plays can be constructed in a way that blocks very little or none of the incoming
sound, as is the case with loudspeakers and open-backed headphones, or simply
record and replay the sound as needed, as is the case with many hearing aids or
modern earbuds and close-backed headphones. Blocking audio displays either do
so passively by putting an appropriate physical barrier between the ear canal and
the outside environment, or they can be noise-cancelling, in which case noise is de-
tected and then immediately eliminated by playing noise with an inverted phase.

One issue we need to be careful about is the spatiality of the sound, which can
quickly get lost if we only record and replay sounds without any considerations
about the physiology of the human ear and the relative position of the sound dis-
play device. As soon as the natural shape of the outer ear is circumvented, for exam-
ple through the use of earbuds, sound spatiality can quickly become more shallow.
Stereo mixing can still place a sound on a 2D plane around the user, but for higher
precision or up-down localization we need to know some basic facts about the user’s
auditory system. Localization on the 2D plane can be much improved if we take into
account head shape (or even upper-body shape) and specifically inter-ear distance,
as the resolution of stereo signals is done depending on timing and phase differences
in how a signal reaches each individual ear. Then for up-down localization these
signals are encoded in complex ways in how the sound is modulated by the head
and pinna. These basic physiological facts can be encoded in so-called head-related-
transfer-functions (HRTFs) which describe how a sound that originates at a specific
location will be modulated before it reaches the user’s ear drums (Xie, 2013). There
are some standardized HRTFs that approximate most human heads well, however
full precision can only be reached through personalized transfer functions, usually
based on a direct scan of the upper body.

2.2.1.3 Haptic Displays

Haptic displays are in many ways still an experimental category, however there is
already a massive number of very distinct systems and concepts. It is far harder
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to categorize and group haptic displays into just two or three groups, as we did
with visual and audio displays. This is because what we in spatial computing tend
to simply refer to as “haptics” is actually a collection of sensations deriving from
multiple sensory organs and physiological facts. There are tactile displays, usually
serving their signal by direct skin-contact and mechanical vibration (Ishizuka and
Miki, 2015) or through projection of air currents (Hoshi et al., 2010). There is force
feedback, which selectively offers resistance to a user’s movements to simulate dig-
ital objects and processes having a physical presence (Frisoli et al., 2005). And then
there are related phenomena like pain reception and heat transfer, which are, with
some exceptions (Saga, 2015), not often a part of display technologies.

Most of these system are wearables, like haptic gloves that can include both tac-
tile feedback and force feedback to the fingers, exoskeletons that create force feed-
back for the whole body, or haptic vests that contain a multitude of motors to induce
tacticle sensations over a large area of skin (Tanaka et al., 2002). A different class of
haptic devices are tangible interfaces, which describe physically present data-objects
that can be moved and manipulated by the user, usually to trigger reactions in a dif-
ferent object or in themselves, to display some sort of data (Fishkin, 2004). As such,
they are the natural intersection of display and interaction device and stand in op-
position to the long-lasting paradigm of generalized interface devices like mouse,
keyboard, touchscreen and others. Many virtual environments that offer an immer-
sive visualization try to emulate these kinds of data-objects by creating the illusion of
haptic feedback through physicalized behaviours and audio-visual and sometimes
tacticle feedback (“pseudo-haptics”), making their manipulation feel as natural as
possible.

Just like see-through displays depend on advances in optics, the availability of
better haptic displays depend on advances in non-computer science fields like ma-
terial sciences and robotics.

2.2.1.4 Taste and Smell Displays

Much more experimental are the kinds of displays that induce taste and smell sen-
sations, or even try to make use of some of the secondary senses in the human body.
Taste and smell specifically are deeply entangled with each other, and very depen-
dent on emotional and physiological states. More will be said about the peculiar-
ities of these kinds of senses in Section 3.1, however some recent examples of dis-
plays that work towards them are: electrode-induced direct stimulation (Cheok and
Karunanayaka, 2018), odor dispensers in static or wearable format (Nakamoto et al.,
2009), odor beam forming (Hasegawa et al., 2018), edible data objects Mueller et al.
(2021) or even tracked, edible objects that do not have much taste themselves, but
like pseudo-haptics are given a form through other sensory impressions in order to
trick the user’s mind into tasting flavors that are not actually present (Narumi et al.,
2011).

2.2.2 Tracking Technologies

Before any display can work or any interaction can happen, the software that or-
chestrates the virtual environment needs to know where the user and any other in-
volved objects are located in space. Tracking systems are highly dependent on spe-
cialized hardware and calibration procedures, making their implementations par-
ticularly varied between separate manufacturers. There are however some broad
categorizations we can make, based on the spatial relation between tracking system
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and tracked objects, the kinds of physical phenomenon used for tracking, what part
of an object is tracked, the tracking scale, and the specific use case of the tracking
system. Tracking is not as important as display or interaction for the purposes of
this thesis, but there should still be a basic understanding of its realities.

First, the location of the tracking system can be separated into outside-in and
inside-out tracking systems. Outside-in systems are installed in the environment, at
a place where it can sense the tracked objects without interfering with them. Inside-
out systems are installed on some or all of the tracked objects and track them in
relation to the environment.

Secondly, there are different kinds of physical phenomena we can utilize for
tracking (Bhatnagar, 1993). These include: Magnetic, electromagnetic, acoustic, me-
chanical, and inertial. Thirdly, there are tracking systems that track the environment
as it is (markerless) and systems that need special tracking objects in the environ-
ment and on objects (marker-based). Tracking systems also differ in scale. They can
reach from a system that tracks a single object at short distances (like a VR-HMD
inside-out tracking a handheld controller) to Global Navigation Satellite Systems
(GNSS). Lastly, systems differ by what objects they are supposed to track. Usually
the focus are moving objects that are either static or have moving parts themselves,
but perhaps the most interesting class of tracking systems in spatial computing are
those that track parts and aspects of the human body, like gait or hand configuration.

2.2.3 Interaction Technologies

The way in which we interact with the world can be seen as just as important as
the act of perceiving it. Interactions can reach from movements as simple as turning
one’s head while wearing a HMD, to complex series of learned movements that
trigger a specific action within the inhabited world.

Usually interaction will require tracked devices, however with the growing capa-
bilities of tracking systems, device-less body-driven interactions are becoming more
attainable. In this way, our body is the most immediately available “interaction de-
vice” and allows us to skip any training phase we would have with a specialized
device. This low barrier-of-entry is often taken and very uncritically translated into
claims of body-tracked interactions being inherently more “intuitive” or “natural”.
This is questionable, as by this standard an arbitrarily complex language of learned
hand signs would classify as more “natural” than an interface in which a stick-like
interaction device is used to drive a virtual nail into a virtual piece of wood. Instead,
these notions of intuitiveness are highly contextual—and intuitive often just derives
from familiarity.

For a categorization, we first have to consider two different parts of each inter-
action: which action is being performed and which device or body part is used to
enable us to perform this interaction. This will be discussed in detail in Section 3.3,
by adapting Roth (2013a)’s framework of cartographic interaction to encompass both
of these aspects.

Here, we will only introduce the different kinds of devices that are available.
Interaction devices can broadly be categorized into:

Body Usually one of the limbs of the user, or another trackable biological function
like speech, clapping, muscle movements or eye movements. Could also in-
clude prosthetics and other artificial body parts.

Held Usually meaning hand-held, i.e. a device that is light enough to be wielded
and that can be quickly picked up or dropped.
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Worn A device that can be temporarily affixed to the body, does not have to be
grasped and is light enough to be carried. These devices usually can not be
quickly dropped or picked up and need some time to be put on.

Static Immobile surfaces and objects that are located in the tracked environment.

Moving Objects and surfaces in the environment that can move on their own.

Moveable Objects in the environment that can be pushed, pulled, carried or other-
wise moved by users.

Sometimes we of course can combine these categories, for example if a moving
robot is light enough to be picked up and can be interacted with by the user. The
standard assumption is also that these devices need to be tracked, though that is not
always the case—controllers or keyboards can be moved and used without need-
ing a physical presence in the virtual environment. Within these categories, there
is also the question of whether a device is general-purpose or not. Handheld con-
trollers for example commonly allow interactions that can be mapped to all kinds
of applications (button presses, joystick movements), while moveable objects in the
environment are often specific to one application.

The general-purpose handheld controller is probably the most common interac-
tion device in spatial computing. Several interaction paradigms of such controllers
are well studied, for example pointing interactions (Christou et al., 2016), virtual
keyboards (Dudley et al., 2019) and grasping interactions (Chessa et al., 2019).

New interaction devices and paradigms in spatial computing are a massive re-
search topic. The breadth of technical developments that are currently made are
beyond the scope of this thesis. When considering the taxonomy of interaction in
Section 3.3, we will instead stick to the device categories as shown above.

2.2.4 Immersion, Presence and Embodiment

After considering all of these technologies, we of course need to consider the mo-
tivation that stands behind using each of them. Every spatial computing system
has an application area, some of which we will show in the next section—but be-
tween the application area and the choice for a spatial computing-based solution
stands the question of what the motivation is for not simply using conventional,
well-established, 2D means of computation, and instead going for difficult-to-use,
largely unproven hard- and software. Ultimately, many of the commonly stated
driving factors of spatial computing, like “immersion”, are not strictly exclusive to
spatial computing technologies. A well-made, interactive 2D map about an emo-
tionally charged topic could be considered just as “immersive” and can easily run
on the devices everyone has at home or in their pocket.

So why go spatial at all? When arguing for the usefulness of such technologies,
two terms are very commonly invoked in combination with immersion: presence
and embodiment. While immersion in Milgram’s definition (Milgram and Kishino,
1994) refers to the technologically-enabled level of sensory replacement and can be
objectively assessed through measures like field-of-view, display quality, affected
senses, and more, the way the term is often used in common parlance is scientifi-
cally more accurately described by the concept of presence as defined by Slater and
Wilbur (1997), which describes the feeling of “being there”, i.e. the purely subjective
responses to the virtual environment that technology immerses us in. More tech-
nically, Slater later describes it as “the propensity of people to respond to virtually
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generated sensory data as if they were real” (Slater, 2007). There is much debate
about this term and its use, both in scientific papers as well as in the larger Spatial
Computing community, which involves psychologists, developers, designers, artists
and many more. On example would be popular podcast host Kent Bye and his El-
emental theory of presence, in which he uses the evocative concept of four elements
to more intuitively describe the sorts of immersion humans can feel—fire for “active
presence”, air for “social presence”, water for “emotional presence” and earth for
“embodied presence” Bye (2017). While these more creatively driven definitions are
being formulated, Mel Slater has long been trying to establish more rigorous and
clear definitions, for example in his 2007 lecture notes (Slater, 2007), in which he
makes it explicit that not all subjective impressions are presence and that the term
must be separated from, for example, sensory concepts like metamerism, in which
different wavelength distributions in visible light appear as the same colors to us,
or emotional concepts like involvement, which separates our feeling of being present
in a space from our emotional engagement with it. The latter is quite similar to the
notion of water, i.e. emotional presence in Bye’s model—which illustrates the is-
sue that these terms are so often confounded, that we have no choice but to pick a
definition for our current application and try to be internally consistent throughout.

Ultimately, immersion and presence are very important for spatial computing as
a whole, but only of secondary importance for this thesis. Visualizations only some-
times require the feeling of presence, and specific measures of immersion enabled
by a specific set of technologies rarely become important. Much more central is one
of the concepts often related or confounded with these two terms: Embodiment. Like
all the other common words in this space, we have to grapple with multiple defini-
tions here. First there are definitions of embodiment that are not even close to the
spatial computing discipline. Most basic and applicable here perhaps is the simple
user-experience focused definition from Hartson and Pyla (2018), which defines em-
bodied interactions as “Interactions with technology that involve a user’s body in
a natural and significant way, such as by using gestures”. In Slater’s lecture notes
“embodied” appears as meaning that a user is shown a simulated virtual body in
the virtual environment that tries to match the movements of their real body, which
has overlap with a long standing discussion in the VR space around whether only
body-parts that are actively tracked should be shown, for example as ghostly “float-
ing hands”, or whether an attempt should be made to show a full body even with
imperfect tracking. A similar notion of embodiment also appears in Ahn et al. (2016),
where the user is given an animal body in the virtual environment to increase en-
gagement with the displayed ecological issues. Chen et al. (2017) instead take the
term quite literally and create a collaborative environment in which a group of par-
ticipants each use their body to play the role of one data point in a data set. Fishkin
(2004) is closer to Hartson and Pyla (2018)’s definition, however it flips what body is
in focus: their embodiment describes the feeling of of how much a computation (in
our case data analysis and representation) is embodied within the current state of a
haptic display device. Liu et al. (2020) apply the concept of embodiment explicitly to
geovisualization but focus on the importance of multimodal (i.e. spanning multiple
sensory modalities) display and interaction in such systems.

For one definition far outside of spatial computing, we have the concept of “Em-
bodied Mapping”, in which maps are related to the body in a performative way,
such as historical art in which the map of a country is imprinted upon the likeness
of its ruler (Perkins, 2009). Many such definitions exist in the humanities, however
they are beyond the scope of what we aim for here.
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Then there is the main reason why the term of embodiment has become so pop-
ular in recent times: cognitive science and philosophy. In the cognitive sciences, a
recent, non-classical approach to human cognition is the theory of “Embodied Cog-
nition”, described at length by philosophy professor Lawrence Shapiro in Shapiro
(2010). Embodied Cognition opposes the view that cognition is based on the human
brain operating as a computer-like symbol-processor (symbols in this case being
multisensory impressions of the world) which receives its inputs from the sensory
systems of the body, and instead describes cognition as a highly contingent, body-
wide process in which the brain is simply one of many participants in a sensory-
cognitive feedback loop. This is to some degree seen as obvious by most scholars
in the field, however the specific reasoning and conclusions of modern embodied
cognition theory are hotly contested, both in the cognitive sciences, as well as in
philosophy, often debated as one part of the “4E’s” of cognition—embodied, em-
bedded, enactive, extended (Maiese, 2018; Shapiro, 2010; Newen et al., 2018). This
debate goes far beyond the scope of this thesis, however the mental models we use
do not always have to be entirely correct in order to be useful in the circumstances
that we want to apply them in. For now, we can simply take these concepts as the
basis for a conjecture: Engaging with data through visualization is a cognitive pro-
cess. Given that cognition is a body-wide process, it can be useful to involve the full
body in data analysis.

