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Abstract

The analysis of vast volumes of data can be an unpleasant and difficult endeavor. Sometimes
the causal relationships between events are not easy to find by looking at individual pieces of
information. The way information is presented is critical to its accurate and easier understanding.
By encompassing more pieces of information from multiple sources onto a single coherent visual
representation the user may be able to identify causal relations among other extracted knowledge.

Information Visualization is the study of techniques for interactive and visual representation
of complex data in a manner that best highlight the data structure and respective causal relations to
ease in the process of its understanding. Over the years, it has been coupled with Virtual Reality,
which is considered an alternative medium for both 2D and 3D representations by allowing the
user to engage with the information in a natural and immersive way.

A field that deals with large data volumes and benefits from proper visualization tools is the
financial domain. Geopolitical, social and economic events have an impact on the performance of
financial assets. For a private investor, understanding how these events are related is a complex
and time-consuming process. An immersive visualization of both asset performance chart and
relevant financial indicators might help discern what’s influencing value change.

We developed a solution that encompasses techniques from the field of Information Visualiza-
tion with the field of Immersive Environments, considering the specific context of financial data.
Within this study, a prototype was developed and tested, to ascertain if the proposed solution helps
closing the gap between the users and the underlying patterns existing in the data. The results
show the proposed solution is more intuitive, appealing and easy to use that a Desktop setup in
tasks concerning data analysis, although it can be slower at times.

Keywords: Information Visualization, Virtual Reality, 2D Scatterplots, Parallel Coordinates Plots,
Immersive Environments, Data Analysis



Resumo

A andlise de vastos volumes de dados pode ser uma tarefa desagradavel e dificil. Por vezes, as re-
lacdes causais entre eventos nao sio faceis de encontrar através da andlise de fontes de informagao
individuais. A forma como a informacdo é apresentada é fundamental para a sua compreensio
precisa e mais facil. Ao englobar mais informagdo de multiplas fontes numa tnica representacio
visual coerente, o utilizador pode ser capaz de identificar as relagdes causais entre outros conhec-
imentos extraidos.

Visualizag¢do da Informacao € a drea de conhecimento que estuda as técnicas de representagao
interactiva e visual de dados complexos de uma forma que melhor realce a estrutura de dados
e respectivas relagdes causais para facilitar a sua compreensdo. Ao longo dos anos, tem sido
associada a Realidade Virtual, que ¢ um meio alternativo considerado tanto para representacdes
2D como 3D, permitindo ao utilizador envolver-se com a informacido de uma forma natural e
imersiva.

Uma drea que trabalha com vastos volumes de dados e beneficia de ferramentas adequadas
de visualizacdo € o dominio financeiro. Os eventos geopoliticos, sociais ¢ econdémicos tém um
impacto sobre o desempenho de ativos financeiros. Para um investidor privado, compreender como
estes eventos estdo relacionados € um processo complexo e demorado. Visualizar o grafico do
desempenho de ativos juntamente com indicadores financeiros relevantes pode ajudar a discernir
o que estd a influenciar a mudanga de valor.

Deste modo, desenvolvemos uma solu¢do que engloba técnicas do ramo da Visualizagdo da
Informag@o com o dominio de Ambientes Imersivos, considerando o contexto especifico dos dados
financeiros. Dentro desta solugdo, foi desenvolvido e testado um protétipo, para verificar se a
solugdo proposta ajuda a aproximar os utilizadores dos padrdes presentes nos dados. Os resultados
mostram que a solug¢do proposta é mais intuitiva, apelativa e facil de usar em tarefas relativas a
andlise de dados, apesar de mais lenta por vezes.

Keywords: Visualizacdo de Informacao, Realidade Virtual, Gréficos 2D, Graficos de Coordenadas
Paralelas, Ambientes Imersivos, Andlise de Dados
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Chapter 1

Introduction

With the recent data boom, there has been an effort to organize and categorize the seemingly
unlimited amount of data available. People nowadays have access to a wide range of data, from
high-level and broad statistics to up-to-the-minute news. However, understanding how these relate
to real-life events is a complex and time-consuming process.

Immersive Analytics is a research initiative, whose goal is aimed at bridging the gap between
people and information they analyze to draw conclusions [40]. It encompasses the field of In-
formation Visualization, commonly referred to as InfoViz, which examines novel ways for people
to view and interact with abstract data, and Virtual Reality (VR), which allows for an immersive

experience while interacting with the information, through its visual representation.

1.1 Context and Motivation

Geopolitical, financial, and social events influence our lives every day. The general public has
access to information regarding these events in a plethora of ways, however, due to its amount,
different levels of detail, outward indifference, and the way it is visualized, finding the causal
relationships might be more than what the casual user can handle. By structuring these occurrences
and grouping them in a proper visualizing medium, relationships and patterns become more easier
to find, which potentially can help draw conclusions and support the decision-making process.

