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Abstract

Recent improvements in Virtual Reality (VR) technology have led to increased interest in and availability of
the technology. This have opened up new possibilities for creating interactive visualizations, and has led to
increased research into the usage of VR.

This increased interest has not led to a similar increase into research related to how maps can be used
together with VR, despite the potential. This thesis aims at adding to this field of study by using VR as a
platform for conducting an experiment around animated maps.

A test environment was created in VR, and an experiment was designed to compare three different
temporal legends using data drawn from different types of phenomena. The goal was to investigate whether

each temporal legend and form of data interact in some way to produce animations that are easier to interpret.

The Covid-19 pandemic significantly reduced the scale of the experiment, which meant that only a pilot
experiment with two participants and a small scale experiment with three participants could be conducted.
The results of the small scale experiment indicates that there might be interaction effects present between
temporal legends and the phenomena data sets are drawn from. The results are promising, but the small
scale of the experiment makes it difficult to draw definitive conclusions from them. A full scale experiment

is therefore needed to properly investigate this topic.



Sammendrag

Nylige forbedringer innen Virtual Reality (VR) har gkt interessen for og tilgjengeligheten av teknologien.
Dette har gitt nye muligheter for a lage interaktive visualiseringer, og har fgrt til gkt forsking pa bruken av
VR.

Denne gkte interessen har ikke fgrt til en tilsvarende gkning i hvordan kart kan brukes sammen med VR,
til tross for potensialet. Hensikten med denne oppgaven er a bidra til dette fagfeltet ved & anvende VR som
plattform for & gjennomfgre et eksperiment med animerte kart.

Et testmiljg ble laget i VR, og et eksperiment ble designet for a sammenligne tre forskjellige temporale
tegnforklaringer ved hjelp av data hentet fra forskjellige typer fenomener. Malet var a undersgke om hver

temporale tegnforklaring og datatype interagerer pa et eller annet vis for a gjore animasjoner lettere a tolke.

Covid-19 pandemien fgrte til en betydelig redusering av skalaen til eksperimentet, hvilket fgrte til at det
kun var mulig & gjennomfgre et piloteksperiment med to deltakere og et eksperiment i redusert skala med tre
deltagere.

Resultatene fra dette reduserte eksperimentet indikerer at kan veere interaksjon mellom temporale teg-
nforklaringer og fenomenene datasett er hentet fra. Resultatene er lovende, men den reduserte skalaen av
eksperimentet gjor det vanskelig & trekke endelige konklusjoner. Et fullskala eksperiment er derfor ngdvendig

for a undersgke dette emnet grundigere.
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1 Introduction

In recent years, with the gradual maturing of Virtual Reality technology, there has been an increased interest
in Virtual Reality, with Virtual Reality devices rapidly becoming more available to the general public.

Virtual Reality used to be a niche technology, only used in a few areas of industry, or by selected groups
of enthusiasts. Today, with the current VR revolution, it’s rapidly becoming mainstream, and is finding new
uses.

For a long time VR has been used on the subject of visualizing complex 3D models, which VR is uniquely
suited for, and new visualization opportunities are being explored.

Cartography is an area in which VR has great potential. Maps might not be the first thing that comes
to mind when one thinks about VR, but the new technology is opening up new opportunities for visualizing
and interacting with maps, which might improve some uses of maps today. Current digital maps are usually
viewed through 2D computer screens, which has issues with occlusion of data, and does not allow for true
3D visualizations. With VR, true 3D experiences can be created, which brings with it several challenges and
opportunities. Maps show the spatial position of data, and visualize both place and value. With VR, and its
ability to show true 3D environments, an additional dimension can be added to the traditional 2D map. This
gives us more tools when visualizing complex 3D data, which could allow us to create better visualizations
of complex data.

Mapping in VR has great potential uses, but there has so far been limited exploration of these applications.
One goal of this thesis is to explore the opportunities which are opened by VR. Among the plethora of maps
used today, one in particular sticks out as interesting to look at in the context of VR. This is the animated
map, whose popularity has greatly increased with the rise of the internet. These maps show both a spatial
position and a temporal position. When the temporal aspect of the data is important for the understanding
of the animated maps, these kinds of maps may also be called temporal maps. In these cases, it is therefore
important that the temporal aspect of these maps are properly conveyed to and understood by map readers.
This can be done through the use of temporal legends, which represents the time-stamp of the data. Several
types of temporal legends are used in animated maps, and there is ongoing research into the effect each
legends have when viewing an animated map.

This thesis attempts to provide a supplement to this research, and explore it in a different environment.
It was decided to focus on temporal maps, with an emphasis on temporal legends, and to use the platform
VR to explore this topic. Further, it was chosen to conduct an experiment in which a group of users is asked
to compare the various temporal legends in a VR environment. The game engine Unity was used for this
purpose. Several VR prototypes were developed and tests were conducted using the VR platform Oculus

Quest. There main question that this thesis aims to cast light over is the following:

e Are visualizations that use certain temporal legends more easily understood than others?

e How does different types of data affect the legibility of each temporal legend?

This thesis is organized as follows: In chapter [2] relevant theory of VR and cartography is presented. This
includes topics such as virtual environments, user interface design in VR and temporal maps. In chapter
the development of the test environment will be discussed. Due to Covid-19 pandemic and in order to reduce
the risk of transmitting the disease, a full experiment could not be conducted in this thesis. It was instead

decided to perform a small scale experiment to obtain some preliminary data.



In chapter[d] the details regarding the framework and conduction of this pilot experiment will be explained.

Finally, chapter [f] will show and discuss the results of the present work.



2 Background

The main purpose of this work is to investigate how users experience the interaction between the geographic
information that is displayed and the legend(here a time indicator) in a Virtual Realty environment. This
chapter will present some background information necessary to understand the technology used and choices
made during this thesis. This will focus on Virtual Reality technology and the design of user interfaces in

VR, and information regarding temporal maps.

2.1 Virtual Reality

Virtual Reality (VR) refers to technologies that can create simulated environments, and allows a person to
interact with and become immersed in those environments (Mazuryk and Gervautz, 1999 [1]).

VR has a long history, and both large government agencies like NASA, and private entities like Oculus
have played a part in the development of VR technologies. Despite VR’s long history, it is just recently
that it became available for general use. This event was marked by the release of the Oculus Rift in 2016,
which led to renewed interest in the use and development of VR technology. Today, several large technology
companies are developing VR technology, and its availability for the general public is increasing. This section
will explain various important aspects within VR, some fields of applications, and how user interfaces may
be adapted to fit VR.

2.1.1 Virtual Environments

Virtual Environment is the term that is often used for the digital surroundings created and shown in VR.
It consists of all the virtual elements a user can interact with and move around. Virtual environments are
usually developed by using 3D game engines like Unity, Unreal Engine and CryEngine, as 3D environments
can be easily translated to VR. Most VR platforms, such as Oculus, supports translation of the developed
3D environments to virtual environments that can be used on the respective platforms.

In order to view and interact with the virtual environments, Head-Mounted Displays (HMD) are commonly
used. These are display devices worn on the head that give the user a stereoscopic image of the virtual
environment and gives the appearance of being inside the virtual environment. An image of the HMD device
Oculus Quest, which is the HMD used in this thesis, can be seen in figure



Figure 1: The Head-Mounted Display platform Oculus Quest .

In order to achieve immersion, HMDs use various tracking sensors to keep track of the user position, and
change their position within the virtual environment to reflect this. Earlier HMDs, such as the Oculus CV1,
needed externally placed sensors to accurately track the position of the users. This would be cumbersome
to set up, and reduced the mobility of the device. The latest VR devices uses internal tracking, where the
tracking sensors are built into the device itself. This makes the device easier to set up and use, and can help
to improve the users perception of VR.

The system which keeps track of the users movements and calculates their position is called Degree of
Freedom (DoF). HMDs with fewer or more primitive sensors, such as earlier models, were only able to track
three of these parameters, namely rotation around the X-, Y- and Z-axis, and hence called 3 DoF. Newer
HMDs are able to track movement in the X-, Y- and Z-axis, in addition to rotation. Consequently they
are called 6 DoF, as all six parameters are tracked, which allows for natural movement through the Virtual
Environments [3]. Figure [2 shows the rotations and movements that are tracked with 3 DoF and 6 DoF.