Considering all these definitions, what will embodiment refer to when invoking
the term during the rest of this thesis? Because most of our focus is on display and
interaction technologies and the combination of them, it will refer to Hartson and
Pyla (2018)’s definition of interaction technologies “that involve the user’s body in a
natural and significant way”, as well as to the sensory-cognitive process of perceiv-
ing and understanding data over multiple sensory modalities.

Definition 1. A system of display and interaction technologies is Embodied if its use
requires significant and natural body motions and if it implements a body-wide sensory-
cognitive feedback loop.

2.2.5 Spatial Computing Applications

2.2.5.1 Virtual Environments

Spatial computing applications, even if they are not geospatial, will always create
or refer to some sort of virtual environment. When we directly use an existing, i.e.
real, environment as-is, we tend to call these applications location-based services. If
a location-based service and spatial computing are combined, all added virtual el-
ements are embedded into the real location and are in direct reference to it. Some-
times interactions with these virtual elements can even have a direct effect on the
real environment. Depending on the location we refer to, this often overlaps or in-
tegrates with related concepts such as the internet of things (for example in home
automation or sensor networks) (Kamilaris and Ostermann, 2018) or “digital twins”
(for example in manufacturing and urban planning) (Hasan et al., 2022).

We can also use existing environments more indirectly by fully turning them
into scanned virtual environments through different scanning technologies. On-the-
fly scanning of environments often already lies at the heart of tracking algorithms
like visual simultaneous localization and tracking (SLAM) (Taketomi et al., 2017), so
this method is sometimes directly related to location-based services. In scanned vir-
tual environments we however use the scan itself for direct display and interaction,
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sometimes even changing the environment from its original state. Common appli-
cation of such environments are laser-scanned buildings and interior spaces Dinis
et al. (2020).

If we do not want to refer to real-world directly at all, we can create virtual envi-
ronments entirely from scratch, usually in the form manually or procedurally gen-
erated textured polygonal models. In this thesis this will be referred to as simulated
environments. These environments tend to offer the highest degree of interactivity.
They can further be divided into environments that try to appear as realistic as pos-
sible, usually in the hopes to induce a high degree of presence, or environments that
are focused on one specific use. In these latter environments the interaction and its
result are the point, and they can operate under entirely different mechanics than the
real world. Such environments are not always entirely free of real world influence
however, as an environment that was procedurally created based on some spatially
limited information (e.g. processed, lower-resolution spatial data instead of a direct
optical scan) about a real place could still fall under this category.

2.2.5.2 Application Domains

Another, more obvious categorization is of course a categorization by the domain
and goal of the application. This is also much broader than the categorization by
used environments, so only a small cross-section will be discussed here.

Most immediately adjacent to the geospatial focus of this thesis is the field of sur-
veying as well as any kind of field work that involves spatial data. Geospatial data
is in many ways a hidden layer with information about the real world, however it
is still difficult to access this data while away from a computer. Spatial computing,
if used correctly, enables us to access that hidden layer and reproject it onto our sur-
roundings, aiding us in further data acquisition or other forms of spatial reasoning.
This is no easy feat however, as the sort of tracking usually employed for augmented
reality is not made for the sorts of sub-centimeter accuracies that are common in
surveying, to not even speak of the geospatial registration of locally tracked sur-
roundings with the wider geospatial reference systems. Seminal work in this area
has been done by Kreuziger et al. (2015), however the problem is still far from being
solved. Despite the accuracy issues, there is research into how to actually display
this geospatial information, all under the assumption that one day we will have
something close to on-demand global sub-meter accuracy. Some of the most impor-
tant work in this area originates from Langlotz et al. (2014) as well as Zollmann et al.
(2014) and Grubert et al. (2016), whose work revolves around superimposing com-
mon geospatial data like building labels, street names or even sub-surface data into
the user’s field of vision. It is perhaps surprising that basic, mostly answered ques-
tions of cartography like label placement suddenly start to reappear when we are
adopting an egocentric viewpoint within the real environment (Postert et al., 2021).

As we move further away from the domain of this thesis, we find what is per-
haps the most prominent application domain of all: teaching and training. Simulated
virtual environments where haptic controllers are paired with visual and audio hints
as to how to operate a machine, tool or vehicle, if used right, have the potential to be
highly effective (Howard et al., 2021; Cheiran et al., 2020) in developing familiarity
and muscle memory where training on the actual object is too expensive or danger-
ous, like for example in oil rigs (Wan et al., 2020). Studies have also found large
effects in utilizing virtual environments in the teaching of spatial concepts in sci-
ence, technology, engineering and mathematics (STEM) education (Merchant et al.,
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2013; Lee-Cultura, 2019; Safadel and White, 2020), as well as in group-based learn-
ing (Souza et al., 2020). With regards to the geospatial focus of this thesis, there
are also research results showing how to use immersive geovisualization in educa-
tion (Philips et al., 2015), for example through tangible interfaces like sand desks
for remote sensing education (O’Banion et al., 2022) and fully integrated learning
systems that incorporate drone-based image acquisition (Bernardes et al., 2018). An-
other relevant note for this thesis is the potential for multi-sensory applications of
learning. Research here searches for the potentials of engaging all the body’s senses
to increase learning outcomes (Shams and Seitz, 2008; Roberts and Roberts, 2014),
however quantifiable results still remain somewhat sparse.

A related domain is medicine, where spatial computing interfaces are often used
for training as well. One of the more prominent areas of research here is surgery
education (Rogers et al., 2021; Ayoub and Pulijala, 2019), which is also one of the
application domains where haptic interfaces are most immediately useful, see for
example Medellin-Castillo et al. (2021) and Imran et al. (2021). Beyond just training
and education, there is research into AR assistance interfaces (Cutolo et al., 2019) and
even telemedicine (Huang et al., 2019). There also has been progress in therapeutic
treatments for neurological damage (Matamala-Gomez et al., 2021) and anxiety dis-
orders (Boeldt et al., 2019).

Another obvious application that has long been a dream of many researchers
and corporations is VR teleconferencing (Greenhalgh and Benford, 1995). There is
still current research into this topic (Campbell et al., 2019), and the technology has
already been applied in many circumstances, especially during the COVID-19 pan-
demic. Recent hype around the controversial concept of the metaverse (Mystakidis,
2022) has shifted expectations in this space from conferencing in small groups to
massive multi-user environments.

One application type that encompasses many domains is the use for spatial com-
puting as a presentation medium. This could be advertising (presenting a product)
(Feng and Mueller, 2019; Kim, 2021), virtual tours (presenting a place) (Beck et al.,
2019; Westphal and Berger, 2020) or simply just presentation of ideas (where present-
ing overlaps with education) (Boetje and van Ginkel, 2021; van Ginkel et al., 2019).
Virtual tours especially might face a future trend where they do not show existing
places, but allow us to record and relive spaces that are long gone in a very visceral
fashion. A glimpse into what this could do is offered by the field of virtual her-
itage, where approximations of ancient sites or still-standing cultural heritage sites
are scanned and then enriched as virtual environments (Gaitatzes et al., 2001).

A subset of most of these domains is the deployment of spatial computing for col-
laboration. Any virtual environment could potentially be turned into a multi-user en-
vironment, where you could learn (Jackson and Fagan, 2000; Jochecová et al., 2022)
and train together with others (Khanal et al., 2014), plan product designs (Shen et al.,
2010) or conduct team-based task (Kockro et al., 2007) with other domain experts.

Perhaps the most exciting, but also the most nebulous application field is the in-
vention of entirely novel virtual tools. The non-physical, consequence-free nature of
virtual environments allows us to employ interaction objects and physics that would
not be possible, or far too dangerous, in the real world. Recent examples are a new
approach to interacting with spectrograms for audio design in Engeln et al. (2018)
or Crawford (2019)’s “hyperphysical” interfaces, which inspired the work in Chap-
ter 5.4 of this thesis. These interfaces take the notion of embodiment and use it to
extend the user’s body with playful new interaction affordances, from entirely new
limbs to non-standard physical interactions with existing ones. In the best possible
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case, such tools would feel like “superpowers” in what they enable us to do—a con-
cept we will return to in Section 4.3 of this thesis. Tools that reach such a level of
quality will of course be challenging to develop—but they could be transformative
enough that the effort is worth it.

Finally, one application domain that deserves specific note in this thesis is the use
of spatial computing in architecture and civil engineering. Next to the already noted
domains of gaming, medicine, and training, this is perhaps one of the most pop-
ular application areas in recent years, as the whole field is shifting to high-quality
3D models that can be used for advertisement and planning. It also has special
relevance to this thesis, because it is highly entangled with the geospatial sciences.
Both fields share many of the same technologies and data analysis issues. Possible
applications include building design through data visualization and immersive 3D
model-based simulations (Zaker and Coloma, 2018; Safikhani et al., 2022), architec-
ture education (Jensen, 2017) and public participation (Chowdhury and Schnabel,
2019).
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2.3 Immersive Geovisualization

Now that we have established a solid foundation in both geovisualization as well as
spatial computing interfaces, the next step is to combine the two. Just like its two
parent fields, the field of immersive geovisualization already has a varied history,
with even its name going back as far as the late 1990s (MacEachren et al., 1999). But
as with all spatial computing-related research, the recent resurgence of off-the-shelf
consumer hardware has infused new life into this field, resulting in a wave of new
research both for immersive geovisualization specifically, as well as for the larger
field of immersive analytics. Because of how varied this research is, this section will
be as much about what this thesis will not focus on or attempt, than about what is
actually in focus.

There are many different approaches to this kind of research. Some studies try to
“simply” translate visualization techniques like multiple coordinated views directly
into the immersive domain (Mahmood et al., 2018) or directly compare the perfor-
mance of certain techniques in immersive analytics to their non-immersive versions
(Sardana et al., 2021). Other papers directly criticise this approach, instead recom-
mending to engage immersive analytics in its own embodied way, while already at-
tempting to create conceptual models for developing well functioning immersive
visualizations (Gračanin, 2018).

Even the recent work is still very foundational. Perhaps the most important pub-
lication in the space is the book “Immersive Analytics” by Marriott et al. (2018),
which collected most of the existing research and research directions in immersive
analytics into one place and identified many different research questions for the
coming years. Notably, while many papers and books about visualization research
include a special section for cartography and geovisualization, Marriott et al. make
no such difference. The sections most specifically related to spatial data are about
“Situated Analytics” (more on this later) and “Exploring Immersive Analytics for
the Built Environment”, but even then the geospatial is just one aspect of many.

Apart from technical considerations, perhaps the biggest question of the field,
as posed in Ens et al. (2022), is how “to define which studies need to be conducted
to assess the effect of embodied interaction on cognition in data analytics.” Spatial
computing research offers many, at least preliminary, answers about certain effects
that immersion and embodiment have on our cognition and our bodies, however
there is only limited research about the specific influence they have on our ability
to reason about data, especially in comparison to traditional visualization systems
(Ens et al., 2022).

In the sub-field of immersive geovisualization specifically, there is a large amount
of interest in how we can or should conceive of immersive environments when vi-
sualising geospatial data. Hruby et al. (2019a) for example take a technical look
at how to design immersive geovisualization that maximize presence, considering
questions like how to properly move from 2D GIS data to 3D models fit for 1:1 scale
display and where to introduce dynamic vs. static elements. This is validated with
the example of a tool for VR coral reef exploration. Here, immersive geovisualization
is conceptualized as something that happens by creating a realistic and immersive
virtual environment.

Many publications in this field also deal specifically with the differences between
conventional cartography and immersive geospatial environments. The main fac-
tors that current papers look at here are scale, i.e. specifically the focus on the 1:1
scale and its implications as opposed to normal cartographic scales (Hruby, 2019a;
Zhao et al., 2020; Hruby et al., 2021), presence and immersion, what they do and how
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effective they are for geographic environments and data sets (Hruby et al., 2020;
Rzeszewski and Naji, 2022; Newell et al., 2017), and collaborative environments for
visualization and data analytics (Dolezal et al., 2020; Lee et al., 2020; Chen et al.,
2021). There are also debates about whether immersive geovisualization as a project
is worth it at all, as immersive geovisualization takes all the problems that are as-
sociated with 3D geovisualizations and brings them much closer to the user, with
much more uncomfortable and bulky hardware, adding many physiological and
perceptual troubles into the mix. Most usability studies at the moment seem to sug-
gest distinct positive and negative effects, like cognitive processing of global scenes
being improved while readability of local details is reduced (Çöltekin et al., 2016).
However, these effects seem to be highly dependent on sociodemographic differ-
ences in the users (Chassin et al., 2022). We can likely expect higher effect sizes and
clearer results as the technology matures further and more people attain some level
of familiarity with it.