The concept of Information Visualization has long piqued people’s interest [22], [17]: creating
interactive and visual representations of complex data to reinforce human cognition by allowing
viewers to learn about the data’s structural organization and causal relations.

In 1987, it was strongly linked to Scientific Computing and described as providing * a method
for seeing the unseen. It enriches the process of scientific discovery and fosters profound and
expected insights. In many fields, it is already revolutionizing the way scientists do science” [41].

At the same time, Edward Tuftle, a seminal author of the field, pioneered the discussion on several
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topics of data visualization that are still considered relevant to this day [50]. Furthermore, the ben-
efits of Information Visualization have been researched in a variety of fields, including finances,
business, health, marketing, among other domains that deal with large, complex and abstract data.

The way people interact with information can be as important as the devised visual represen-
tation itself. Mostly since the 2000s, new types of interaction technique has been explored, post-
WIMP (post windows, icons, mouse, and pointers), which attempts to push beyond the limitations
of 2D interfaces. In light of this, InfoVis has been combined with Virtual Reality to research new
ways of representing and interacting [52], [25], [48].

Virtual Reality allows the creation of immersive environments, which may be a better medium
for 3D display by letting the user see the information in a broader way as well as a 2D display by
virtue of being able to present spacious and interactive 2D surfaces [49]. Current VR systems are
becoming more capable as hardware also becomes more powerful. They include HMDs (Head-
mounted Displays, available since the 1960s), tracking systems, and handheld input devices that
are both reliable and simple to set up. Furthermore, today’s computers have significantly improved
graphics capability, reducing performance difficulties.

The use of proper visualization techniques allow the user to better understand the complex
data structures, enable potential for the discovery of causal patterns and may lead to a better
understanding of the information and possibly the drawing of conclusions that would be unnoticed

otherwise.

1.2 Problem

Multiple sources of data should be analyzed before the taking of any decision in order to reach
solid conclusions and better justify our choices. The manner in which the information is presented
and interacted with is crucial to its easier and more accurate understanding. However, its a complex
and time-consuming process going through various and distinct pieces of information, specially if
their representations are independent from each other, without showing how they are connected.
A good example of this happens regularly in the financial domain.

Finance investors can research and formulate their opinions on a very wide set of heteroge-
neous sources such as finance websites, newspapers, economic indexes and rates, etc. However,
the private investor might not have the same amount of analysis resources or the required time to
go through each data source. Sometimes, the current state of the financial markets can be hard to
understand since its quite a complex system full of input variables and impacted by the continuous
flow of economic, financial and geopolitical events across the globe. For instance, given the recent
past, what is the impact in the stock market of the FED governor declaring rates will be increased
shortly? What is the impact on gas commodities when there is a potential Russian invasion of
Ukraine?

By visualizing diversified pieces of information separately, the process of finding their rela-
tions will require more time with the possibility of reducing the extracted knowledge and achieving

rushed conclusions.
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1.3 Hypothesis

Using Information Visualization techniques, we propose a visual narrative that encompasses mul-
tiple sources of data (charts, notes, streams, opinions, facts) with the goal of understanding the
possible inter-relationships through the data. The multiple pieces of information should be repre-
sented coherently, providing as immersive experience when the user interacts with the data.
Considering the financial domain, we expect the user to better perceive the behavior of a mar-
ket without having to “drill down” the numerous sources available (mostly text and 2D charts),
which would be impractical, if not impossible, due to the number of updates, volume, and hetero-

geneity.

1.4 Objectives

Our goal is to research and propose a solution towards the visual display of quantitative informa-
tion from a specific data domain, considering an immersive environment as part of the interface,
and using adequate visualization techniques that reinforce the structural relations within the data.
We design these representations using a set of Virtual Reality interaction techniques with the goal

to provide the most natural and immersive experience. Overall the goals are:

a) to design one or more visualization techniques that best suit the domain of data chosen as

well as the highlight of the causal relationships present.

b) to design an interaction model, targeting the visual representations, based on locomotion

and selection techniques that can provide a good immersive and intuitive experience.

¢) to prototype the proposed solution and evaluate it by conducting tests with users mostly

through lab experiment and questionnaires.

1.5 Document Structure

The document is composed of multiple sections: the second chapter presents the surveyed state of
the art. In chapter three, Proposed Solution, we describe the base concepts of our solution. We then
move on to our proposed technique, architecture, hardware as well as describing several decisions
behind the prototype implementation, in chapter four. Next, chapter five presents the methodology
used for experimentation and the metrics we used to measure the performed experiments. In this
chapter, we talk about the dissertation’s expected execution plan and we will present the results
and consequent discussion.

The last chapter presents the main conclusions about our work, addresses the original problem

and goals achieved. It also presents threads regarding future work.



Chapter 2

State of the Art

To properly contextualize our work, we will discuss existing literature regarding Visualization
Techniques, with a focus on those present in VR environments, Immersion and how it is accom-

plished. Finally, some important aspects are also presented in the area of Finance visualization.