Currently, the most common method for interacting with virtual environment is through hand held
controllers. They differ from traditional gaming controllers in a few ways, with the most important distinction
being that the controllers also need to be tracked, in order to show the users hands correctly in VR, and that

the user is able to see and use them intuitively.

2.1.2 Applications of VR

Throughout its history, VR has been used in a multitude of areas, and as the technology is developed further,
its applications are expanding. Historically VR have only been used within larger companies or government
agencies, and it is only recently that VR has become a consumer product.

Today, VR is used within various industries. These include manufacturing (Nee and Ong, 2013 ),
where it’s used to visualize prototypes, aid in product design and allow for intuitive interaction with virtual
models. It’s easier and cheaper to make and evaluate mock-ups when they do not need to be physically made.

VR simulators have been adopted for use within medicine and the military, where they offer a way to train
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Figure 2: Comparison of 3 Degree of Freedom (3-DoF) to 6 Degree of Freedom (6-DoF) movement (Dom
Barnard 2019 [3]).

personnel in realistic scenarios at a much lower cost (Mazuryk and Gervautz, 1999 [1]). An agency that has
a long history with both the use and development of VR technology is NASA. NASA has been working with
VR simulators since 1991, and use VR for both immersive training and for remote controlling robots. They
also have a long history of using VR simulators to train astronauts before sending them on real flights [5].

An area in which VR is being increasingly used is entertainment, particularly gaming. Better HMDs have
led to an explosion in software development for VR, and several prominent VR games, such as Half Life Alyx
and Beat Saber, have seen wide success on the consumer market. Some VR games, such as Skyrim VR, are
ports of already existing games, while others, such as Half Life Alyx, are games designed around the use of
VR.

Since it is only recently that VR has become widely available, there have been few applications within
cartography, though some exists. These includes a project by Henriksen and Midtbg (2015 [6]), who used VR
to study human wayfinding with maps by using a virtual environment. And a project by Herman, Kvarda
and Stachon (2018 [7]) who studied how users of several low-cost VR devices could interpret maps in VR,
and how well suited the devices were for this task.

These articles show that VR provides new opportunities for conducting research within cartography. It
makes it easier to design experiments to focus on the aspects that are wanted, while removing unwanted
aspects from the virtual environment. Henriksen and Midtbg could remove factors such as the sun and

shadows, leaving only the map for navigation.

2.1.3 User interfaces in VR

User Interfaces (Uls) represent the main way in which humans interact with computers. The design and
implementation of Ul has a long history within 2D screen based devices, but additional challenges appear

when developing Ul for VR. One of these challenges is how the user interfaces should be presented. There is



no screen in VR where the user interface can be projected, so another method has to be found for presenting
the UL

To solve this, we can look at how Uls for First-person video games are designed. First-person video
games share several similarities with VR, for instance that the player sees through the eyes of the player
character, and are viewing the environment from within the scene itself. To use First-person games as a basis
for creating Uls in VR, we first need to know the different types of First-person game Uls, and the ways
these can be translated to VR. There are several types of Ul elements commonly found in First-person video
games, which can principally be divided into four main categories: Diegetic, Meta, Spatial and Non-diegetic
interface elements (Fagerholt and Lorentzon, 2009 [8]). The distinctions are based on how connected the

elements are to the game’s narrative, and whether they exist as elements in the game world itself.

Diegetic

Diegetic UI elements exist both in the game’s narrative and the environment of the game (Norrman, 2020
[9]). As they are elements within the narrative, the player character can interact directly with these elements
without breaking immersion. Examples include manually checking the magazine of a gun to see the remaining

ammunition and using a wristwatch to see remaining time in a timed challenge.

Non-Diegetic

Non-diegetic are elements that do not exist within the game’s narrative or environment (Norrman, 2020 [9]),
and can therefore only be affected by the player and not the character they are controlling. Examples include
menus which the player can use to access their items, or overlays that gives the player information about

their character, like health, or remaining ammunition.

Meta

Meta elements are part of the game’s narrative, but does not exist within the game world itself(Norrman,
2020 [9]). Instead, they are shown on a 2D viewing plane and convey elements within the narrative that
cannot easily be conveyed to the player through other means. Examples include showing blood splatter on
the screen to signify that the player character is damaged, or showing their remaining ammunition with a

number on the screen.

Spatial

Spatial elements are not part of the game’s narrative, but exist within the 3D geometry of the game (Norrman,
2020 [9]). They are placed within the game world to provide information to the player that would already be
known by the player character. Examples include trail markers that shows the path to different objectives,

or highlighting interactable objects in the world.

UI elements which are placed within the game world, such as Diegetic and Spatial elements, are particu-
larly suited for VR environments, and can often be easily translated from First-person video games to VR.
Figure [3] shows the menu on the Oculus Quest. This is an example of a Spatial Ul in VR, where the UI

elements exists as objects in the world, and the player can move around them and interact with them.
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Figure 3: The menu screen in the Oculus Quest. (Sean Endicott, 2019 )

Meta and Non-Diegetic elements can be more difficult to translate, since we will need to create some
VR analogue to the 2D screen in which they are usually projected. This can be solved by creating an 2D
screen-like object within the game which the player can more around and interact with. Figure [4] shows UI
from the VR mode of the game No Man’s Sky. In this case, the information is projected on an invisible
screen some distance away from the player, and it follows and changes according to the players movements.

This can be seen as a implementation of Meta or Non-Diegetic UI elements in VR.
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Figure 4: User Interface from the Virtual Reality mode of the game No Man’s Sky. (Ben Plays VR, 2019

[T1)).

As we have seen, there are methods for implementing both spatial and non-spatial based Ul elements in
VR, and both have been done in VR products that exists today. In addition, there are other aspects of the UI
that have to be considered when designing Ul for VR experiences. Due to the Ul being placed in the virtual
world, it is important to consider how far away the UI should be placed from the user. If an UI element is
placed too close, it can lead to Vergence-Accommodation mismatch (LaValle, 2019 Chap. 5.4]). This
is the phenomena where both eyes try to converge and focus on an object close to the eyes. As the object
is virtual, and only appears to be placed close to the eyes, the eyes do not need to focus on it in the same
way they do with real world objects. The resulting stimulus provided by VR is inconsistent with experiences
from the real world, which can lead to the user feeling strain or fatigue.

Several guidelines for developing Ul in VR has been created to avoid problems such as this. The UI should
be centered and narrow, in order to minimize the eye and head movement required to use it. It may be more
comfortable to interact with the UI if it appears as objects in the virtual environment (LaValle, 2019
Chap. 12.2]). Figure 5| shows Oculus’s recommendations for maximum dimensions of critical VR elements.
As Oculus recommends to keep one meter between the user and Ul elements , these recommendations
means that a Ul should be less than 1.15m wide and 1.04m tall.
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Figure 5: The immediate line of sight of a user in Virtual Reality, which is the area where critical elements
should be placed (Oculus )

2.1.4 Oculus Quest

The Oculus Line of VR headsets were the first VR headsets that achieved widespread popularity, and ushered
increased interest in VR. Oculus began with a Kickstarter campaign in 2012 to develop the headsets, and
the first Oculus Rift headsets were shipped to the public in 2016 . The first headsets required external
cameras and sensors in order to track the users movements and achieve 6 DoF tracking. This made the
system cumbersome to set up and move. The first Oculus headsets used Xbox controllers for interaction
with the virtual environment, but this was quickly replaced with the Oculus Touch controllers . These
controllers act as the users hands, and are tracked by the same sensors that tracks the position of the headset.

As VR technology was developed further, there was a need for an upgrade to Oculus VR headsets. This
came with the next generation of Oculus headsets, the Oculus Quest and Rift S, which were released in May
2019 . This generation of headsets does not rely on external sensors, and instead use internal cameras
and sensors to achieve 6 DoF tracking. As the Oculus Quest is the headset used in this thesis, it will be the
focus for the rest of this section.