Moving on from the differences to conventional systems, what follows will be an
overview of domains where immersive geovisualization has been used. Lorenz et al.
(2008), Veas et al. (2012) and more recently Spur et al. (2022) create multi-perspective
views, where despite the 1:1 egocentric view the terrain around the user is curved
upward such that all the data can be seen from every point in the data set. This
thesis will return to this in detail in Section 5.4. Zhang et al. (2021) pairs immersive
analytics with urban site planning by including a heavy focus on object placement
interactions. Spur et al. (2020) implement immersive viewing of and physical in-
teractions with multiple map layers at once and investigate the effects this has on
assessing public lighting maps. Wagner Filho et al. (2019) adapt the common spa-
tiotemporal visualization technique of the “space-time cube” (for example seen in
Andrienko et al. (2014)) into an immersive environment and assess its effectiveness.
Rydvanskiy and Hedley (2021) investigate the current state of mixed reality flood
visualization—a commonly researched use-case for such systems, as they could al-
low us to viscerally see what floodings would do to our immediate surroundings.
Klaas and Roopaei (2021) surveys the application of immersive analytics for herd
behaviour and herd monitoring in smart agriculture. Cartwright et al. (2022) tries to
use the advantages of immersive analytics for water reservoir engineering, as there
are some complex visualization situations involving 3D subsurface data sets that
could benefit from new approaches.

Applications that do not involve geospatial data can still contain spatial inter-
actions with data that has an inherent geometry, such as in the immersive lenses
project (Kluge et al., 2019), where virtual embodied tools are used to investigate
the inner contents of volumetric data sets such as 3D sonar scans. The data can
also be fully abstract, as is the case in a lot of the foundational research in the field
of immersive analytics, for example the investigation into 3D scatterplots and with
which interaction paradigm to navigate them in Yang et al. (2020a). In the field of
medicine, there is the VROOM research project by Lau et al. (2022), which creates an
abstract immersive environment for oncology analytics. One of the most impactful
research projects in the space is the “ImAxes” research in Cordeil et al. (2017), where
a completely novel interface for exploring abstract data within consumer VR hard-
ware is proposed, implemented and released. Users can move data around with
tracked motion controllers and through the movements and placement of different
interaction elements trigger various visualizations, thus creating a fully embodied
visualization platform. ImAxes has already found use in geovisualization, as it was
adapted by Cunningham et al. (2021) for embodied energy sector analytics and by
Newbury et al. (2021) for immersive, spatialized map layers.
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Before we move on to multisensory and embodied applications specifically, we
need to look in more detail at the aspect of environments in immersive geovisualiza-
tion. This will allows us to establish clear boundaries on what kinds of data the sys-
tems considered in this thesis are supposed to display—which will constrain what
multisensory representations are important to us.

2.3.1 Virtual Geographic Environments

The displayed environmental context is one of the most important aspects of any
immersive geovisualization. This was already noted before when considering scale,
object placement and required degree of realism, but deserves more specific focus.

The most direct way to define these environments would be to adapt the term
of the virtual environment from Section 2.2.5.1, and then simply specify that the
environment is geographic in nature, i.e. is referencing some real place and tries to
represent it to some degree of immersion. A common definition and conception for
such virtual geographic environments (VGE) can for example be found in (Lin et al.,
2013). Broadly, they are environments that display and allow spatial (and sometimes
analytical) exploration of geographic facts. These environments are usually built in a
3D game engine like Unity or Unreal Engine, which are repurposed as visualization
tools, where the mechanisms of game object placement and shaders are used to semi-
procedurally build an interactive world, often based on combinations of multiple
geospatial data sets like digital elevation and city models (Keil et al., 2021).

One of the main disconnects between VGEs and current GIS use cases is that the
conventional layer-based or feature-based data representation methods are often not
of high enough fidelity for direct immersive display (Hruby et al., 2019a). One way
to approach this is to apply a number of manual and automatic steps to move from
GIS data features to game engine objects, such as shown in Hruby et al. (2019a). Such
objects could be animated or even have limited forms of agency in order to increase
the realism of the virtual environment. In Hruby et al. (2019b) these environments
are not conceptualized through the very generalized (and often quite nebulous) con-
cept of a VGE, but as “geovisualization immersive environments” (GeoIVE), which
have five defining criteria:

1. Interactive exploration is a must to induce spatial presence, as is a stereoscopic
vision either induced through a HMD, stereo glasses, or an autostereoscopic
display.

2. The immersive virtual environment must be modeled and moved through at a
1:1 scale in relation to the real world data.

3. The 1:1 scale implies a sufficient level of detail that allows us to distinguish and
locate specific real-world objects that are present in the virtual environment.

4. The environment must be realistic not just in scale, but also in appearance.

5. The environment is a model, and as such only the interesting or relevant parts
of it must be modeled at high fidelity.

The main focus in such systems is to induce (spatial) presence, to get users men-
tally situated into a virtual environment and make them engage with it fully. This
allows users to viscerally come into contact with natural phenomena that they nor-
mally would only experience in an abstract way, like ocean acidification. This ex-
plains points 2 and 4 respectively, which might otherwise be controversial on first
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glance. After all, 1:1 scale must not always be retained if data visualization is the
goal, and in some cases might even be a hindrance. The popular Google Earth VR
application shows that it can be a powerful tool to be able to change environmen-
tal scale on the fly in virtual environments (Käser et al., 2017). Similarly, realism
of representation is not as important for an application focused on communicating
the statistical attribute values encoded in geospatial data. Invoking spatial presence
is a different process than conventional cartographic representation (Hruby et al.,
2021)—in fact, the complexities of representing a realistic environment could some-
times be an active hindrance in transporting geostatistical results with clarity.

As such we can distinguish the type of immersive geovisualization we are aiming
at in this thesis as something more akin to immersive analytics as defined in Marriott
et al. (2018), but applied to geospatial data. This visualization can occur in GeoIVE,
but does not have to. The role of the environment is not necessarily to generate
spatial presence, but to establish a geospatial reference and to enable data cognition
in immersive and embodied ways. Of the five criteria however, at least 1 and 5
arguably still hold true. In many cases, criterion 3 will also remain important. The
data might not have to be visualized at a 1:1 scale anymore, but it still needs to hold
up in a context in which a user has full control of their viewpoint and expects to be
able to interact with data in deep, embodied ways.

Another way to look at immersive environments for geovisualization is an older
categorization from Hugues et al. (2011). Here, in a pun on the now-famous say-
ing by philosopher Alfred Korzybski that the “map is not the territory”, the authors
distinguish between augmented maps and augmented territory. Augmented maps are
maps represented as 3D digital models that are then put into the user’s environ-
ment (the paper considers only the AR use case, however the principles remain the
same for different forms of immersion) as a virtual object or full virtual environment
to explore. Augmented territories are the addition of virtual objects in direct refer-
ence to the real environment. This can be a very useful classification to use for the
hardware- and paradigm-agnostic approach taken in this thesis, as otherwise certain
applications are often conflated with the display technologies commonly utilized for
them.

Another way to consider environments can be found in Lü et al. (2018), where
the authors postulate the concept of the scene, or geographic scenario. Here, it is not
the realistic representation that is in focus but the dynamic and accurate simulation
of processes underlying a visualized geographic phenomenon, so that they can be
interacted with in deep and integrated ways. Because of their more physical, simu-
lated character, such environments tend to invite further deliberation on data aspects
that are often missed in conventional maps and GIS visualizations, like evolution-
ary processes, accuracy measures and the semantics of interactions between different
data sets (Chen and Lin, 2018). This makes the concept of the geographic scene the
most appropriate way to conceptualize the environments in this thesis. The levels of
immersion and presence can vary—the interactivity and dynamics of the scene are
the point. Use cases include urban modeling and participatory planning (Lin et al.,
2022; Chassin et al., 2022), dam failure simulation (Yu et al., 2021), debris flow dis-
asters (Li et al., 2022), water pollution control (Rink et al., 2018), crowd evacuation
(Song et al., 2013), and more. The demands that such scenarios place on data rep-
resentation are one of the factors that will motivate the taxonomy of spatiotemporal
data types in Section 3.2.

To summarize, realism of the rendered environment is often considered the main
advantage of immersive geovisualization system. However, because we are focus-
ing on analytical sense-making akin to visual analytics, realism becomes a secondary
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consideration. What is more important are the kinds of interactivity that are en-
abled by a geograpic scene, as well as the way it is referenced to the local tracking
space. To conceptualize the latter aspect, we can look back to Section 2.2.5.1: here,
environments were treated as either simulated, scanned, or location-based. For the
geospatial case that means the following:

Simulated A simulated scene is one in which geospatial data is manually or proce-
durally enhanced into a representation that mirrors certain aspects of the real
environment.

Scanned A scanned scene is one in which a real world environment is scanned di-
rectly and then processed to be an operational interactive scene.

Location-based A location based scene is one in which the user is physically lo-
cated near the data, and only the relevant scene objects need to be digitally
represented.

This categorization is one of the concepts that will be used in Chapter 4 to give
environmental context to to the model we are developing. What is important for the
remainder of this section, is that while simulated and scanned scenes behave simi-
larly in many ways, location-based scenes have many additional complexities. The
research branch that is specifically concerned with them is called “situated analyt-
ics”.

2.3.2 Situated Analytics

Situated analytics as defined by Marriott et al. (2018) is a method that “employs data
representations organized in relation to germane objects, places, and persons for the
purpose of understanding, sensemaking, and decision-making.” The relationship
to spatial computing and geospatial data should be clear—to even enable this, the
whole breadth of spatial computing technologies is necessary, as well as a solid,
geolocated data set fit to be utilized in a space. The payoff for such a system however
could be immense, as they allow us to visualize and analyse in those moments when
we are spatially and temporally most closely located to a phenomenon or site, and
thus most able to intervene or act upon it.

Examples for this sort of system already appeared earlier in this thesis, for ex-
ample the geodata browser work of Zollmann et al. (2014) and Grubert et al. (2016).
Another example is work by Guarese et al. (2020), in which an AR system is em-
ployed which allows users to analyze and make decisions about their actions in
indoor spaces such as auditoriums or classroom, for example with respect to ac-
cessibility (both wheelchair and hearing-related) of certain seating situations, wifi
signal strength, air flow, and exit access. A more geospatially-focused application
can be found in White and Feiner (2009)’s SiteLens project, which looks at different
symbologies for displaying air quality data at street level.

Most of the current examples however are not very complete and are most con-
cerned with investigating specific aspects of the tracking, interaction or display that
such systems could soon employ. While doing so, they always have to grapple with
inadequate display technologies, issues with localization accuracy, as well as data
resolution that is not sufficient for accurate real-world placement.

Despite the distinct lack of well integrated examples, Marriott et al. (2018) at-
tempt to conceptualize many of the aspects of situated analytics. They introduce
the axes of situatedness and analytical level, where situated analytics systems are both
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of a high situatedness and high analytical level, while simple ambient information
displays or untracked data glasses without content registration are of a low situat-
edness and low analytical level. The concept of situatedness has conceptual overlap
with our concepts of simulated, scanned and location-based scenes, and can serve
as an appropriate title for this category.

Marriott et al. (2018) also relate situated analytics to many other fields like ubiq-
uitous computing, embedded data representations, and of course augmented real-
ity. They also correctly note that many data sets are not just geospatial, but spatio-
temporal and as such situated analytics can also be situated in a specific time frame.

Included in this analysis of situated analytics is a conceptual model for how to
apply it. This includes a new situated visualization pipeline which includes con-
cepts like physical referent (the real object that some data references) and the phys-
ical representations (that make the visualization visible to the user). However, this
model is too far removed from geospatial data to be of much use here: Its focus lies
on object-based situated analytics, in which objects in the environment are extended
with analytics visualizations. This might be a useful lens in certain geovisualizations
with tangible objects, but will not be in focus here, as Section 4.3 will show a more
fitting combination of models that generalize better over situated and non-situated
system for the geospatial case.

2.3.3 Multisensory and Embodied Analytics

With most of the trends and terms we will need now defined, we arrive at the last
missing piece: If we want true embodiment, i.e. to truly involve the whole body
in our data analysis, then we need to speak to more than just the visual sense. A
true Embodied Analytics system has to be immersive for more than one sense and
interactive for more than just our hands.

An interesting aspect of the concept of multi-modal representation is that the
incongruent term of “multisensory visualization” has caught on in some publica-
tions. This is easy to explain, as we have learned the term visualization carries with
it much more context than the simple fact of visual representation. Still, to be spe-
cific at least in this thesis, from here on out any reference to data representations
that are not specifically visual will be made with the term sensification, adopted from
a paper formulating research directions in multisensory data representation by Tak
and Toet (2013). This term neatly serves as a parent term for so many of the kinds
of representation in the literature, from visualization, over sonification through to
physicalization. A similar term that appears in the literature is sensualization (Ogi
and Hirose, 1997).

Definition 2. A sensification is an interactive physical or digital representation of a
piece of data or concept to multiple human senses at once.

The question now is: has there already been research into embodied immersive
sensifications for the purposes of data exploration and analysis, specifically those
that incorporate multiple senses at once? As before, the place to start with this
question is Marriott et al. (2018), which devote an entire chapter to “Multisensory
Immersive Analytics”. The chapter contains a surprising number of examples, con-
ceptualizations and physiological facts about the human sensory system as related
to data sensification. Most crucial is the proposed conceptual model for multisenso-
rial immersive analytics, which starts with an extended, multi-sensory visualization
pipeline (see Figure 2.3).
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FIGURE 2.3: The multisensory analytics pipeline, showing the feed-
back loop between data, display devices and human, from Marriott

et al. (2018).

This new pipeline makes explicit what in the original visualization pipeline was
implicit: in order to perceive the data, the display device needs to enact the data
mapping onto a human sensory organ. It also makes explicit the feedback loop in-
herent in any interactive visualization: We perceive the representation, then we act
on the representation through our control devices, in turn changing what we per-
ceive.

With the pipeline, Marriott et al. also introduce the concept of sensory mappings:
the mapping of data values to sensory variables, i.e. signals that can be sent through
a display device and perceived by the human body. The pipeline and sensory map-
pings are the basis for a lot of the work in this thesis and thus will keep appearing
throughout Chapters 3 and 4. What the chapter does not do, is to relate these new
concepts to geospatial representations—and therein lies the problem: most existing
research in this space is so foundational that it has only occasionally been applied
to the complexities of geographic data. The chapter also focuses on display tech-
nologies, often omitting the role of interaction in these circumstances. This poses
the question: What could multisensory, embodied geo-sensifications look like? (From
here on simply referred to as embodied geosensifications.)

Many larger geovisualization review papers and research outlooks directly state
that other display modalities should be investigated, but then go on to state that
they are out-of-scope as of now, categorising them as future research possibilities
(Lü et al., 2018; Çöltekin et al., 2020). This is surprising, as at least two sub-domains
of this problem are fairly well explored: audiovisual cartography and haptic maps.
Most of the research here of course concerns non-immersive systems, but the inclu-
sion of immersive display and interaction hardware is not unheard of (Edler et al.,
2019; Hruby, 2019b).

In audiovisual cartography, traditional maps or geovisualizations are enriched
with different kinds of sounds that can display additional data, increase the sense
of presence, or represent a real sound situation. The combination of these sounds is
called the soundscape, in reference to the landscape that the viewer watches or inhab-
its. Edler et al. (2019) distinguish three different kinds of sound: abstract sounds,
speech, and music. Each type of sound can be applied in different ways—speech
could be created by virtual agents in the space (for example in simulated crowds)
in order to increase presence, while music could be modulated to represent trends
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in one of the represented data sets. Our focus here of course is displaying data.
When data is displayed through sonic means, we enter the domain of sonification,
a long standing and in some aspects already mature discipline that grew next to
and together with visualization (Dubus and Bresin, 2013). Sonification has been di-
rectly applied to geospatial data for use cases ranging from large scale coverage data
sets (Schito and Fabrikant, 2018; Berger, 2020) to smaller scale display of noise data
(Berger and Bill, 2019). There are also data-driven, but less goal-oriented examples,
like the “urban musifications” in (Schetinger et al., 2021).

Haptic maps on the other hand sometimes appear on their own (Griffin, 2001),
usually in the form of tangible objects (Petrasova et al., 2018) or as tracked sand
tables (Harmon, 2016), but are more commonly associated with audio maps (Rice
et al., 2005). This combination is especially common in maps for the visually im-
paired (Wang et al., 2009; Zeng et al., 2011). In these maps, sonic and tactile signals
are put into carefully orchestrated interplay to allow the transport of spatial knowl-
edge without any visual information being necessary. Haptic display techniques in
general also appear in non-geospatial embodied immersive analytics tasks, for ex-
ample when analysing volumetric scatterplot data as in Prouzeau et al. (2019).

Arguably, haptics also has to be involved when dealing with embodied visual-
izations, as at least the interaction component often utilizes haptic devices like con-
trollers or tangible objects. An example is the GeoGate project shown in Ssin et al.
(2019), which builds on ring-shaped focus and context techniques from Tominski
et al. (2006) and Krüger et al. (2013) and embodies these techniques as a tangible
ring device that is placed on a surface that serves as the interaction element for an
augmented desk visualization.

Solid research for other senses like taste and smell is sparse to non-existent. For
smell specifically there are some recent papers highlighting its effects on wayfind-
ing (Schwarz and Hamburger, 2022; Hamburger and Knauff, 2019), which might in
some way be exploited during multisensory data display, but is pretty far removed
from these use cases overall. There is also research that is focused on the creation
of immersive places, in which multi-sensory considerations are an important part
Globa et al. (2022)—however these rarely use multi-sensory display systems beyond
common visual, sonic and haptic interfaces.

The reasons for going beyond the visual can be manifold. Circumventing sensory
issues in certain users is an obvious one. Less obvious are positive effects on certain
aspects on cognition, like the inclusion of audio readings of location names improv-
ing spatial accuracy and memory tasks while reading maps (Lammert-Siepmann
et al., 2017). There are many studies which cognitively investigate specific aspects
of sensory effects in map reading and virtual environments (Siepmann et al., 2020;
Rajguru et al., 2020), at least in the audiovisual case. Hruby (2019b) extends the con-
cept of GeoIVE (see Section 2.3.1), to provide stimuli to multiple senses in order to
increase the amount of spatial presence beyond what visual-only environments can
create.

One of the largest works in creating a model for multisensory, immersive visual-
izations can be found in Moloney et al. (2018). The central claim here is that complex
environments that present a dense amount of information over multiple senses can
actually work better than the very focused “sterile” information visualizations we
are often accustomed to, as long as they are tuned to the ecological perception of
natural environments present in humans. Notably, these environments do not have
to be generated through geospatial data. Moloney et al. start at the concept of af-
fordances, which refers to “possibilities of action” that a certain technology, device
or virtual tool enables for us, and ask the question: “what is the affordance of VR
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technology for the immersive analytics of big data?” This is in reference to a stream
in HCI research, which focuses on an action-oriented model, in which users are not
conceptualized as seeing the environment through their semantic knowledge and
interact with it to receive information streams, but as “tool users” who latch onto
the potentials for action that the environment affords to them.

Their work on a model starts at a basic level: they extend Milgrams’s reality-
virtuality continuum with the senses and the different levels of situatedness (see
Figure 2.4) and the basic feedback loop of a knowledge generation model for visual
analytics (see Figure 2.5). This knowledge generation model, originally from Sacha
et al. (2014) is close to the sensory, embodied feedback loop that was alluded to
before in this section, where the sensory feedback we get influences what we do next
to change this same sensory feedback—but here the focus lies on the generation of
hypothesis, insights and knowledge, and how they influence the actions we take
within a virtual environment.

FIGURE 2.4: Milgram and Kishino (1994)’s reality continuum ex-
tended for multi-sensory analytics, from Moloney et al. (2018).

An interesting note is that in Figure 2.4, the haptic sense is split into tactile and
kinesthetic. This is somewhat arbitrary and leaves out other aspect of haptics, like
temperature. This view of sensory reality also translates to later considerations
within their paper, where the sensory affordances they list (i.e. the variables that a
virtual environment can use to transport information) are not ordered strictly by the
senses, but under the categories of space, shape, colour, lighting, motion, physics,
and aural. This distinction makes sense within the ecological scene-building context
presented in the paper, but seen on its own commits several category errors, like
distinguishing lighting and colour.

The paper also considers that for an ecologically valid virtual environment, i.e.
an environment that our intuitions and natural predispositions can apply to, the
sensory mappings we use for certain objects and data can not be entirely arbitrary.
One example noted is that visually large objects should create different sounds than
visually small objects. Our understanding of the specifics of this is still limited, but
it is important to keep in mind when designing multisensory environments.

Moloney et al. go on to paint a very evocative picture of such ecological multi-
sensory analytics. Several principles of how data should be represented and en-
coded are introduced. Ultimately, this conception is quite different from the one in
this thesis, because it spatializes arbitrary data, while we are dealing with data that
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FIGURE 2.5: The knowledge generation model for visual analytics,
originally from Sacha et al. (2014), redrawn in Moloney et al. (2018).

is already spatial. We do not encode data into environments—the environment is
the data. We could theoretically create an ecological presentation of forest data set,
and represent it as a city, in which the health of each tree is represented by how
derelict each building is. The usefulness of such an endeavour however is question-
able. And while some of the principles might be useful here—like salient parts of
the data being highlighted to multiple senses in multiple ways—we will break oth-
ers. One example is the principle that data representations should follow natural
precedent. Certain aspects of our geosensifications can be specifically without nat-
ural precedent, in order to find new ways to conceive of problems outside of the
constraints of nature (as will be shown in Section 5.4).

2.3.4 Embodied Geosensification

At the end of this chapter, there remains the question if there are any working sys-
tems that bring all these different factors together and that can already be found in
the literature. First, we will start with a clear definition.

Definition 3. Embodied geosensifications are immersive sensifications whose inter-
actions are embodied to a significant degree and which facilitate exploration of and
analytical reasoning about geospatial features within a geographic scene.

Many publications implement systems that fulfill some of the requirements, but
stop short either in the how many of the senses they use for data analytics, as for
example in Newbury et al. (2021) or Yang et al. (2020b), or they create a convincing
multi-sensory environment where the focus is not on providing analytical tools to
interrogate the underlying data, as in Edler et al. (2019) and Hruby (2019b).

The reason for this lack of examples is of course that even the individual com-
ponent parts of such systems are difficult to build on their own, and thus most re-
search tackles those individual aspects first. There is a lack of specific research into
cross-modal effects, there is a lack of off-the-shelf, ready-made hardware to display
to multiple senses at once, there is a lack of software frameworks to help with this
task, and a lack of techniques to display to multiple senses at once. The non-visual
senses also bring with them distinct cultural and socio-demographic connotations,
where different audiences are going to have radically different interpretations of cer-
tain sensory impression (Kühne and Edler, 2018). Despite these difficulties, working
systems can be found in the literature and show some of the possibilities that such
tools can unlock.
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Perhaps the project that comes the closest is the “Tangible Landscape” project
shown in, for example, Petrasova et al. (2018), or used for infectious forest disease
forecasting in Gaydos et al. (2019) and terrain analysis in Millar et al. (2018). This sys-
tem has been combined with immersive display hardware in Tabrizian et al. (2016),
and allows tangible interactions with geospatial data through a special tracked sur-
face, on which tangible elements can be placed or hand gestures can be performed to
trigger analytical operations in a virtual environment that is connected to this table.
Some impressions of this can be seen in Figure 2.6 and 2.7.

FIGURE 2.6: Embodied geospatial analytics on the Tangible Land-
scape system, shown in Millar et al. (2018).

FIGURE 2.7: Switch to an immersive view in the Tangible Landscape
project, shown in Tabrizian et al. (2016).

Work on another desk-based system can be traced from Harding et al. (2002) to
Harding and Souleyrette (2009). Here, visualization, sonification and haptification
are combined as a user draws on a map with a haptic stylus. The encoding of values
in this map is very traditional: there are multiple layers, whose display mapping can
be changed. The applications are equally traditional: in Harding and Souleyrette
(2009) specifically, the system is aimed at road planning. The novel part is, that
a multisensory feedback loop is introduced. Roads can be drawn by running the
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stylus over the map, during which the stylus’ force feedback constrains the tip to
the displayed map surface. Only one map layer is shown visually. The other layers
can be mapped either to the haptic or to the sonic channel. Both haptification and
sonification happen at the tip of the pen. The sensory mappings for haptification are:
bump mapping, friction (over surface features), attraction (towards line features).
The sonification was encoded in either pitch or complex sound arrangements that
imitate the natural sounds of a land use class. Alternatively, audio alerts could be
played if the pen tip crosses an existing road. Even though multiple channels are
available for each of the three senses, every sense was only able to display one layer.

Finally, there are the case studies presented in Chapter 5, based on previous pub-
lications (Berger and Bill, 2019; Berger, 2020, 2021a). Only Berger and Bill (2019)
contains a full embodied geosensifications as defined in this work, but both Berger
(2020) and Berger (2021a) are conceptualized within the context of such systems and
try to investigate sensification techniques or embodied interactions that would en-
able them.

2.4 Conclusion

In this chapter, we traced the technological and conceptual lines that lead us to the
concept of embodied geosensifications. Section 2.1 highlighted how novel display
and especially interaction technologies have created entire new sub-disciplines and
research areas in the field of cartography. As a natural evolution of 3D geovisualiza-
tion, which already had a heavy focus on new rendering strategies and interactivity,
immersive geovisualization breaks with even more of the established strategies of
cartographic representation. This section also first introduces the concept of carto-
graphic variables, which will become very important at the beginning of the next
chapter.

To be able to put these issues on a solid technological foundation, Section 2.2
establishes the technological space from which these new cartographic trends orig-
inally stem. It clarifies how many of the common terms will be utilized for the rest
of this thesis and introduces the basic ideas behind important unusual technologies
like non-visual displays. Specifically it introduces the concept of spatial computing
technologies as a umbrella term for the relevant hardware and software solutions,
and embodiment as an interface paradigm that this thesis will focus on.

Section 2.3 then took the topics established in these sections, showed the dif-
ferent ways in which they are already being brought together in the literature and
where crucial research is still missing. It establishes many of the distinctions that
will be important later on, like geographic scenes and their situatedness, as well as
how certain concepts can be evolved, for example the move from visualization to
sonification.

The friction that is generated at these intersection points is what the rest of this
thesis builds on. A solid foundation in these topics was necessary to establish the
context in which decisions are made throughout the next three chapters—beginning
with the concept of using multiple senses for data display in immersive environ-
ments.
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When starting work on a project, it is often a good idea to assume a certain the-
oretical lens, in order to be able to make some assumptions and predictions about
how the project should be approached. In computer-science related fields, we often
default to technical conceptual frameworks like the Unified Modelling Language
(UML) to guide our path. However, for something as complex as the embodied
geosensification interfaces discussed in this thesis, these do not operate at the correct
level of abstraction—before we can make decisions about implementation strategies,
we first need to find the strategy behind the technique we are trying to implement.

In order to create new conceptual tools, this chapter will feature several discus-
sions of different possible theoretical lenses we can use to think about different parts
of the application we want to create. These lenses concern how we sense our sur-
roundings, how we view space, and how we interact with these surroundings. This
does not mean that such an application shouldn’t be thoroughly modeled in soft-
ware engineering frameworks, especially if it will grow complex, but it is just one
conceptual framework of many that we should allow ourselves to use.