The main difference between the Quest and the Rift S, is that while the Rift S needs to be powered by
a computer, the Quest is an entirely standalone headset. This allows for more freedom of movement for the
user, with the drawback of having less processing power than a Rift combined with a powerful PC. As the
Quest has a much shorter history than the Rift, it offers a limited selection of released games, though this is
expected to change as more games are developed for both headsets.

Other than the Quest being standalone, and the Rift being tethered, there are few major differences. It



was chosen to use the Quest for this project as it was thought that the increased freedom of movement would
be useful during user experiments, and that the loss of processing power would not be that important for the
test environments developed for the experiment.

A new feature of the Quest is the Oculus Link [17], which enables it to operate as an Oculus Rift.
This allows the Quest to access games developed for the Rift, potentially simplifying the development and

implementation of new applications.

2.1.5 Virtual Reality sickness

Virtual Reality sickness, also called cybersickness, is a phenomenon that can occur during the use of VR
devices. It is similar to motion sickness, with symptoms such as nausea, dizziness and headache (LaValle,
2019 [12, Chap. 12.3]), among others. These symptoms can last for hours or even days after using a VR
device, though most people will have recovered within a shorter period. With the increased use of VR
equipment by the general public, this phenomenon has gotten renewed interest among researchers.

The exact causes of VR sickness is unknown but some theories have been developed, with the most
dominant one being the sensory-mismatch theory (LaValle, 2019 |12, Chap. 12.3]). This theory states that
VR sickness is caused by mismatch between visual and vestibular senses. Most commonly, the body senses
that it is static while the eyes sees in VR that it is moving. This leads to the mismatch between these senses
(Gavgani et al, 2018 [18]). As this is usually caused by movement outside the control of the user, reducing
this type of movement and letting the user control the movement and rotation of the camera as much as
possible is one of the easiest way of reducing VR sickness. Other methods include using better VR hardware
that can provide more realistic experiences, or having a higher frame rate. This may necessitate creating

simpler virtual environments to reduce the processing strain.

2.2 Temporal maps

There exists two major forms of animated maps: Temporal and non-temporal maps (Lucjan, 2017 [19]).
Temporal maps depicts changes in spatial patterns over time (Kraak et al, 1997 |20]), and have become
widely popular on the internet. These maps usually presents dynamic events sorted in chronological order
together with actual passage of time in the world (Harrower and Fabrikant, 2008 [21]). While temporal maps
are a popular method for visualizing animated geographic data, there is ongoing research into the effectiveness
of these forms of maps, with no definitive conclusions. Midtbg and Larsen (2005 |22]) found that those who
viewed animations performed better than those who viewed static maps under some circumstances. Griffin et
al (2006 [23]) found that animated map users were better at identifying clusters, and could answer questions
faster than static map users. The use of temporal maps in VR is a focal point of this thesis. This section

will talk about important components of these types of maps, with a focus on temporal map legends.

2.2.1 Temporal map legends

Legends in maps are used to explain the visual symbols displayed on a map. These legends are generally
static, as symbols or classes do not change over time, only which areas display them. Legends for temporal
maps differ; since the legend now represents the passage of time instead of static classes. As a result it
will generally be animated, and observers can with little difficulty understand the relationship between data

points and moments in time. The animated map covers a specific time span. The role of the temporal legend

10



is to place the current state of the animation in time, and to show where it took place in relation to the
greater time span (Harrower and Fabrikant, 2008 [21]). For time spans that can be divided into smaller
cycles, like a week being divided into days, it may also show where it took place within these cycles.

Legends are based on different models for how humans perceive time, and the most commonly used
models are time as a linear and cyclic phenomenon (Harrower and Fabrikant, 2008 [21]). In linear time,
time is expressed as a chronological order of events, with a single overarching time span. In cyclic time,
time is expressed with repeating patterns, usually taken from the rotation of the earth and the movement of
celestial bodies (Frank, 1998[24]). Time spans such as a day, month and year are commonly used in cyclic
time. Within cyclic time lies the idea that events can be repeated or reoccur in a regular or irregular manner
(Harrower and Fabrikant, 2008 [21]). Kraak et al (1997 [20]) thought that different legends may be easier to
interpret, depending on the data shown in the animation.

With these two models in mind, we can see them both applied to a weather forecast. The path a raging
storm is taking can be seen as linear. The storm is not a repeating event, but has a defined beginning and
end. On the other hand, temperature ranges can be seen as a cyclic event. The temperature from day to day
will follow similar patterns, with colder temperatures during the night and increasing temperatures during
the morning.

It seems intuitive that some type of temporal legend would be better suited to show a cyclical or linear
phenomena, and this assumption has been the subject of several experiments into map understanding, such
as described by Edsall et al (1997 [25]) and Midtbg, Clarke and Fabrikant (2007 [26]). In these experiments,
map animations were designed in order to make use of linear-, cyclic and text based temporal legends, and the
participants had to answer questions regarding the point in time certain events took place. Despite having
expected a variance in how good the different animations were interpreted, the authors found no significant
differences between the legends.

Midtbg, Clarke and Fabrikant (2007 [26]) did find a significant difference in which legend the participants
preferred for various tasks, and the results were in line with what would be expected. For clear cyclic time
spans, the cyclic legend was preferred, and for clear non-cyclic time spans, the linear legend was preferred.
The much used textual legend was the least preferred legend in all cases, which seem to suggest that people
desire some animated representation of time, rather than just a simple text representation.

The three temporal legends most commonly used in map animations, and which were the focus of Edsall
et al (1997 [25]), are the Timeline, the Clock and Text representation. The first two are based on the two
models of time, linear and cyclic, discussed above. The third, text based representation, does not belong to a
specific model of time, but is derived from the way digital time often is expressed on computers and phones
today. Of these legends, the Timeline and Text legends are the most common legends found in maps today,
with the Text legend being most popular (Cybulski, 2016 [27]). The three temporal legends will be explained

in more detail below. See figure [6] for an example of the three temporal legends.
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(a) Timeline legend. (b) Clock legend. (c) Text legend.

Figure 6: The timeline, clock and text legends created in the test environment used in this thesis.

Timeline

This legend is based on the understanding of time as a linear phenomenon, and usually consists of a bar
which gradually fills with color, and some text to show milestones between the start and end. An example
of this legend can be seen in figure [6al With the timeline it is easy to see the temporal position of the
animation within the wider time span (Edsall et al, 1997 [25]). On the other hand, having the whole time
span represented by the time line can make it more challenging to distinguish the smaller cyclical time periods
that may make up the greater time span. Midtbe, Clarke and Fabrikant (2007 [26]) found that this type of
legend was the preferred legend in tests that made use of linear time spans. They also found that Timeline

legend was preferred to the same extent as Clock for one year time spans, which can be thought of as cyclic.

Clock

This legend is based on the understanding of time as a cyclic/repeating phenomenon. It is represented using
a clock shape, which bring up associations of analogue clocks where the hands move around the center (Edsall
et al, 1997 ) An example of this legend can be seen in ﬁgurel@ One full cycle around the clock translates
to one cycle of time. This could represent a day, a month, a year, or other time periods. After this, the clock
repeats cycles until the time span is finished. Clocks clearly show position in time within a cycle, but do not
show position within the bigger time span (Kraak et al, 1997 ) This can make it difficult to understand
the broader context for the current temporal position. Midtbg, Clarke and Fabrikant (2007 ) found that
the Clock was the preferred legend when the time span was 24 hours, which can be thought of as a cyclic
time span. They also found that it was equally preferred to Timeline when the time span was one year.

Text

This legend show time as a text string. While the Clock legend has similarities to analogue clocks, the Text
legend has similarities to digital clocks, where only the current time is shown (Edsall et al, 1997 ) An
example of this legend can be seen in figure The current time is shown precisely to the observer, but
the position in relation to the full time span is not shown (Kraak et al, 1997 ) This type of legend also
requires the user to take their eyes away from the animation to read it, while much of the meaning inherent in
the other types of legends can be interpreted with peripheral vision. Midtbg, Clarke and Fabrikant (2007 )
found that this type of legend was the least preferred for all time spans, even less preferred than ” Circular”

for ”four decades”, despite there being no significant difference in performance between the legends.
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2.2.2 Split attention

An unresolved problem with temporal map legends is splitting the users attention between watching both
the map and the legend. As both the animated map and the legends change constantly, the user must
change their focus between the map and legend and may therefore miss important information (Harrower
and Fabrikant, 2008 [21]). The more the users changes their attention, the greater the possibility that they
miss out on important information. There are several suggestions for how to design map legends in order to
limit this effect.