The lenses through which we look at embodied geovisualization correspond to
the three aspects that every such system needs to cover: senses, data, and interactiv-
ity. These three will be looked at on their own in this chapter, and then be combined
piece by piece in Chapter 4, in the hopes to attain a model that is both simple enough
to be usable, but deep enough to spark new thoughts and experiments.
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3.1 Senses—Sensory Variables and Sense Aspects

“There can probably be no complete agreement within cartography (or in information graph-
ics as a whole) concerning what fundamental variables we have to work with. [...] In addi-
tion, the potential variables are dependent upon the technology available for producing sign
vehicles and entire displays.”

Alan M. MacEachren, How Maps Work (MacEachren, 1995)

At the heart of both modern visualization and cartography lie visual variables—
features of an image or part of an image that are salient to our visual cognition in
some way. Some of them catch our attention, some of them remain visible even
in busy environments and others allow us to accurately resolve differences when a
variable is used in multiple places or distributed over a surface. The development
of this concept started in the purely visual domain of cartography, and as such that
is where this section will start. Later, we will move from visual variables to sensory
variables and, accordingly, from speaking about visualization to sensification.

While the concept of visual variables is often only cited as a list of seven vari-
ables with different attributes, in Bertin’s original work itself it exists within a larger
theoretical construct called the “Matrix Theory of Graphics” (Bertin, 2000), deeply
enmeshed with considerations about semantics and semiotics. Bertin bases his de-
scription on an abstract description of a space with three axes X, Y, and Z. Within this
space, one starts with a matrix of data (conceptually similar to the attribute tables
that modern GIS is often based on), i.e. the semantics of the map, and then trans-
forms this matrix into a graphical representation that is described as a 2D space (axes
X and Y) with signs representing the data, i.e. the semiotics of the map. These signs
placed in 2D space create the third axis (Z) through their “retinal variables”, i.e. the
nature of the light a viewer will perceive on their retina at this point in the graphic.
Bertin spent decades further developing this approach, extending it and breaking
it down into concrete steps that were tailored to the sometimes mechanical, some-
times digital means of map creation at the time (Bertin, 2000). His complete works
did not gain much traction outside of the french cartography community (Harvey
and Losang, 2019), but did in part inspire work on a grammar of graphics by Wilkin-
son (2005) and later Wickham (2010), that to this day remains the basis for a lot of
applied data visualization, especially in the domain of data science. In cartography
itself, Bertin’s seven variables remain the most important contribution: the position
on the two axes of the graphical 2D space, and the retinal variables size, value, color,
shape, orientation, and texture.

Within these variables, he identifies four properties of such variables. The first
of these is selectivity. When a selective variable is used the resulting symbols can im-
mediately be perceived to fall into a group, even when all of them have additional
other variables that separate them. Associative variables do not change the percep-
tual emphasis of an element and thus allows us to group elements without ordering
one group over the other. Dissociative variables can be ordered or quantitative. Or-
dered variables can be perceptually ranked and quantitative variables can be used
to perceive ratios between symbols.

Alan MacEachren builds upon this work in “How Maps Work” (MacEachren,
1995), which he describes as “taking a cognitive-semiotic to maps and mapping”. He
discounts the view of maps as communication devices that carry a predetermined
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set of messages and that can be measured for effectiveness and error rate like a com-
munication channel would. He calls this approach “map engineering”. Instead, he
describes the act of making a map as an act of knowledge-making, in which a car-
tographer shows a part of the world in a specific way that is always colored by their
subjective experience, artistic sensibilities, and personal goals, and the act of reading
a map as a cognitive system perceptually processing a visual artifact and integrating
it with their prior knowledge ("human-map interaction"). Maps are representations
that carry meaning at many levels, most broadly at the public level (epistemological-
philosophical-sociological-historical and logical-categorical) and from the private
level (perceptual-cognitive). As a result, he starts collecting evidence from a variety
of related disciplines, including psychology, sociology, semiotics, cognitive science,
and more. Where Bertin constructed his theories based on experience, but still took
a very formal approach to mapping, MacEachren tries to ground his broader hy-
potheses about maps in specific evidence wherever possible—which even ended up
offering supporting evidence and extensions for some of Bertin’s conjectures. With
the visual variables specifically, MacEachren arrives at the following list: size, shape,
value, orientation, texture, location, hue, saturation, arrangement, focus, resolution, and
transparency. Hue and saturation are simply Bertin’s color variable split in two, and
the three variables arrangement, focus, and resolution are added. The variable of
focus specifically is intended to represent data uncertainties, something that Bertin
did not deal with in his work.

MacEachren’s representational view of maps actually carries us further towards
the kind of cognitive considerations that we have already seen in HCI and spa-
tial computing research. Especially the idea of sociological factors influencing map
reading also immediately raises questions about using non-visual senses, because as
noted earlier, many of them are considered much less “objective” than the visual. In
some ways the auditory or the olfactory operate on the sociological factor as much
as they operate on the perceptual. How, for example, would people of different cul-
tures interpret the smells that are assigned to different areas in a hypothetical "odor
map"? Every single smell might trigger different memories, have religious conno-
tations, be a reference to different hallmark dishes, and thus be received in vastly
different ways.

Despite all this work, many hypotheses specific to map signs remain to this day
untested in an empirical way. There is some evidence for the perceptual effectiveness
and ordering of individual variables, especially hue, size, and orientation, which
lines up with Bertin’s conjectures in an almost surprising way, however most stud-
ies in this area assume a a very simple rendering scenario instead of complex maps
with multivariate attributes (Garlandini and Fabrikant, 2009). Many common car-
tographic wisdoms are instead based on experience and different semiotic theories.
The evidence gets even more tenuous as we move to the non-visual sensorities.

Finally, we could also debate the usefulness of anything so simple as variables
for visualization. Sometimes they seem like an artifact of a bygone era, as visual-
izations grow ever more complex and interactive. Often the data mappings are not
simple enough to be compressed to such a concept, especially in immersive and sit-
uated applications. The reason why they still hold at least in the geospatial case,
is that the features in the geospatial domain are there, already located and have a
shape. As such we already have a clear reference within our immersive geographic
scene, the same way we have clear X and Y coordinates in 2D cartography. These
features might change their shape and location in the scene over time, but they must
always be identifiably present, in order for the user to be able to analyze them in
their geographic context. From this clear reference in space, sensory signals can then
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originate. This makes the value mapping process more constrained than in abstract
data representations.

It is important to note, that these variables describe how we use perceptual qual-
ities to encode specific information. That does not mean that the underlying per-
ceptual qualities will only be used for such variables. In fact, we need to be careful
to consider overlaps between different uses. The color green could be used to com-
municate some attribute value in the data, but in a virtual environment it could also
be the color of the grass on the ground, which might have no relation to the data
attribute whatsoever.

3.1.1 Variables in 3D Cartography

MacEachren builds much of his model of cartography on semiotics. This basic rela-
tion remains, even if we move to 3D or immersive environments. Instead of present-
ing a viewer with a system of signs on a piece of paper or display, we put them into
a sort of 3D "sign world".

Carpendale (2003) is perhaps one of the earliest publications that makes note
of possible new variables enabled by 3D space: depth, occlusion, aerial perspective,
binocular disparity, stereo viewing. However, several of these variables specifically
refer to visual effects as created by a conventional 2D display. To dynamically alter
depth perception, binocular disparity, or the parameters of a stereo display while
wearing a visually immersive display system could quickly induce motion sickness
and eye strain in users. We need to be careful to not lose track of our focus on
immersive technologies—in an interactive 3D environment variables like depth and
occlusion are just an effect of object and user position, instead of a channel that
data can be displayed over. There are however possible edge cases in which display
depth could be altered to diverge from object position, for example to highlight a
specific element in a 3D point cloud. In order to cover both depth and occlusion in
a way that corresponds with the actual working of computer graphical systems we
will introduce the variable culling, which includes every divergence from the depth
culling that is expected in interactive 3D environments.

Apart from this effect, the changes between 2D cartography and 3D cartography
are simply not relevant enough for immersive geovisualization—the minutia of this
reprojection effort do not make for a good selection of variables. Instead, the immer-
sive, multisensory variable space needs to be considered on its own merits. Much of
what might qualify as a 3D variable, is instead a function of the variables in the next
subsection: location and time.

3.1.2 Location & Time Variables

We have to discern two types of location in spatiotemporal visualization: The lo-
cation of an object itself, which is given by its movement dynamics as shown in
Section 3.2, and thus not a part of this chapter, and the sensory variable of location—
the specific display location of a value signifier on or near the position of an object.
This latter concept is highly dependent on which sense is noticing an object, and will
thus be considered as a sense-specific variable in Section 3.1.4.

A similar distinction holds for the concept of time. An object might move through
space according to its actual change over time, but for visualization purposes it could
be made to stop (stutter) or disappear (flicker) to signify some value change. This is
a lot less dependent on what sense is noticing the change over time, thus this section
will consider the temporal variables in their totality. At first there will be a quick
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introduction of human chronoception, as it is in some way the root of all human
sensory cognition and has a big impact on the other variables.

There is no centralized sensory system for feeling time, instead there are dis-
tributed internal systems for different kinds of timekeeping (Rao et al., 2001). None
of them are as precise or reliable as we often expect our other senses to be, as they
seem very contingent on the other contents of cognition over a measured time span.
Time may seem to run faster when engaging in a stimulating activity, and even al-
terations in the light of a room can delay the circadian clock. Knowing this, it is not
surprising that time often feels highly subjective. There is much philosophical and
scienti�c debate about the nature of time, how it comes that we are pulled along it as
we are, if it has a direction at all, or whether causality is an artefact of our cognition
more so than a fact of the physical universe.

Fortunately, solving the true nature of time is not necessary for useful geovisu-
alization, not even in the immersive case. Instead, we can start at a very different
layer of abstraction: DiBiase et al. (1992) name three dynamic (time-based) modes of
cartographic expression: Soni�cation, Interaction and Animation. Soni�cation will
be explained in Subsection 3.1.4.2 and Interaction in Section 3.3. Here, the focus shall
be animation, which will be taken to describe changes to the sensory display of an
object, that will usually happen over clearly perceivable time frames from fractions
of a second to multiple seconds, as opposed to the often much faster alterations in a
sonic signal (more on this in Section 3.1.4.2). For the purposes of generalization we
can call this aspect of sensi�cation its dynamics. A sensi�cation can for example be
interactivewithout including any dynamics, if no object ever moves or changes shape
to represent some data state, and instead remains static up until the point where it is
directly moved by user interaction.

A dynamic sensi�cation fundamentally is a sequence of static sensi�cations. The
three variables relevant to such a sequence according to DiBiase et al. (1992) aredura-
tion, rate of change, and order. Duration refers to how long one static impression in the
sequence is shown. A change in duration can have an impact on the pace of a sen-
si�cation. Rate of changerefers to the degree to which all the other sensory variables
change over a certain duration. Order describes how the sequence of static impres-
sions is arranged—with spatiotemporal data, this will usually be chronological, but
it does not have to be. In MacEachren (1995),display date, frequency, and synchroniza-
tion are added. Display daterefers to when in an animation the sensory represen-
tation of a feature is shown, frequencydescribes the number of sensi�cation states
shown over a certain time frame (for example, 3 state changes per second), andsyn-
chronizationdescribes how state changes over multiple features correlate with each
other.

Köbben and Yaman (1995) also runs some limited tests on the perceptual prop-
erties of these variables. Notable is disagreement in some of their property assign-
ments as opposed to MacEachren (1995). They for example list display date (called
"moment" in this paper) as non-ordinal, while MacEachren (1995) assigns it a possi-
ble effectiveness as an ordinal variable.

These time variables work well for most maps and re�ects the way in which ani-
mation is usually handled in GIS software and even real-time 3D engines. There are
however some intricacies of immersive worlds which might make this too reductive.
For example, most immersive environments will include some degree of simulation,
like physics simulations or other, more semantic object and scene behaviours. These
simulations can be non-deterministic, non-interactive, and often depend on a large
number of parameters. As simulations they are always tied to the passage of time.
To the time variables as proposed by DiBiase et al. (1992) and MacEachren (1995)



3.1. Senses—Sensory Variables and Sense Aspects 45

we thus add the variable of agent behaviours(including both the laws of nature and
the dynamic behaviour of objects). Using behaviours as a data variable instead of
as presence-inducing background element could for example mean to let arti�cial
agents like animals act more frightened the closer a forest �re approaches. Paired
with a variable that describes the physical simulation properties of objects and na-
ture, like the amount of gravity over a landscape, these simulation variables are
what would drive ecological sensi�cations as shown in Moloney et al. (2018). These
simulation properties however will be a part of hapti�cation in Subsection 3.1.4.3, as
they are also relevant without time, for example when picking up a virtual object.

While we distinguished these variables from the kinds of timed changes that cre-
ate a soni�cation signal, every one of the aforementioned time variables is obviously
also relevant to auditory signals, speci�cally once we move from pure soni�cation
signals to data display through musical compositions. An addition we thus need to
make, that is not traditionally made in timed visual signals, is the variable of quanti-
zation. This refers to how continuous timings in other time variables like frequency
or synchronization are turned into discrete timings according to a (usually scene-
wide) beat. The reverse way to state this would be how “off-beat” a timed signal is
allowed to be. This reference beat allows for a more hierarchical value encoding as
compared to synchronization, which would be more relevant for grouping similar
variables.

Another variable that is at home in audio, but is more about the high-level ar-
rangement of certain other variables over time is the concept of composition. In
sound, this could include different scales, sequentiality, melodies, melodic leads, ar-
ticulation, harmony, chord progressions, spectral duration and reverb effects. Dubus
and Bresin list an exhaustive list of possible factors in Dubus and Bresin (2013). In
the visual domain, this could describe a more complex play of colors and shapes, as
one might �nd in a music visualizer software.

This completes the temporal aspects of sensory mapping. For the rest of this sec-
tion, we will establish a clear enumeration scheme for all our variables, numbering
them in relation to the sense they operate on. The time variable are thus:

T1: Duration

T2: Rate of change

T3: Order

T4: Display date

T5: Frequency

T6: Synchronization

T7: Agent behaviour

T8: Quantization

T9: Composition

3.1.3 Linguistic Variables

Often not part of considerations about visual variables or soni�cations, but a big part
of them as actually implemented, are direct language-based outputs like speech, text
and braille. Because our understanding and cognition of the world is heavily entan-
gled with language use, basically any meaningful fact can in some way be presented
in language. Because this is often used in combination with other variables (like a
text that has a certain location or color) and because immersive visualization does
not happen in relation to some form of readable “document” like non-immersive
sensi�cation usually does (like a printed map or an embedded map on a website),
we will consider this a variable like any other for immersive environments—in fact,
there are two: speech (l1) and writing (L2) .
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3.1.4 Sensory Variables

Long after MacEachren et al.'s work on visual, haptic and audio map variables, and
long before Marriott et al. (2018) seminal work on multisensory analytics, Jonathan
C. Roberts and Rick Walker called for a “Uni�ed Theoretical Approach to Multi-
sensory Information Visualization” during a Workshop in the 2010 IEEE VisWeek
(Roberts and Walker, 2010). In this workshop, a holistic space of perceptual variables
after Bertin's visual variables was proclaimed as one of the challenges, amongst
questions about data enhancement for multiple sensory modalities as well as cross-
modal interference. Jonathan C. Roberts went on to be one of the main authors of the
Multisensory Immersive Analytics chapter in Marriott et al. (2018), which incorpo-
rates many of the aspects that were called for in this workshop. However, a holistic
space of variables is not included, perhaps because of the quite complex and multi-
layered nature of immersive visualizations. As argued in the introduction to this
section however, geospatial visualizations constrain the problem space enough so
that the concept of variables becomes more relevant, similarly to how the variables
were created in the discipline of cartography and not visualization as a whole.

Thus, this section will be a solution proposal for what Roberts and Walker origi-
nally called for: we want to collect all sensory variables that are relevant throughout
all the primary and potentially even secondary senses. However, we constrain this
speci�cally for the use case of spatial computing applications, i.e. applications with
a located user and external data objects on which values are displayed. As imagined
in the original �gure (see Figure 3.1), we will spend some time considering display
device technologies as well as design aspects and transference from visualization,
however the focus will be on the holistic variable space. Sensory integration be-
tween multiple senses will not be the focus, as research is still severely lacking, but
will be included at the end of this section. The whole section will follow the order of
senses in Figure 3.1 and also use the �ve sensi�cation sub-disciplines as identi�ed
there for section titles and variable names: V for visualization, S for soni�cation, H
for hapti�cation, O for olfaction, G for gustation.

FIGURE 3.1: Overview of different facets of multisensory data visual-
ization, shown in Roberts and Walker (2010).

Together with the sensory variables we will also list and discuss the spatial vari-
ables, which are a lot closer to how the individual senses operate than temporal and
linguistic variables (more on this in Section 4.2.7), but still are a different class of
variable in the geospatial case. They will be explained for each sense separately, but
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we will list them here to establish their numbering. Because the letter S will be used
to denote soni�cation variables, we instead use Sp:

Sp1: Location

Sp2: Size

Sp3: Orientation

Sp4: Shape

Sp5: Environment

3.1.4.1 Visualization

For most people, the visual sense is their main sensory interface with the world. At
its most basic level, it is comprised of two front-facing sensory organs sensitive to
light, which both are capable of perceiving an elliptical 2D image. That image is very
sharp in one area near the center (the fovea) and degrades in resolution towards the
outside. Only the inner part of this ellipsis carries color information. Both of the sen-
sory organs (eyes) are connected to the nervous system by the optical nerve, which
creates a blind spot within the �eld vision. From the optical nerve to the responsi-
ble brain centers, lots of neural processing is done to enhance the two images and
merge them into an image with depth information.The depth information is based
on monocular depth cues like relative size, shadows, motion parallax, and stereo
depth cues like binocular parallax (based on differences between the two 2D images)
and convergence (based on the state of the oculomotor muscles used for focusing on
objects).

Hardware

The necessary technical foundations for these displays have already been covered
in Section 2.2. However, one distinct issue needs to be highlighted here: Not every
visual display will be able to deliver every visual variable to a viewer. Different dis-
play types feature different qualities of colors and resolution, and not all displays in
immersive environments necessarily can display depth. An optical see-through dis-
play might have issues with displaying proper brightness levels in broad daylight,
thus the brightness value can not be used as a display variable. Similarly, any sort
of projector will be unable to display black, unless the medium it is projecting on
can be made black itself. Any sort of ranking of these variables always either has
to take into account context or assume perfect display conditions. In many cases,
creating these conditions is a balancing act between cost, ergonomics, and power
supply/heat.

Variables

Visual variables were already discussed at the beginning of this chapter, speci�cally
those established by Bertin (1967) and MacEachren (1995). What follows is our spe-
ci�c selection, based for the most part on the variables as de�ned by MacEachren,
but adapted to immersive environments:

Sp1: Location The place at which an object is displayed. This will usually coincide
with real-world location of the visualized phenomenon—however, when used
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as variable to display some attribute value, one or multiple axes of location
can be altered to instead encode information. Often this can mean replacing
the height values, if we have a ground-level data set. If there is some sort
of regular pattern or raster in the placement of the objects that can serve as a
reference, small irregularities in the location could also be used for encoding.
In combination with time variables this variable also describes motion.

Sp2: Size Changes in the size of an object. As in cartography we have to be careful
about how this change is mapped—doubling the radius of a sphere creates a
disproportional increase in volume, while doubling the volume will not neces-
sarily appear to the user as a doubling in the mapped attribute. In combination
with time variables this variable also describes scaling.

Sp3: Orientation This encodes the direction in which an object is pointing in 3D
space. This is a visual variable in the same sense that location is—it determines
what parts of an object are visible. In combination with time variables this
variable also covers the concept of rotation.

Sp4: Shape This variable can refer to much more complex arrangement than the
previous spatial variables. It can also be semantic (for example when objects
take well-known shapes representing some fact about the data), but it does not
have to be—a shape in 3D space can be any manifold. In order to be readable
as a data variable, the possible space of shapes has to be limited and well de-
scribed to a user. Possible variables that can be derived from shape are mostly
topological facts like “roundness”, “edge sharpness”, “number of holes”, and
many more. In combination with time variables this variable also covers the
concept of shape-changing.

Sp5: Environment This newly introduced variable covers any effects that describe
how the visual display of an object interacts with and alters the appearance of
the environment. This is relatively rare in visualization, but can describe fac-
tors like data display through ambient light or alterations to light propagation
behaviour in virtual environments.

V1: Color value Also called "brightness", this value encodes values to a spectrum
reaching from black to the brightest version of whatever hue and saturation
the object currently has.

V2: Color saturation This value encodes to a spectrum from white towards the most
intense version of the current color con�guration.

V3: Color hue Here, we encode the “color”, i.e. not a relation to black and white,
but the actual tone of the color. This is the outer edge of a color circle �attened
onto a line, i.e. a spectrum moving from one hue, through all the other hues
and back to the beginning.

V4: Texture Especially important in 3D worlds, this describes any way in which
procedural generation of surface materials for 3D objects can be used to encode
data. These procedural surfaces usually have many parameters, some of them
are other visual variables. Even though this is in this way often a “derived”
variable, we still describe it here because the encoding of data on textures can
go far beyond changes in colors or noise patterns—textures bring with them
semantic possibilities, like encoding a data fact in how “metallic”, “re�ective”
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or “bumpy” a surface looks, even when these semantic descriptions are ulti-
mately just a complex arrangement of other visual variables. Here, the implicit
semantics that we bring with us from a real world context are the point more
than speci�c quanti�able attributes.

V5: Blur This describes any process that impedes clarity of vision on an object or
any random destruction of data quality, where the purpose of this impedi-
ment is to highlight some fact about the data, usually some form of uncertainty
within it.

V6: Transparency A historically dif�cult part of computer graphics, transparency
makes it possible to see objects or scenes behind an object. In visualizations
this transparency is sometimes used to circumvent self-occlusion of data sets.
If the data set does not have occlusion or the occlusion is handled in some
other way, the transparency can instead be used to encode some data fact.

V7: Level of detail In comparison, here we have a very deliberate and structured
lowering of data quality or resolution. In visual encodings this is usually done
for performance reasons or to arrive at a speci�c art style, but if used as a data
variable it could be used to rank data objects by a value and make comparisons
between them easier.

V8: Culling Occlusion is a natural fact of 3D scenes. However, some objects may
have visualization priority and thus could be rendered even if they would
normally be occluded by another object—virtual scenes can and do break the
laws of reality in this way. This priority could possibly be used to visualize
some fact about the data, most likely through some interactive process, like a
virtual lens that a user could hold over an object to see through it. Lets imag-
ine a dataset with a large amount of data points represented by spheres. If the
spheres are too close to each other, a culling visualization could allow us to use
a see-through lens to make those spheres visible that ful�ll a certain �ltering
condition, without having to make all the other spheres transparent.

Building on Bertin (1967), Morrison (1974) splits color into hue and saturation,
which is the distinction adopted here. In practice, the three color variables are how-
ever often recon�gured and combined into palettes, i.e. continuous series of certain
changes in all three factors, in order to encode some data fact, instead of being used
for direct encodings. The reason for this is that our color perception is so rich with
differences and strange sensory adaptions, that the direct mapping will often feel
wrong or be dif�cult to read for most people. Speci�cally selected, limited palettes
can follow aesthetic concerns, but they can also be there to make changes in a vari-
able even readable in the �rst place, for example for colorblind people.

It is likely that there are complex interrelations in all these visual (and non-visual)
variables that we just do not know yet, because only color has had decades of fo-
cused research spent on it.

Blur and level of detail are the renamed versions of crispness and resolution
within MacEachren (1995). They were renamed here to bring them more in line
for parallel use with the other senses or to make them more applicable to 3D space
and 3D rendering.

3.1.4.2 Soni�cation

Where sight is limited to the front of our body, hearing resolves vibrations reaching
us from every possible direction. Just like sight however, it is a sense that works on
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the stereo-principle of having two sensory organs of a �xed distance to each other.
A 3D impression is then generated through two steps. First, a 2D stereo position
is derived from interaural (inter-ear) time difference (ITD) and interaural intensity
difference (IID), and can be thought of as spanning a 2D plane through our ears
and orthogonal to the axis of our body, to which all sounds from 3D space are then
projected. In order to resolve an actual 3D position, we use two more cues: monaural
cues derived from the way that sounds of certain frequencies and directions interface
with the shape of or ear and the ear canal, and dynamic cues that happen as head
movements shift the "stereo-plane" through space.

Hardware

There are many forms of audio display systems, from speaker systems to head-
phones and ear buds. They all bring their own challenges, but they all have one
main, largely unresolved, problem within them: It is easy to display a sound on the
2D stereo-plane and dif�cult to display a 3D position. In order to accurately project
3D sounds, a speaker system needs to be turned into a full omnidirectional speaker
array. Headphones and ear buds on the other hand, even ones with multiple speak-
ers in each shell, are often too close to the ear to fully imitate omnidirectional sounds,
and can not create the full head and upper body resonances one experiences within
a speaker system. For this reason, to display 3D sounds accurately, sounds need to
be run through a head related transfer function (HRTF) that can be tailored to indi-
vidual bodies to pre-modulate the sound in a way that when it reaches the inner ear,
it appears correctly modulated by the outer ear and surrounding bones and tissue.

Variables

Audio-maps appear early in the literature and are even mentioned in MacEachren's
seminal work (MacEachren, 1995). The now relatively common term of "Soni�ca-
tion" was not in use at the time, but the variables that MacEachren focuses on, taken
from Krygier (1994) are: location, loudness, pitch, register, timbre, duration, rate of change,
order, attack/decay. The occurrence of the time variables in these strikes directly at the
core of one of the speci�cities of auditory signals: They are always already tempo-
ral. One might rightly argue that all cognition, and thus all senses, need some time
to process the signals that reach them, however what makes sounds special is that
it is incapable of detection something that is not dynamic—the change of the sig-
nal is the sound. A non-dynamic object is just inert air pressure—complete silence.
What instead makes a sound signal, are the micro-scale dynamics happening over
short, sometimes even imperceptible, amounts of time. A common guidelines here
is the range from 20 Hz to 20,000 Hz. Anything lower than this range can be seen
as composition of individual sounds—which is where we switch from sound design
to musical arrangement. Much of soni�cation attempts to have musical characteris-
tics, in the same way that most maps also try to be visually pleasing. However, in
these macro-level cases, it is more useful to instead use the already established time
variables like composition and synchronisation.

A much more detailed version of the audio variables can be found under the title
of “auditory dimensions” in a review paper by Dubus and Bresin (2013). They iden-
tify 30 variables in 5 categories. The categories are: pitch-related, timbral, loudness-
related, spatial and temporal. All of these categories are direct matches to variables
we already identi�ed. The individual dimensions however are way too speci�c for
our purpose, for example including technical details like the distinction between
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sound spatiality through HRTFs, stereo panning or vector base amplitude panning.
More interesting are the distinction in the temporal variables, which include con-
cepts that have not been considered before, like different kinds of duration: “Ambi-
ent duration” for long-lasting, slow changing signals, or rythmic duration for dura-
tions between 100 ms and 2 s.