Kraak et al (1997 [20]) suggest several methods for embedding the legend within the map. These can
be using the background as a temporal legend, by dimming it at night and brightening it at day. Other
suggestions are using sounds to represent time, but this can be difficult to control. Midtbg, Clarke and
Fabrikant (2007 [26]) also came with several suggestions in the form of different animations. These include
the use of background shadow and embedding a clock behind the map. Most of the suggestions are focused
on placing the legend behind, or around the map in some form.

Translating these recommendations to a virtual environment, where the observer has complete freedom of
movement, quickly becomes problematic. It is important that it looks the same if user moves to the other side
of the map, which means legend rotates under the map while the map itself stays static. This introduction
of movement could become distracting for an observer. A legend placed in a fixed location within the virtual
environment can lead to the legend not always being visible to the observer. This would cause the observer
to regularly change focus between the map and the legend. Slocum et al (2004 [28]) suggested that a legend
spread out along the width of a map might be easier to interpret that a legend occupying a small portion
of the display window. However, as there is no traditional display window in VR, the legend would have to
be held static next to the map in order for the appearance of its width to be the same. This leads to the

problem static legends brings to VR as outlined above.

13



3 Methods

In order to perform a user experiment based on maps in Virtual Reality, test environments had to be
developed. Prototype environments created during the preceding project served as a basis for the test
environments created during this thesis. This chapter will describe the development of the test environment,

and important choices made during the development.

3.1 Test environment design

As mentioned, the goal of this thesis is exploring the use of maps in VR, and focus was placed on the usage of
temporal maps in VR. Several virtual environments were developed in order to test this. These environments
consist of a central map with some animated data, and a UI that follows the user is used to control the
animation on the map. Figure [7] shows an overview of the virtual environment with these basic elements.
These test environments were developed in the game engine Unity and are build on the work done during
a preceding project (Villanger, 2019 ) The Unity engine is mainly used for creating 3D games, but has a
lot of support for VR development. It was therefore to use this platform for developing the test environments.
A more thorough overview of both the Unity engine and the development of the initial test environments can
be found in the report from the preceding project (Villanger, 2019 [29]).

Figure 7: Overview of the virtual environment developed during this thesis. It contains a map with several

data point and a user interface which follows the user.

Some measures were taken to reduce the possibility of VR sickness during the development of the envi-
ronment. These are based on the measures presented in section 2.1.5] The VR environment as a whole is

relatively simple, with few moving parts that could make the users disoriented. There are no movements or
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rotations that are not initiated by the users. This helps keep the stimulus the user gets from VR consistent
with their own senses, which is important for preventing VR sickness.

Two important aspects of the test environments are showing the temporal legends to the user, and
presenting the geographic data in an easily understandable way. The three temporal legends described in
section were implemented and placed within the UL Figure [6] shows these implementations in the UL
The ”Timeline” and ”Clock” legends also had black lines to help distinguishing between adjacent months or
days. This section will discuss the overall design of the UI, and the choices made when implementing a Ul

for VR. After this, the visualization of geographic data in VR will be discussed.

3.1.1 User Interface design

Traditional digital maps and VR are very different mediums, which means methods for interacting with
digital maps cannot be directly translated to VR. A map placed in a VR environment will not always be
seen from the same side, as the position of the user can change. This makes it difficult to find a location
to place the map legend, and rules out static legends placed in the environment itself. The legend can’t be
embedded into the map either, as the legend must be readable from several sides and should not take too
much attention away from the map Temporal legends in particular needs to be visible to the user at all times,
in order to show the temporal aspect of the data.

Section[2.1.3] describes some basic forms of UI elements, and shows some examples of these implemented in
VR games. These should be considered and compared when choosing how to implement a Ul with temporal
legends in VR. Problems arise when we look at Spatial Ul elements. These are Ul elements that are placed
in fixed positions in 3D space, such as those shown in the Oculus Menu screen in figure [3] If the temporal
legends were implemented with this design, it would be possible for the user to move to a position where they
cannot see both the legends and the map animations at the same time. This would not fit the circumstances
of this experiment, since a main focus of this experiment is interpreting temporal legends together with map
animations.

Due to the problems with Spatial Ul elements, it was chosen to implement a UI based on Non-Diegetic UI
elements instead, as seen in the game No Man’s Sky in figure[dl This type of UI follows the user’s movements,
and reacts to their rotation, and would therefore always be in the user’s field of view. This means that they
can view both the map and the temporal legends at the same time, which is crucial for the experiment.
A downside to using these Ul elements, is that it might get distracting and can lead to split attention, as
described in section If the user were to constantly look at the UI, they might miss important details
of the animation. Still, with a UI that requires minimal interaction, only showing the passage of time, this
ensures that the user is always able to identify the relationship between the data and the current time.

When designing the UI, the recommendations for VR development that were presented in section [2.1.3
were followed. The UI was placed one meter in front of the user, and is one meter wide and 40cm tall. This
is much shorter than the maximum recommended height, as the tests did not require a taller UIL. This gives
a distance to the participants which is not too short, and makes sure that the participants can interact with
the whole UI without moving their head. Figure [§|shows the implemented Ul with a linear temporal legend.
It contains the temporal legend, buttons for controlling the animation, a button for progressing through the
tests and some information about the animated map. This includes a title to give some context for the data,
and a legend which shows how much of a given unit each of the vertical blocks of the animation corresponds

to.
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Figure 8: The user interface created for the test environment. It contains temporal legend(blue), time control

buttons(yellow), spatial legend(green), title(purple) and button for starting new tests(red).

3.1.2 Geographic data

An important part of the experiment was to show some sort of geographic data on the map. The frameworks
used during the development contained some basic functions for placing objects on the map, but most of
the implementation had to be done from scratch. When creating this solution, differences between 2D and
VR had to be taken into account. Since the map is placed within a 3D environment, the data points will
have positions with varying distances from the user. This leads to one point placed further away from the
user appearing smaller than a point placed closer, even though both have the same height. When using
data points where their height indicated their value, this problem must be taken into account. During the
development of the test environment, two methods for displaying different types of data on the map were

implemented, namely column and line representation.

Column Representation
The first method displays data as a vertical column, where the height of the column represents the value
of the data point. This technique is used for showing changes in data over time for a given location. This
procedure can for instance show Covid-19 cases for a city over time or hourly temperature for a region.

Two methods for directly comparing the height of different columns were evaluated. One promising
method was using a plane parallel to the map, which cuts through each of the columns at a given height.
This makes it easy to quickly see which columns has reached a specific height. This works great when only
focusing on one height, but it quickly gets more complicated when more parallel planes are added. Several
planes makes it difficult to see which plane corresponds to which value, as they are stacked on top of each
other. There were also several issues when attempting to implement this solution within the test environment,
as it proved difficult to see the intersection between plane and column. This method for comparing the height
of the columns was therefore not used.

The other method was dividing the columns into clearly marked vertical sections, where each section

corresponds to some value. Figure[9]shown an implementation of Column Representation using this method.
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This scheme makes it much easier to compare different columns, regardless of different distances to the
observer. The observer simply need to count how many sections each column consists of. It is also easier
to get an overview of which columns are highest and lowest, as this is evident from the relative number of
sections. A drawback to this method is that it is difficult to see when a column reaches a specific value, unless
this value corresponds to the transition point between sections. This method proved to be much easier to
implement than the plane method, and it was chosen to use the section method for column representation of
data.

Figure 9: Column used to display point data that changes value over time.