Ultimately however, many of these dimensions are of a very technical or musi-
cal nature and too speci�c for our more abstract taxonomy. More useful here is a
distinction made explicit by Edler et al. (2019): Mapping data to sound can be re-
alized through voice, through music, or through abstract sounds. Voice is covered
by the language variable. Thus the question is: what do we need to conceptually
capture both music and abstract sounds? Or rather: What is not covered by just us-
ing Dubus and Bresin's �ve categories directly? Our spatial and temporal variables
have already been established. Pitch and loudness can be used directly. Timbre is
at a similar level of complexity to the visual variable texture and thus should not
be broken up further. Spatiality has a very different connotation in our geospatial
system and thus should not be looked at from the domain of stereo rendering. Most
immersive systems are going to default to HRTFs and just accurately display the
position of a data point. Which leaves the temporal dimensions.

Again, we should look to texture and timbre: anything that is so domain-speci�c
and complex that it is a combination of other variables but is too complex to be easily
described by them, should be rolled into its own variable. However, if a variable
gets complex enough that it starts being about the interrelations of other variables
over time, it should instead be part of the temporal variable composition. The only
larger-scale audio variables that would not fall under compositions are variables that
could affect an individual tone too, i.e. are not temporal on a scale spanning multiple
tones and also do not fall under pitch, loudness or timbre. This arguably includes
Reverb, which is a temporal and spatial effect that can affect an individual tone and
could very easily be used to encode some data fact. Reverb, and related effects like
echoing, however are suf�ciently covered by the spatial variable of environment, as
explained below.

It also includes a fully temporal dimension only partly mentioned in Dubus and
Bresin (2013): the signal envelope, usually called the ADSR (Attack, Decay, Sustain,
Release) envelope. It appears in Krygier (1994) as the variableattack/decay. This is
much more small-scale than aspects like melodies and resolves to our ear more as
part of an individual element in a musical composition. If we were to, for example,
encode a value as a pitch, different envelopes would make that pitched tone appear
very differently to a listener.

Interestingly, Dubus and Bresin (2013) leave out one aspect of audio signals that
is extremely important in musical arrangements: clarity. We often add noiseto sig-
nals or compresstheir higher frequencies for “warmer”, less sharp sounds. These
clarity variables roughly correspond to visual variables like blur and level of detail
and could be treated as analogues for sensi�cation purposes.

Thus the �nal selection of soni�cation variables in immersive geosensi�cation is:

Sp1: Location Just like with visual perception, auditory objects can be moved off of
their real-world position to encode some information. This movement can not
be as subtle as in vision, as locational accuracy in hearing is less precise than
in seeing.

Sp5: Environment Environmental effects are very common in audio processing, in-
cluding reverbs and echoes generated by virtualized rooms. In virtual environ-
ments this will usually be a physicalized feature used for increasing immersion
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and presence, but it is also very common to arti�cially alter such factors, most
commonly in “synthetic” reverberations—and as such it can be used for data
soni�cation. Almost no modern piece of music does not heavily feature rever-
beration on its individual sounds, so listeners are trained on this kind of ma-
nipulation. One way this variable could be utilized is by imagining a virtual
room around a sound source and then simulating re�ections and diffractions
in this room. These arti�cial effects can then be rendered into the sound signal
the object emits. This sound could of course reverberate further as it travels
through the environment, but if applied correctly it is relatively easy for us to
distinguish what is an arti�cial sound feature and what is a physical effect.

S1: Volume The simplest modulation of an audio signal is over its energy. Vol-
ume changes are easy to recognize for everyone, however the variable is con-
strained by the range of what is safe to listen to and what users with various
hearing impairments are capable of resolving.

S2: Pitch Often shown to be the most potent auditory variable for encoding the up
and down of data like a conventional cartographic visual color scheme would,
pitch refers to whether a tone is high or low. When generated by a musical
instrument, a pitch is de�ned by the fundamental frequency, i.e. the lowest
partial. The rest of the harmonics in the signal, if they are present, are part of
the timbre variable. Pitch is based on frequency, but differs from the frequency
variable in that human psychoacoustics permit us to perceive the frequency
of sound waves as an immediate tone instead of a change over time. A reoc-
curring change in pitch over time such as generated by LFOs (Low Frequency
Oscillators) in sound synthesizers is thus de�ned by the frequency (T5) of a
change in frequency (S2).

S3: Timbre Like the texture variable in the visual domain, this variable offers a
plethora of possible signal modulations. While there is no real way to or-
der values by this variable, apart from subjective measures of pleasantness,
it is very potent in distinguishing different con�gurations. We have all heard
the spectrum of sounds that even a single instrument can create—volume and
pitch do not even begin to describe the totality of its possible outputs, the same
way that hue and brightness do not describe the appearance most real world
surfaces. Timbre is in part a side effect of all the other audio variables and
their combinations, but speci�cally is de�ned by the full spectral envelope of
a signal, i.e. not just the dominant pitch, but all the layers of lower and upper
harmonics that modulate this envelope. As far as technical precision makes
sense with a highly qualitative variable like this one, a clean sine wave could
be said to have no timbre, or less controversially a very simple timbre, while
the sound signal of a full orchestra has a highly complex and layered tim-
bre. Dubus and Bresin (2013) speci�cally includes in this variable the subvari-
ables of instrumentation, polyphonic content, voice gender, allophone, spectral
power, amplitude of harmonic, frequency of harmonic, roughness, brightness,
center frequency of �lter, and saliency.

S4: Envelope The combined aspects of attack, decay, sustain and release. This de-
scribes how fast an individual tone reaches its maximum loudness, how fast it
falls back off and how long it takes to fully disappear.

S5: Noise Audio is where the term noise in its signal and sensory processing context
originates. Noise is very important in audio processing, either as something to
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be removed, or as something to be added in controlled amounts. This is often
done to make signals sounds more pleasurable, in case of a small amount of
noise, or very raw and energetic, in the case of large spikes of noise. It is thus a
potent variable for encoding information, as it is one of the less subtle aspects
of an audio signal, especially when listening for changes over time.

S6: Compression Compression is quite common in audio production. It lowers the
sound level at the higher intensities of an audio signal, while leaving the lower
levels unaffected. Modern music speci�cally is often passed through multiple
layers of compression to constrain the signal. This has the effect of producing
a less sharp, often more pleasurable, output, as small spikes in signal strength
are smoothed over. It differs from timbre in that the amount of compression is
much easier to quantify and is usually applied as a distinct processing step. It
is however often quite subtle and can be dif�cult to hear for the untrained ear.

Some additional notes on sound: Timbre and Pitch are often related in the hu-
man voice and physically existing instruments. Changes to one often modulate the
other in subtle and not-so-subtle ways. This interlinking between pitch and timbre
is usually called Registerand is included as a variable in Krygier (1994). MacEachren
(1995) includes it and notes that it could be useful for representing nested hierarchies
of pitch values. In our categorization, register used in this way would however be a
part of the composition variable, as it is usually a musical aspect rather than a signal
property.

3.1.4.3 Hapti�cation

Unlike the visual and the auditory sense, what is commonly referred to as the haptic
sense is a combination of a multitude of senses throughout the entire human body.
The involved parts of the body are part of the somatosensory system. This includes
mostly exteroceptive senses, but also some interoceptive senses. Exteroceptive are
the sense of touch (mechanoreception, also referred to as tactile perception), tem-
perature perception (thermoception) and pain receptors (nociception). Interoceptive
senses includes the sense of body position (proprioception, sometimes also referred
to as kinesthetics, especially when considering motion) and internal pain receptors
(Schneider and Feussner, 2017). Obviously internal pain receptors and body position
are often affected by outside impulses (for example when our movements encounter
resistance), which is why they are generally seen as part of the normally exterocep-
tive sense of touch.

For our purposes, these basic facts will be detailed enough, however it should
be noted that there are many additional complexities to these senses. The different
receptors described above can be located in many different body areas from the dif-
ferent skin layers, to hair follicles, the tongue, and some mucous membranes inside
the body. Depending on where they are located their “calibration” can be different,
and the same input force can thus be perceived very differently. If we wanted to
go to this level of precision, we would have to differentiate between many different
sensations, like for example: light touch, deep pressure, vibration, low frequency
vibration, tickle, itching, hair movement, skin stretch, and more (Chouvardas et al.,
2008). In the more abstracted view we try to adopt here, some of these will still
reappear when considering the haptic variables.
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Hardware

The haptic senses are perhaps the most unwieldy to create display hardware for, in
the sense that we often need to create the display system with the application al-
ready in mind. The only generalized displays are those that can be worn and then
try to simulate external objects through application of force to the right points on the
body. For tactile (and possible pain and heat) sensations we have items of clothing
incorporating arrays of vibration motors or heat cells, or displays that project pres-
sure through air �ow or ultrasound. For proprioception we can wear exoskeleton
systems, which are capable of putting up resistance against the movement of our
tendons, ligaments and joints. This differentiation into two kinds of haptic displays
is very commonly adopted in the �eld and makes classifying these systems more
manageable (Marriott et al., 2018). The distinction can however break down with
tangible interfaces, which are physical objects located in the environment, and thus
cause both tacticle and force-feedback sensations. For this reason, they are usually
treated as a different class of systems compared to worn display systems. Marriott
et al. (2018) solves this by distinguishing two approaches: data physicalization (data
is represented by a physical object) and hapti�cation (data is explored with devices
that synthesize haptic variables). Modern technology however could also combine
the two, with highly dynamic specially-made objects that feature actuators and mo-
tors.

If we have the chance to develop a haptic display speci�cally for one application,
the possibilities increase considerably. For the case of tactile displays, Chouvardas
et al. (2008) for example describe both mechanical energy devices, which cover tech-
nologies based on vibration, ultrasound, surface acoustics and even so-called elec-
trorheological �uids (�uids that change in viscosity based on an electric �eld), as
well as electro-tactile stimulating devices.

A big advantage of haptics is that most of our human-computer interaction sys-
tems are ultimately about registering limb- and joint-movements. Haptic displays
can thus often double as input systems, as is the case with modern VR motion con-
trollers. This advantage even holds for non-generalized haptic displays like tangible
objects, as the space of interactions with the tangible objects can usually be made
rich enough to not require any additional abstract inputs.

This can go even further: In the same way that haptics are often entangled with
interactions in immersive systems, haptics are also deeply involved with out real-
world use of tools. Once a human has become familiar enough with a tool, they
can have some limited form of haptic perception within the tool, outside of the body.
This sensory capability is referred to as extended physiological proprioception(Simpson
et al., 1974). Because physical forces travel through materials, the feedback of our
tool still invokes haptic signals within our body, which our cognition is capable of
resolving as if they had happened within the tool itself. In immersive systems, this
could of course be exploited: if we controlled the haptic outputs to the body closely
enough, we could possibly attain this extended physiological proprioception within
tools of arbitrary range and form—even with physically impossible virtual tools.

Variables

This is where we have to most substantially deviate the most from what was orig-
inally laid out in MacEachren (1995). Here, the haptic variables presented by Vas-
concellos (1991), which were very much focused on tactile maps for the visually
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impaired and correspond almost perfectly with Bertin's variables, are front and cen-
ter: volume, size, value, texture/grain, form, orientation, elevation. While some of these
remain important, haptics suddenly grows much more complex and capable in im-
mersive environments, but is also far less speci�c. A variable like elevation for ex-
ample does not mean much if objects are complex and three-dimensional. We also
have dynamic haptics like vibrations or even force feedback (mechanical resistance
against movement) that introduce new, often temporal, variable possibilities into the
space. These variables are often akin to some of the auditory variables.

Once we introduce these possibilities, Vasconcellos (1991)'s whole variable space
collapses into a variable that describes thesurfacestructure of an object, as the space
of possibilities just grows too large and dynamic. For certain applications we could
selectively use these variables to further describe the nature of one surface structure
in the larger immersive space.

For a source with variables much closer to our applications, we can consider
Grif�n (2001), which speci�cally criticises and builds upon Vasconcellos (1991) in
the context of virtual reality technology in the early 2000's. Grif�n's haptic variable
syntax includes variables that are touch-only ( vibration, �utter, pressure and tempera-
ture), touch variables with direct visual analog ( location, size, texture/grain, shape/form,
orientation and elevation) and kinesthetic variables (friction, resistance, and kinesthetic
location). These are however only examples and the list is never fully concluded—
neither by Grif�n nor, to the knowledge of the author of this thesis, anywhere else.

To �nish this list, let us start with what can be discarded or reduced. Location,
size, orientation and shape are covered by our spatial variables. Texture is similar to
texture (V4) in vision and thus needs to be included. However, as we will see later,
there is a better way to conceptualize this. Pressure, as in air pressure, is another
variable that stays relevant. As already stated before, elevation loses its meaning
and is included partly in texture and partly in shape.

Flutter is a speci�c modality that the surface of the human skin can detect, just
like texture, pressure, different levels of vibration and stroking, as well as stretch
(Chouvardas et al., 2008). These are however not variables that describe display
properties of an object, but rather properties of skin. Our variables in this case
should describe how the former can communicate facts to the latter, and as such
all of these variables fall under the variables of texture or vibrations, and under tem-
poral changes in either of them.