Line representation

The Line Representation method displays data as a series of line segments, where the coordinates of the
endpoint represents the position of a data point and the line segments represents the path taken. This
method is intended to show the path taken by an event which changes location over time. This method can
for instance show the path of a train across a country or a ship sailing along a coast. Figure [10] shows an
example of an event which changes location over time. This method was investigated in order to find more
alternatives when looking for data to use in the experiment, but it was ultimately not used in the current
experiment. Nevertheless, it allows for other types of data to be explored or opens for different tests to be

created in the test environment.
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Figure 10: Line used to display position data that changes coordinates over time.
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4 Experimental setup

The experiment is set up as an observer trial. Volunteers will use the VR environment to view a visualization
of a data set evolving in time, together with a visible time indicator. They are asked to pay specific attention
to some details, which they will be queried about when the visualization is finished. This chapter will explain

the statistical framework of the experiment, and go through the conduction of a small scale pilot experiment.

4.1 Framework

There are several approaches to take when carrying out an experiment. Previous experiments into temporal
legends, such as Edsall et al (1997 [25]) and Midtbg, Clarke and Fabrikant (2007 [26]) compared various
temporal legends in order to find significant differences. In this experiment it was instead chosen to focus
on how the different temporal legends interacted with various forms of data sources. This would allow us to
find out if some of these data sources leads to better results from the users when used together with some
temporal legends.

It seems reasonable that a Clock legend, which is a cyclic temporal legend, would be better for showing
temperature changes over a day. This assumption forms the basis for the research questions this thesis aims

to cast light over, which are:
e Are visualizations that use certain temporal legends more easily understood than others?
e How does different types of data affect the legibility of each temporal legend?

This section will talk about the framework of the experiment, which factors are involved, and how it

should be analysed.

4.1.1 Factorial experiment

Factorial experiments are experiments which study the effects and interactions of several factors. ”Factors”
are a general term used to denote any feature of the experiment that varies between trials. The actual values
the factors hold in each trial are called ”Levels” (Walpole et al, 2016 (31, Chap. 14]). When referring to
these types of experiments, one writes the number of levels each factor holds. For example, an experiment
with two factors where each have two levels, is called a 2x2 factorial experiment.

7Full factorial experiments” are conducted by performing trials with all possible combinations of factors
and levels. This allows us to efficiently analyze the interaction of several factors and levels within the same
experiment, without needing to perform additional experiments with other factors.

A drawback with factorial experiments is that since each combination of factors needs a separate trial,
the experiments can easily get too complex. Each additional factor increases the complexity exponentially,
which quickly makes it not feasible to carry out the experiment.

An alternative to full factorial experiments is ”fractional factorial experiments” (Walpole et al, 2016 31}
Chap. 15]). In these types of experiments only a fraction of the full experiment plan is carried out, such as
% or % of the experiment. This makes the experiment easier and cheaper to carry out, but does not give us
the opportunity evaluate higher order interactions between individual factors.

In this thesis is was chosen to conduct a full factorial experiment, but with only a handful of factors to
reduce the complexity of the experiment. The statistical software Minitab 19 [32] was used to set up and

analyse the experiment. The randomized order of tests for each participants was generated by Minitab.
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4.1.2 Factors

Table [1| summarizes the three main factors of the experiment, with associated levels. Since the experimental

design consists of one factor with three levels and two factors with two levels, this is a 3x2x2 factorial

experiment.
Main factor Level 1 Level 2 Level 3
Temporal Legend | Timeline Clock Text
Data source Cyclic phenomenon Linear phenomenon -
Time scale Cyclic Linear -

Table 1: Table over the main factors and their levels used in the experiment.

Temporal legend
The first main factor is the Temporal Legend. This factor consists of the three temporal legends described in
section [2.2.1] which are the Timeline, Clock and Text. This factor allows us to compare each of the temporal

legends and study how they interact with the other factors.

The next two main factors are related to the data that is being visualized. As described in section
the different temporal legends are based upon specific models of time. A prevalent theory regarding
temporal legends is that these legends are better at visualizing a phenomenon if that phenomenon follows
the same model of time. It was therefore chosen to create two factors which describes several aspects of real

phenomenona that are related to these models.

Data Source
The first of these is the Data Source, which describes whether the data is drawn from a cyclic or linear
phenomenon. In this context, cyclic phenomenona are phenomenona which reoccur at regular intervals and
have large similarities between cycles. This can for instance include temperature between days or certain
weather patterns.

Linear phenomenona are events which occur in chronological order and do not have cyclic characteristics.
Examples include one-off events, such as pandemic outbreaks, or events connected to human development

like population growth.

Time Scale

The other factor is the Time Scale, which describes whether the time interval is cyclic or linear. This factor
is directly related to the time models the temporal legends are based on, as described in section [2.2.1] Time
scales such as a full year, a month or a day can be considered cyclic time scales, while time scales without

these cyclic characteristics are considered linear.

These two factors makes a separation of the phenomenon data is drawn from, and the time interval the
phenomenon occurs within. This allows us to analyse how each of these factors individually affect temporal
legends, while combining them might mask this effect. The experiment was limited to these factors due to

the nature of factorial experiments. The complexity of experiments like this rises exponentially with each
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added factor, making the experiment much more difficult to perform. Choosing a 3x2x2 factorial design leads
to a total of 12 tests, which gives the experiment some complexity, while keeping it manageable.

Other factors were considered for the experiment, but it was ultimately chosen to not include them. These
additional factors include the placement of the temporal legend within the Ul, and how the height value of
a data point would be visualized in a VR environment. These factors would both increase the complexity
of the experiment and make it less focused. Though the current experiment does not take supplementary

factors into account, it may be interesting to evaluate these factors in future explorations of maps in VR.

4.1.3 Tests

12 tests were created for this experiment, one for each combination of the factors and levels discussed in
section [£.1.2] The tests were made on the basis of the game engine Unity, and by using the environment
described in section These tests were then populated with data sets that could represent the various
combinations of the factors ”Data Source” and ” Time Scale”. These data sets needed to cover different types
of phenomenona and time scales. Table [2| shows the combinations of the factors ” Temporal Legend”, ” Data

Source” and ”Time Scale” that make up each test, along with the data set used for the specific tests.

Test | Temporal legend Data source Time scale Data set

1 Timeline Cyclic phenomenon Cyclic Hours of sunlight

2 Timeline Cyclic phenomenon Linear Hourly temperature
3 Timeline Linear phenomenon Cyclic Covid-19, March

4 Timeline Linear phenomenon Linear Covid-19

5 Clock Cyclic phenomenon Cyclic Hours of sunlight

6 Clock Cyclic phenomenon Linear Hourly temperature
7 Clock Linear phenomenon Cyclic Covid-19, March

8 Clock Linear phenomenon Linear Covid-19

9 Text Cyclic phenomenon  Cyclic Hours of sunlight
10 Text Cyclic phenomenon Linear Hourly temperature
11 Text Linear phenomenon Cyclic Covid-19, March

12 Text, Linear phenomenon Linear Covid-19

Table 2: The 12 tests developed for the experiment, showing which combination of factors they test, along

with the data set used in each test.

The data sets used for the experiment needed to have the properties described in section It was
chosen to use data for major cities and regions within Norway. Participants to the experiment would have
some familiarity with these areas, and would therefore be an easier task to get oriented with the map. It
would also be easier to find data for Norway than for other regions.

Some difficulties were encountered while searching for data sets related to weather phenomena. Many
potential data sets had large gaps in them, and few data sets were complete. Some editing was done on the
data sets used for the tests, but these only lacked data for short periods, such as a few days each year. Some
data sets that were considered briefly but discarded as they had significantly larger gaps of several months
or even years.

Another issue was the availability of data sets for different locations. In addition to gaps in the data sets,
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many locations did not measure specific phenomena at all, or only did so for a brief period of time. This
made it difficult to find data for enough locations to use in the tests.

Two weather based data sets without serious drawbacks were found which, along with data over the
Covid-19 outbreak in Norway, were used for the tests. These data sets are described below, along with the

changes made to them to better fit the tests.

Temperature

The first data set shows the hourly temperature in a selection of Norwegian cities during one week of august
2019. This data was obtained from Norsk Klimaservicesenter |33]. As this data set shows hourly temperature
it represents a cyclic phenomenon, as hourly temperature follows a similar pattern for each day. Seven days
of data was used since this can be seen as a linear time scale. The original data set was very choppy and had
few easily discernible extreme values, which made it difficult to design tests around it. The data set was first
smoothed out to make it easier to distinguish days from each other. Then some of the extreme values were

made more pronounced, so it would be easier for the participants to distinguish them during the tests.