Finally, kinesthetic location is an intriguing variable, as it is insuf�ciently ex-
plained in Grif�n's original paper. The con�guration of the user's body itself could
conceivably be used for data display, but only through active application of forces.
The usefulness of this is questionable. More interesting is the opposite con�gura-
tion. As the user's body moves, the kinesthetic position as represented in the virtual
space can start diverting from the real. There needs to be a lot of care put into mak-
ing this a comfortable experience, but the sensi�cation possibilities are intriguing:
such kinesthetic differences or “movement lag” could show faulty data con�gura-
tions, facts about time or data quality. This data encoding through lag is not possible
in other senses, as we usually do not have the ground truth that we have here—
our proprioceptive feeling of body con�guration can not be fully overridden by the
virtual world.

From there, we can start with Grif�n's syntax to �nd new variables. We start at
touch-based sensations. Grif�n speci�cally excludes the use of pain as a data vari-
able. This is arguably a good idea, as there are potential ethical problems with caus-
ing pain for the purposes of data visualization. One use case however that is not
within Grif�n's area of application but would �t into a situated analytics context is
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safety-related hapti�cation in extreme environments. Pain has the distinct advan-
tage of being able to trigger immediate protective measures within the human body
(moving away, covering vital areas). These are often pre-attentive, i.e. far faster than
our consciously taken reactions. This could be useful in dangerous environments
with normally painless but mortal dangers like toxic gases and radiation. We could
for example imagine a geiger counter that starts to move from soni�cation to “noci-
�cation” once a body part moves into potentially lethal concentrations of radiation,
causing an immediate �ight response instead of auditory overload.

Then, there is the idea that vibration signals have direct overlap with audio
signals—strong enough changes in air pressure often even trigger both senses at
once. From soni�cation we can derive haptic analogues for volume ( intensity), pitch
(frequency), envelope (abruptnessand sharpnessof vibration impulse). Aspects like
compression, timbre, and reverb however are too detailed to resolve for the haptic
sense.

One entirely new variable can be derived from current work in haptic displays:
weight distribution. While changing mass on the �y is often not readily available as
a hardware capability, there are ways to shift weight distribution through sliding
elements (Zenner and Krüger, 2017) and thus trick the somatosensory system into
believing an object is gaining or losing weight, when it is really only getting more
dif�cult or easier to handle. The actual massof an object is conceptually a vari-
able too, and would mostly appear as weight unless the hapti�cation happens in a
micro-gravitational environment. It might be a rare occurrence in dynamic systems,
however one could for example imagine a larger moving object that is not worn or
carried and �lled with additional material as a data attribute increases.

Grif�n's variables of resistance and friction on the other hand are very focused on
haptic maps, in that friction is speci�cally for resistance encountered moving across
or through a virtual surface, while the variable of resistance is for how resistant a
material is to deformation. In virtual environments with arbitrarily shaped fully vir-
tual objects and potentially complex volumetric structures, this distinction is dif�cult
to uphold, as unless some tangible object is present, both are the same simulated
resistance. More appropriate for virtual environments perhaps are considerations
by Harding et al. (2002), which talk about conceptualizing haptic volumes as force
�elds. They explicitly name the variables of attraction and repulsion. Anything that
resists just by “being in the way” can then be grouped under a resistancevariable.

With resistance, attraction and repulsion de�ned through a force �eld analogy,
what about friction? In physics simulations, friction tends to have one of two mean-
ings, depending on context—surface friction in a material (making it a tactile vari-
able, or as we will see later, a variable of an object surface), or the air resistance
within a volume (i.e. the resistance of a volume against movement within it, not
the resistance of an object at its borders). Surface friction is arguably closer to the
everyday understanding of friction, which is why it will get the name of friction in
the variable space, while air resistance causesdrag, which is quite compatible with
the previously established force �eld metaphor.

Because we have tangible objects in our space of possibilities, there is also a need
for a variable describing their material properties. This is any property that goes
beyond active movements in the object and is not already covered by the general
texture variable. Recent advances in material science make this class of variables
more broadly attainable for use in interactive systems. There are many properties
of materials de�ned in the realm of physics, speci�cally relevant here are: elasticity,
plasticity, viscosity, stiffness, hardness, toughness, and malleability. There are also
properties that concern the surface of a body that are not a result of active tactile
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systems, like roughness, slickness, surface tension and wetness (Tak and Toet, 2013).
Thus, we should look at the tactile variables from earlier as “active tactile” variables,
while here we refer to static surface features and textures. It should be noted that
even with current material science technologies, few of these basic properties are
dynamically changeable through digital inputs. However, they can often still be
implied through other haptic variables or sensory illusions induced by cross-sensory
effects (pseudo-haptics). It is important to remember that we do not always have to
manipulate physically existing objects, but we can also create purely virtual haptic
objects that we try to model as close to a real object as possible.

Finally, a distinction needs to be made between the active creation of temperature
as imagined in Grif�n's variables and the potentially changeable material property
of heat conduction. Two materials of the same temperature degree can feel quite dif-
ferent to the human touch, as our thermoreceptors really measure thermal conduc-
tion instead of absolute temperature. To reduce some of the complexity, we treat all
the material properties of objects as one variable, and the tactile properties of their
surface as another, similar to the texture or composition variables from before.

The �nal haptic variables thus are:

Sp1: Location The location of an objected, discovered once it is touched. In order
to encode data attributes in this, small changes have to be felt over time or in
relation to other reference objects.

Sp2: Size The physical size of an object, as discovered through touch. Can operate
in the same capacity as visual size, for example for a kind of haptic cartogram.

Sp3: Orientation Because location and shape of an object can be felt, feeling orien-
tation and changes in it is equally possible.

Sp4: Shape When manipulating an object that changes shape, haptics is perhaps
uniquely quali�ed to make a user able to feel complex topological changes.

H1: Vibration intensity How forcefully a surface or object vibrates against the skin.

H2: Vibration frequency Similar to audio signals, the frequency of the vibration
can be felt on the skin. This can range from lower-frequency oscillations that
create a rhythmic thumping, to high-frequency vibrations that make an object
unpleasant to the touch.

H3: Vibration envelope How abruptly or softly each vibration pulse hits.

H4: Air �ow The sensation of air blowing against or past the surface of the skin.

H5: Temperature Heat radiation hitting the skin and warming it. This radiation has
no way to induce an “opposite” signal, the skin has to cool down on its own.

H6: Pain Pain sensations induced within the surface of the skin.

H7: Kinesthetic alignment The difference between actual proprioception and what
the virtual world is showing. Requires a simulated virtual body or at least
some form of body-analogue.

H8: Attraction Describes force that is applied towards an object or a certain part of
an object. This could for example lead a user towards a speci�c value in a �eld
of values.

H9: Repulsion The opposite of attraction.
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H10: Resistance How dif�cult it is to move an object that is �xed in space out of
its �xed position. This is often a feature of buttons and triggers, which offer
a certain amount of resistance before they give in and can be moved out of
position.

H11: Drag Any resistance that is applied speci�cally when the user is moving—as
opposed to attraction and repulsion, no force is applied when no movement
occurs.

H12: Mass The actual mass of an object—this can only be modulated by actually
adding material.

H13: Mass distribution Where in an object its mass is concentrated, while the total
mass remains the same.

H14: Material Internal properties of the material of an object, including: elasticity,
plasticity, viscosity, stiffness, hardness, toughness, malleability, heat conduc-
tion.

H15: Surface External properties of the surface of an object, including: roughness,
slickness, friction, surface tension and wetness.

3.1.4.4 Olfaction

Even though it is usually not seen as one of our most important senses, olfaction is
without a doubt the most complex in the “signals” it resolves. It senses the complex-
ities of odor molecules, which allows it to distinguish thousands of distinct chemical
stimuli (Strugnell and Jones, 1999). It is used to detect chemicals carried into the oral
and nasal cavity, either through the air or through direct contact, in order to monitor
what we consume or inhale for palatability, danger, and familiarity. Perceptions of
smell are deeply linked to memories and emotions (Marriott et al., 2018), and are
thus highly subjective. However, olfaction objectively has an outsized positive im-
pact on memory-related tasks and is arguably a heavily under-explored modality in
computing (Garcia-Ruiz et al., 2021).

There are large gaps in our knowledge about the dimensions and attributes of
olfactory perception. The sense at its core is one of two senses that detects chemi-
cals, gustation being the other. But while we distinguish between only a handful of
dimensions of taste, olfaction is highly multidimensional. Study subjects often have
problems even verbalizing what kind of smells they are experiencing—usually they
will be related to one or multiple guesses for a source substance, instead of direct
descriptions of perceptual attributes (Marriott et al., 2018). We can describe the col-
ors of a �ower or the softness of its petals, but we can not describe its distinct smell
without referring to the �ower itself. There also seem to exist complex interrelations
between chemicals, which makes this sense even more complex than just a list of
several thousands of chemicals (Strugnell and Jones, 1999).

A discipline that is obviously interested in possible categorizations is the �eld of
perfumery. Their categorization needs are somewhat different than the ones needed
for data olfaction, however we will still consider them in the course of this section.

Hardware

Olfactory displays roughly fall into two categories: displays which use some way to
physically move odorants towards the user's nose through the medium of air (both
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at long and very short distances) and displays that are inserted into nose or mouth
for direct contact. For obvious reasons, the former tends to be more popular, both in
stationary as well as worn forms.

The main limitation of all olfactory displays is that there are no basic components
to break a complex smell down into—it is just complex on a chemical level. In prac-
tice this means that olfactory displays only come with a certain selection of odorant
cartridges, whose odors can then be freely combined. The selection of odorants is
done according to the application. While an application that just needs a good, a
neutral, and a bad smell to conceptually highlight data facts could use many dif-
ferent odorants and even switch them out between uses, an application that tries
to portray the “smellscape” of a modern building would need a highly specialized
mixture of �tting odorants.

The way these odorant cartridges work is akin to perfumes. Their contents usu-
ally consist of a mix of alcohol, distilled water and the odor substance itself (essen-
tial oils or synthetic substances), which are then dispersed into the air as fumes and
blown into the desired direction. Sometimes during that dispersal the odorant can
be further diluted at varying rates, to modulate the intensity of the smell as it arrives
at the user.

Another way to move odors is the introduction of scented or naturally smelling
objects into the environment. This however is not a very targeted method and makes
it hard to modulate intensities or stop the introduction of a smell. A way to do this
more dynamically is to burn the scent objects, like in the case of candles. There are
also systems where scratching a surface releases the scents stored in a small �lm of
material, which could conceivable be combined with tangible objects and haptic in-
teractions. A very different category of smell display are contact smell displays that
are currently in their early stages. These displays do not utilize odorants, but try to
directly stimulate the olfactory receptors in the nose and mouth through electrodes
(Cheok and Karunanayaka, 2018).

Variables

For the variables, we have to grapple with two problems: First, the highly multidi-
mensional space of different odor perceptions. It is as impractical to encode every
possible smell into a variable as it is impossible—our understanding of olfactory bi-
ology is simply not complete at the moment. Secondly, the multiple forms of vulner-
ability to sensory error when encountering a complex array of odors. There are sev-
eral thresholds for an odor signal, which can be different in each person: The point
at which it becomes perceptible at all, then the point at which it becomes clearly dis-
tinguishable, and �nally a point at which the odor become too strong to comfortably
stay in the environment. Then there are the odorant molecules themselves, whose
vibration, weight, shape, chain length, and more determine how �eeting it is (both in
the air and on the skin/nerves) and how well it covers other scents that are already
in the environment. Even knowing all of the molecular properties of a substance, it
is still very dif�cult for us to predict its smell pro�le (Kaeppler and Mueller, 2013).

Modern parfumery tries to circumvent the �rst problem by employing the so-
called “fragrance wheel” (see Figure 3.2), which derives from historical categories
of perfumes that have been expanded with new synthetic capabilities over time. It
tries to be a tool akin to color wheels, on which concepts like complementary smells
can be employed. And while it has some explanatory power for the speci�c con-
text of perfumes and fragrances, it does by de�nition not include any sort of smell
that would not be part of what is historically and culturally appreciated as body or
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room odors. It is, like many other smell taxonomies, simply a way to verbalize and
talk about odors in a comparative manner. No objective taxonomies exists. Even
after over a hundred years of odor science there is little more than a collection of
incomplete approaches and falsi�ed categorizations (Kaeppler and Mueller, 2013).

FIGURE 3.2: Michael Edward's fragrance wheel, from Edwards
(2019).

The second problem is also tackled by working from experience and categorizing
fragrances into different kinds of notes: base notes, middle notes and head notes. It
is very dif�cult to be precise about this, because this musically-inspired model sim-
pli�es several effects, including how long odors linger (persistence), one odor en-
hancing others (multiplicity), and how well one odor suppresses another (masking)
(Garcia-Ruiz et al., 2021). Additionally, humans are also capable of quickly growing
accustomed to ambient smells, moving them from conscious perception to a sub-
conscious level. All this is further complicated by subjective effects, like the deep
cultural and personal entanglements of odors caused by the tight interrelation of
olfaction with our memory apparatus.

With all this in mind, olfaction is by far the least robust sense to employ for any
sort of controlled data sensi�cation exercise. Despite these dif�culties, we need a
good approximation of variables, in order to even begin to tackle these issues. Tak
and Toet (2013) off-handedly note the two variables intensity and valence, but do not
explain what is meant by valence exactly.

We combine this with an approach also used by perfumers themselves: adapt-
ing vocabulary from music. In this current context, the equivalent would be the
soni�cation variables. Volume is simply the intensity of a scent representing some
data fact. Pitch is the smell of the used odorant, or of the main odorant in a larger
composition. In line with chemo-sensory research done mostly in the taste domain
(Kelling and Halpern, 1988), this will be called the smell quality. Timbre describes
the layeringof many different qualities into one smell. The envelope is also encoded






















































































































































































