Sunlight

The second data set shows the weekly hours of sunlight for a selection of Norwegian cities during one year.
This data was obtained from Norsk Klimaservicesenter [33]. As this data set shows hours of sunlight it can be
seen as a cyclic phenomenon, as hours of sunlight follow a similar pattern from year to year. The time scale
is also cyclic, as the whole one-year cycle was shown. and hours of sunlight follow similar patterns between
years. The data set originally showed hours of sunlight for each day of the year, which was is far more data
points than any other data set. The values for each day varied considerably, which made the data set choppy
and difficult to follow. To reduce the number of values, the hours of sunlight for each day of the week was
averaged to produce one value for each week. The resulting data set was still choppy but was smoothed out,
and the extreme values were made more pronounced to make it easier for the participants to complete the

tests.

Covid-19 outbreak

The third data set shows the cumulative number of confirmed Covid-19 cases in Norwegian regions during
the 2020 Covid-19 outbreak. This data was obtained from Folkehelseinstituttet [34]. As this data set depicts
the outbreak of a disease, it represents a linear phenomenon. Due to the size of this data set, it was chosen
to use it for both the linear and cyclic time scales. For tests requiring linear time scales, the whole data
set, ranging from 26 February to 22 April, was used. For tests requiring cyclic time scales, the data set was
shortened to only contain data for the month of March, which is a cyclic time scale. No region in the data
set was the subject of more than one question, to prevent learning effects between tests. Unlike the other
data sets, no changes were made to this data set before using it in the tests, as there were no missing values

of regions.

In order to ensure that participants can easily identify the correct point to focus on during the tests, these

locations are clearly marked on the map with both name and a marker as is shown in figure [7]
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4.1.4 Response variable

After the participants have viewed the animation part of a test, they are asked a question about it. The
questions are about when a specific event took place, and the participants answer with the point in time they
believe this occurred. Due to the fact that the different tests cover various lengths of time and have different
sample lengths, we cannot directly compare these results. In order to obtain the response variable of the test,
we compare the answer given by the participants to the true answer for the test, and calculate the temporal
difference between them. This difference is the response variable of the experiment. When calculating the

response variable, we first look at the temporal resolutions of the data set.

e For the Temperature data set, this is one hour.
e For the Sunlight data set, this is one week.

e For the Covid-19 data set, this is one day.

We then count how many of these time units the participants answer was away from the true answer.
This means that smaller response values are closer to the true point in time, and larger are further away.
Since this response variable takes into account the differences in temporal resolution between each data set,

they are comparable.

4.2 Pilot experiment

In order to evaluate and improve the experimental setup, a small pilot experiment was conducted. This
was carried out with two participants without backgrounds in cartography or geography. As a start, the
participants were introduced to the experiment and informed in detail about how it would be organized. Next
they were given a presentation of the Oculus Quest headset, which they would wear during the experiment.
In order to be familiarized with the test environments, a special learning environment was shown first. This
contained all the various aspects they would interact with, shown in a similar way to the proper tests. After
they had become comfortable with moving around in and interacting with the virtual environments, they
started the proper tests.

In order to reduce biases, the order of the tests were randomized. As described in section [4.1.3] each
test were designed to contain data for a diversity of places within Norway. Before each test, the participant
was introduced to the specific test and informed about what the data represented and which time scale it
took place over. They were then asked to keep their attention to one specific location, and given some broad
information about which aspects of the data they should focus on. They were also informed that they should
focus on both the animated map, and the temporal legend, and make a note of the time certain events
occurred. When the animation had finished, they were asked a specific question related to the location they
had observed, and they should answer with the point in time they believed the event occurred. This was
written down, along with any comments or thoughts they had relating to each test. Finally, they were also

asked a few questions related to the whole experiment.
Improvements

Based on their comments and answers, some changes were made to improve the experiment. During the

pilot experiment, there had been a short introduction before the tests and the experiment as a whole. The
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introduction was extended to provide the participants with more information about both the experiment
and the tests. Such as describing the particular data used for each test, which time period the data is taken
from, and better explains what they should be focusing on in the data. There were some feedback given by
the participants. In the tests covering a period of one year, the participants found it difficult to properly
interpret the black lines showing the transition points between months. Additional text was added to some
of these lines to make it easier to understand the legends, which can be seen for the Timeline legend in figure

am

Figure 11: The updated Timeline legend after the pilot experiment.

The participants thought that the data in a few of the tests changed too fast, which made it difficult
to focus on. The results also made it apparent that it was much easier to find the correct answer in some
tests compared to others. These problems stemmed from the different lengths of the data sets, where each
animation was the same length despite some data sets being shorter or longer than the others. To fix the
mismatch in difficulty, the animation time was changed to one second for each data value. This made the
easier tests shorter and the more difficult tests longer, which should help reduce this problem.

The participants also thought some of the data points were placed too close together. These criticisms
were directed towards the placement of ”Oslo” and ”Viken” in the tests based on the Covid-19 data set. In
response to this, the coordinates of ”Viken” was placed further east to make it easier to distinguish the two,
while still keeping ” Viken” within its correct geographic region. The final placements of all regions used for
the Covid-19 data set tests can be seen in figure [I2]
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Figure 12: The placement of the regions used in the tests based on the Covid-19 data set.

Finally, some visual issues were encountered when the Ul overlapped with the data columns. When this
occurred, the column would be rendered in front of the UI, when it should have been rendered several meters
behind. This was a bug with the implementation in Unity, and could not be resolved in time. It could be
avoided if the participants positioned themselves so that the Ul and data column did not overlap. Since this

was easy to do, this was added to the information the participants received before the experiment.

4.3 Small scale experiment

With improvements from the pilot experiment included in the experimental setup, a small scale experiment
was conducted. It was only possible to get three volunteers to participate in this experiment. These volunteers
did not have a background in cartography or VR. The experiment was conducted similarly to that which
is described about the pilot experiment in section which is the intended way the planned full scale
experiment would be conducted.

The order of tests was again randomized for each person by Minitab to prevent bias in regard to test
order. The experiment itself was conducted with one participant at a time and with no additional people in
the room to avoid distractions. An area of about 2x3 meters was used as the test area which the participants
could adjust their position if needed. This could be necessary for some tests so the participants could see the
correct point of interest from a better angle for the given test. As large changes in the participants positions

were not needed, the area did not need to be expanded for the tests.
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The whole experiment was conducted with the participant wearing the HMD. The HMD only showed the
animations themselves, and the questions were asked and answered orally. The answers were written down
and converted to useful response variables after all the tests were finished. The participants had no major
problems with finishing the experiment. The duration of each session was between 20 and 30 minutes, and the
participants did not show any signs of VR sickness. This could indicate that VR sickness is less of a concern

with the newer HMD models, or that the static nature of the tests aided in preventing the phenomenon.
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5 Analysis and Results

This chapter will analyse and discuss the results obtained from the small scale experiment. Due to the low
number of participants, these results have a large degree of uncertainty associated with them, and they should
mainly be regarded as preliminary findings. This chapter’s role is primarily to evaluate the experiment and

method of analysis, and provide an example of how the results from a full scale experiment could be analyzed.

5.1 Data Analysis

The statistical software Minitab [32] was used to setup and analyse the experiment, as this software has
support for creating and analysing factorial experiments. The procedure is as follows; Minitab first performs
a regression analysis to find the best fit for the various factors and interactions to the response variable
”Score”. The difference between each observation and this regression model is called the ”Residual” for
that observation. This regression analysis determines the effect of each factor and interaction, and a two-
way Analysis of Variance (ANOVA) is performed to determine the significance of each of each factor and
interaction. Two-way ANOVA is an analysis method that compares the response variable at different factor
levels to determine whether they are significantly different [35]. In addition to assessing the main effects, it
also assesses whether there are any interaction effects present.

There are several outputs from performing this analysis:

e Residual Plots from the observations, which are used to decide whether transformation of the observa-

tions are necessary.

e ANOVA results, which describes the probability-values(P-values) for all factors and interactions in the

experiment.
e Pareto Chart, which shows showing importance and significance of factors.
e Main Effects Plot, which shows the effect of each factor.
e Interaction Plot, which shows the interaction effects between factors.

This section will present and explain these outputs.

Residual Plots

Figure shows the Residual Plots from the experiment. The plots are used to verify various assumptions
about the observations [36] from the experiment. If the assumptions relating to a normal distribution, such
as constant variance, independence of variables, etc do not hold, the data may need to be transformed to

remedy this. The four residual plots are explained below.

The Normal Probability plot shows the residuals plotted against their expected values. This is used to
verify whether the residuals are normally distributed. Normally distributed residuals should approximately
follow a straight line in the plot. Most of the residuals shown in this plot do seem to follow a straight line,
but there are a some that deviate from this. A clear outlier can be seen in the top right of the plot, and to
the lower left, there are several residuals that do not follow the line. These are signs that the residuals might

not be normally distributed.
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The Versus Fits plot shows the residuals against the fitted values. This is used to verify whether the resid-
uals are randomly distributed and have constant variance. If they are, they should be randomly distributed
on both sides of zero, and should not follow any clear patterns. The residuals shown in the plot seem to
follow a fan-like pattern, with greater fitted values having larger residuals. This can be a sign of nonconstant
variance among the observations. There also seems to be an outlier among the residuals, as one fitted value

has far greater residuals than the others. This possible outlier can be seen in the top right of the plot.

The Histogram plot shows the distribution of the residuals for all observations. This is used to determine
whether the data are skewed or includes outliers. There does seem to be an outlier, as one residual is far

larger than any others, and the residuals appear skewed towards negative values.

The Versus Order plot shows the residuals in the order they were collected. This is used to verify whether
the residuals are independent from each other. Independent residuals should result in no trends or patterns

in the plot. The residuals seem to be randomly distributed, and there seems to be no clear patterns in the

observations.
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Figure 13: Residual plots of the observations from the experiment.

We observe that the assumptions about the observations may not be entirely correct. This might be
caused by the low number of participants in the experiment, and few observations. Normality of observations

is a important assumption for this statistical analysis and Minitab recommends transforming the response
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variable using a Box-Cox transformation. The Box-Cox transformation transforms non-normal dependent
variables into a normal shape [37], which should make the observations be more in line with our assump-
tions. Figure [14] shows the residuals chart after this transformation. We see that the assumptions about
normal distribution of observations, constant variance, lack of outliers and non-skewness hold better with the

transformed observations. Therefore, the transformed observations are used in the rest of the results.
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Figure 14: Residual plots of the transformed observations from the experiment.

ANOVA

Table |3| shows the results from the two-way Analysis of Variance (ANOVA). This table shows, among other
things, the probability values (P-values) for each of the main factors and interactions |35]. This table can be
used to determine which factors have a significant effect on the response variable. The significance level of
the experiment is a = 0.05. We observe that only Time Scale and the interaction between Temporal Legend

and Data Source have p-values greater than 0.05, meaning that only these factors are significant.

Pareto Chart

Figure shows the Pareto Chart from the experiment. This chart shows the standardized effect of each
factor, which are t-statistics that test whether the effect is significantly different from zero [38]. The factors are
ordered from most to least significant. The red dotted line give the value at which the effects are significant
at & = 0.05. As can be seen in the figure, the effect of Time Scale (C) and the effect of the interaction

between Temporal Legend and Data Source (AB) were found to be significant, whereas all the other factors
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Source DF AdjSS AdjMS F-Value P-Value
Model 13 4,137 0,32 2,1 0,063
Blocks 2 0,084 0,04 0,3 0,764
Linear 4 1,960 0,49 3,2 0,033
Temporal legend 2 0,647 0,32 2,1 0,145
Data source 1 0,014 0,01 0,1 0,766
Time scale 1 1,299 1,30 8,5 0,008
2-Way Interactions 5 1,480 0,30 1,9 0,129
Temporal legend*Data source 2 1,129 0,56 3,7 0,042
Temporal legend*Time scale 2 0,006 0,00 0,0 0,981
Data source*Time scale 1 0,345 0,35 2,3 0,148
3-Way Interactions 2 0,614 0,31 2,0 0,159
Temporal legend*Data source*Time scale 2 0,61 0,31 2,0 0,159
Error 22 3,369 0,15
Total 35 7,506
Table 3: Results from the two-way Analysis of Variance from the experiment.
and interactions are not significant.
Pareto Chart of the Standardized Effects
(response is Score; a = 0,05)
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Figure 15: Pareto chart of all factors and interaction in the experiment.
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Main Effects Plot

Figure[16|show the Main Effects plot from the experiment. This plot shows how each level of the main factors
affect the response variable [39]. Lower values imply that the level resulted in more accurate observation,
while higher values imply that the observations were more inaccurate. A nearly horizontal line, such as the

one for Data Source, means that there is almost no main effect. Non horizontal lines means that there are

main effects, and steeper lines means greater effects.
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Figure 16: The effects of each main factor in the experiment.

Interaction Plot

The Interaction effects from the experiment can be seen in figure This plot shows how the interaction
between main factors affect the response variable [40]. Parallel lines imply that there is no interaction effects
between factors, while nonparallel- or differently shaped lines suggest that some interaction occurs. From

the plot we observe the following:

e In the interaction plot between Temporal Legend and Time Scale the two lines have the same shape,

indicating that there is no interaction between these factors.

e In the interaction plot between Data Source and Time Scale the two lines are not parallel, indicating

that there is some interaction between these factors.

e In the interaction plot between Temporal Legend and Data Source the two lines form completely

different shapes, indicating that there is some interaction between these factors.
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Figure 17: Interaction between factors in the experiment.

5.2 Discussion of analysis results

This section will analyse and discuss the results presented in section [5.1} and discuss the experiment as a
whole. Due to the low number of participants in the experiment, it is difficult to draw firm conclusions
from the results. This section mainly serves to show how the results can be analyzed, and to provide
recommendations for future full scale experiments.

As was explained in section [5.1] a transformation of the variables was needed, as they violated several of
the properties necessary for performing the analysis. This might be caused by the low number of participants
in the experiment, and an experiment with more participants might not have the same problem. Generally,
as the number of participants increases, distributions tend towards normality.

The following key observations can be made from the results: The factor Time Scale, and the interaction
between Temporal Legend and Data Source were found to have significant effects. No other factors or
interactions had significant effects, though some were relatively close. This is shown in both the ANOVA
table in table[3] and the Pareto Chart in figure[T5] This section will analyse and discuss the results, beginning

with the two key observations.

The first main result we will examine is the significance of the Time Scale factor. This signifies that the
different time scales has a significant effect on the response variable from each test observation. Figure [I0]

shows the way the response variable changes based on each level of Time Scale. As we can see, the line for
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Time Scale shows a clear difference between the levels Cyclic and Linear. This means that tests which used a
Cyclic Time Scale resulted in better accuracy from the participants than the tests which used a Linear Time
Scale.

There are possible reasons for this. As discussed in section [4.2] one lesson from the pilot experiment was
that some tests were easier to answer correctly than others. Several of these tests used cyclic time scales,
and were shorter than many tests with linear time scales. They were given much less animation time than
other tests to make up for this, but this might not have been enough to remove this problem. These tests
might still be easier to complete than other tests, leading to the difference in effect between Cyclic and Linear
Time Scales. This seems like a plausible explanation for this result, but further investigation is necessary to

determine the true cause.

The second main result we will examine is the significance of the interaction between Temporal Legend
and Data Source. This signifies that the various combinations of temporal legends and data sources have a
significant effect on the response variable from each test observation. A goal of this thesis is to investigate
these types of interactions, and to understand whether certain types of data would be better visualized
using certain types of temporal legends. Figure shows how the response variable changes based on the
combinations of each level from Temporal Legend and Data Source. When we compare this to figure[I6] which
shows the effect of each level in Temporal Legend, we can make the following observation. The interaction
between Temporal Legend and linear Data Source follows the same shape as for just Temporal Legend. This
indicates that this level does not interact greatly with Temporal Legend. The level Cycle, on the other
hand, has a completely different interaction effect with Temporal Legend. The plot shows that while Text is
associated with more accurate observations overall, Clock is better when paired with Cyclic Data Source. In
fact, Text has worse results than the two other legend types when paired with a Cyclic data source, despite
being the legend type associated with most accurate results.

The results indicate that there might be interactions between these factors, which is worth to investigate
further in a full scale experiment. The low number of participants means that the results found here are far
from certain, and should only serve to indicate the potential for future research.

There were some comments from the participants regarding the Text legend. During the tests with the
Text legend, they could quickly glance at the legend to check the time, and then quickly look back without
spending too much time looking at the legend. With the other legend types, this was more difficult to do,
as more mental calculations were needed to understand the current time. Figure [L6]seems to reflect this, as
Text leads to a better Score than the other legends. While the effects of Temporal Legend are not significant,
they are in line with the comments from the experiment participants. These comments might indicate that
the tests themselves were created in a way which inadvertently suited the Text legend better than the other
types. The events the participants looked for were fairly obvious, and the participants did not need to reach
a broad understanding about the animation to answer the questions. This should be kept in mind in future
experiments within this topic.

While the temporal legend Text led to more accurate observations, the experiment did not find any
significant differences between the temporal legends. This is in line with previous research into this topic, as
is described in section Here it is noted that experiments performed by Edsall et al |25] and Midtbg et
al [26] did not find significant differences between the three temporal legend types. This highlights a strength
with factorial experiments, as significant interaction effects can be found while their main factor components

are not significant. The interaction effects can be hidden in experiments that focuses on comparing the
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legends directly. This is particularly interesting in light of Data Source having the least significant effect of

all the main factors in the experiment, while being part of the most significant interaction effect.

There are other results from the experiment which, while not significant, are worth discussing.

We will first examine the interaction effect between Data Source and Time Scale, which can be seen in
figure [I7] This effect describes how the various aspects of the data sets interact with each other. Based on
the interaction plot, we can see a trend which indicates that using a cyclic time scale for cyclic data and
linear time scale for linear data could lead to more accurate observations. This is in line with our predictions,
as we would expect cyclic phenomena visualized with a cyclic time scale to complement each other. Still,

these results are not significant, but could be investigated further to properly evaluate the effect.

From the Pareto chart in figure we can observe that the main factor Data Source (Term B) is the
least significant of all the main factors. This factor describes what kind of phenomenon the data for the test
was drawn from. It is expected that whether a phenomenon is cyclic or linear should not significantly impact
the observers ability to read the data, which is what we observe. While Data Source is not significant, the
interaction effects it is associated with are much greater than its main effect. This indicates that this factor

should be taken into account in future experiments, as it does have an impact on several other factors.

Another observation that can be made from the Pareto chart in figure[T5] is the interaction effect between
Temporal Legend and Time Scale (Term AC). This is the least significant effect of all the effects present in
the experiment. These factors are related in some ways, as each temporal legend is used to visualize each
time scale. It could be reasonable to believe that a clock legend would be more suited for showing a cyclic
time span, or that a timeline would be more suited for showing a linear time span, but no such interactions
were found between the factors. In fact, given the very low significance of the effect, it is more likely that

these factors do not interact.

Having covered the results, the rest of this section will comprise the experiment itself. Here we will discuss
various issues that were noticed during the experiment and lessons learned which should be incorporated into
future experiments.

Regarding the virtual environment itself, the participants commented that they found it easy to under-
stand and interact with. It was not overly complex, which probably aided this. The participants did not
need to shift their attention between too many points of interest during the tests, which also assisted in
simplifying the VR experience. Future experiments using VR should ensure that the participants do not get

overwhelmed by needing to focus on too many virtual elements.

The column representation of data also got a positive response from the participants, as they found it
easy to understand. Since maps in VR have an additional dimension that can be used to display the data,
it is important to take advantage of the new possibilities opened by this third dimension. Given the positive
feedback, the column representation could form a basis for similar visualizations in VR. It is important to
remember that it is only possible to know the values of the transitions between each section in the column.
Observers cannot be expected to accurately estimate values between section transitions. Section[3.1.2]explains
this further.

The feedback regarding the Ul was positive, and the participants found it easy to read and interact with.
Due to the Covid-19 outbreak it was not possible to test parts of the experimental framework with volunteers

during development. This could have uncovered several of the problems present in implementation, and
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lead to a better test environment. Future experiments using VR should incorporate testing throughout the
development of the test environments to weed out these issues.

One issue that was not discovered until it was too late to solve was the overlap issue between the UI and
data columns mentioned in section [f.2] This was a results of the implementation of the data column, and was
discovered during the pilot experiment. It did not cause significant problems during the experiment itself, as
it could be bypassed relatively easily by careful positioning within the virtual environment. Nevertheless, it
does represent the issues that can occur when the evaluation of a test environment is severely limited. Other
than this visual issue, no other major issues with the experimental framework were encountered, and the

flaws were generally a product of the implementation, and not the underlying design.

Having covered the experimental environment, we will discuss the tests themselves. A few issues were
noticed during the experiment and while analyzing the results.

Some issues are related to the data sets used for the tests. The data sets with cyclic time spans were
shorter than those with linear time spans, which could have led to these tests being easier. Future experiments
should use a wider variety of time spans for the data sets, and try to prevent some test being made easier
than others. More extensive testing could have discovered this issue earlier. The current results imply that
tests using cyclic time spans are easier to answer correctly, while in reality this could simply be that shorter

tests are easier to answer correctly.

Some data sets, in particular the data set describing hours of sunlight, might have been too simple. All
participants found that this data set was easy to answer, and the observations for this data set were closer
to the true value than any other data set. A more complex data set could be used, but it is important to not
make the tests so difficult that they do not give useful results. It is also important that the data sets still
have the properties of cyclic phenomena, and if these properties are not clearly present in the data set the
analysis will be incomplete. There are limits to the data sets that are available, and it could be difficult to
find one that fulfills all criteria.
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6 Conclusion

The objective of this thesis is to investigate the effect of different temporal legends in animated maps. In
particular, this involves investigating whether data from different phenomena have different effects on each
temporal legend.

An experiment was set up to evaluate this issue and VR was chosen as the experiment platform. This
experiment was set up as an observer trial. Randomly chosen volunteers would use a developed VR environ-
ment to view a visualization of data sets evolving in time(animations), together with visible time indicators.
Observers were asked to pay specific attention to several details, which they would be queried about. Due to
the fact that the Covid-19 pandemic significantly limited the number of volunteers that could participate in
the experiment, the scope of the experiment was reduced. Because of the low number of participants in the
experiment, the results should be regarded as preliminary and mainly serves to showcase the potential of a

full scale experiment.

A simple test environment was developed in VR for the experiment. This contained a map with animated
data and a UI to present the relevant temporal legends to the participants. It was not possible to evaluate
and improve the design by performing tests with volunteers during the development, which should be done
in future experiments. This is particularly important when developing for new and unfamiliar platforms such
as VR. Two volunteers participated in a pilot experiment to evaluate the setup and improve it before the
final experiment. Several possible improvements were identified and implemented into the test environment.
Finally, a small scale experiment with three volunteers was conducted to obtain preliminary data to answer

the research questions.

The results of the experiment indicate that there could be interaction effects between different temporal
legends and the phenomena data sets are drawn from. If this is confirmed, it could have implications in the
way legends for animated maps are designed. The low number of participants makes this result uncertain,
and future full scale experiments are needed to investigate this further. Despite this, the results are promising

and showcase the potential of using this method for investigating temporal legends.

There are several issues that should be addressed in future experiments exploring this topic. During
the development phase of the experiment, more testing should be performed with volunteers to improve the
design of the tests. The experiment itself should be conducted with more volunteers to obtain a result that
is more statistically robust. Data sets should have more diverse lengths to avoid interactions between certain
factors in the experiment and test difficulty. This could lead to certain patterns emerging where there should
not be any. This seemed to occur during this experiment, where tests with cyclic time spans where shorter
than tests with linear time spans, which might have made these tests easier than others.

The overall design of the test environments was well received by the test participants, and could serve as
a basis for future experiments. The method of visualizing data points with columns can fit several kinds of

data, but is unsuited for questions requiring precise data values.
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