2.1 Visualization on Virtual Reality Environments

Over time, there has been an increasing effort to determine which immersive visualization tech-
niques perform best with the various types of data [37], [24]. We will introduce visualization
approaches developed in VR environments, especially focusing on those we consider better for
displaying high-dimensional data, as well as visualization tasks that are used to ascertain how well

users perform during the visualizations.

2.1.1 Multidimensional Visualizations

With the introduction of VR environments, some traditional as well as novel 3D techniques are
again being explored due to the lack of limitations this medium has in comparison to screen-
based ones. Thus, we showcase some multidimensional display techniques of information, such
as scatterplots, parallel coordinates, geographic oriented visualizations, glyphs, symbols and icons,

which are being explored in immersive environments.

Scatterplots

Also known as scatterplot matrices, are mathematical diagrams that represent information through
the display of points positioned in three orthogonal axes [34].

In a comparison study, Filho et al. [26] examined multidimensional reduction data in desktop-
based 2D and 3D and HMD-based 3D representations. The goal was to see how users would

respond to each one and demonstrate the benefits of 3D visualizations in immersive environments.
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Figure 2.1: High-dimensional Scatterplot data visualization in VRE [25]. Color, size, trans-
parency, shape used for additional dimensionality

Users performed much better in VR in distance perception and outliers identification tasks, which
can be explained by the visible and interaction constraints of desktop-based devices. However,
when it comes to user experience, users found the desktop-based setup to be more intuitive and
faster, while the HMD-based setup to be more engaging. The authors justify these ratings with a
possible unfamiliarity with these types of new environments.

Taking advantages of multiple configurations regarding visual quality, Donalek er al. [25]
experimented with the colors, shapes, sizes, transparencies, and textures of each point to generate
eight-dimensional scatterplots (see Figure 2.1). A prototype was created that allowed several users
to visualize the data and collaborate at the same time. The way data was represented through the
eight dimensions was helpful in terms of user comprehension, and the ability to dynamically adjust
visual aspects during the visualization considerably increased user engagement and immersion.

Arms et al. [15] investigated the performance of structural tasks, one of which being cluster
identification in virtual environments and desktop-based devices. The clusters were identified
using colors and glyphs, and the results showed better performance in VR, which the authors

justified as these environments provide better 3D visualization by immersing the users in the data.
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There are few frameworks that allow quick prototyping of Scatterplots in VRE. ImAxes [23],
an authoring tool, allows the creation of visualization techniques dependent on axes by requiring

the use of simple programming grammar and also providing templates, which can be customized

and turned into working prototypes (see Figure 2.2).
e .
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Figure 2.2: Tree-linked representation of Scatterplots produced by the Infoviz framework

ImAxes [23]
In a similar way, DXR [45], an authoring tool, facilitates the development of high-dimensional

visualization techniques, including Scatterplots, and offers a degree of personalization in several

elements present in the representation (see example in Figure 2.3).

Parallel Coordinates

Figure 2.3: High-dimensional Parallel Coordinates Plot visualization in VRE. Colours are used to

highlight and more easily track different points through all dimensions [48]

Parallel coordinates plots, or PCPs, are a common way of viewing and further analyze large
and complex datasets. It represents the data through points placed on parallel axes (see Figure
2.3). This visualization technique overcomes scatterplots when intending to trace a singular data

point in several dimensions. In Scatterplots, that is only possible in adjacent planes.
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Billow and Cottam [19] developed Geovisor, a tool that allows users to create abstract 3D
visualization approaches, and used it to analyze user performance evaluation criteria in a variety
of representations, including PCPs, with the purpose of detecting correlated data.

Tadeja et al. [48] examined the potential benefits of using PCPs to aid with engineering design
decision-making. They used a dataset that had previously been examined with 2D PCPs to see
if using 3 dimensions with the help of virtual reality would result in improved data analysis out-
comes. Users with domain expertise and experience visualizing and interacting with PCPs were
asked to identify patterns in the dataset. There was some discrepancy in performance among the
four users that tested the prototype, but the findings were satisfactory and indicate that virtual

environments can provide benefits to this kind of representation.

Geographic

Figure 2.4: Space-Time Cube visualization of movement trajectories data in an immersive virtual
environment [27]

Geographic visualization is considered the best technique for geospacial information [37],
thus using map-based representations that are usually complemented with other visualization tech-
niques. This approach is fairly explored in VR environments due to these providing a good amount
of available space and navigation techniques in comparison to desktop-based setups.

Filho et al. [27] developed space-time cubes, or STCs, for studying spatio-temporal aspects
in datasets regarding movement trajectories, while employing interaction approaches that account
for visual clutter, a lack of depth information, and the general navigation issues that these visual
techniques are known for. Some design choices were considered, including time growing downhill
so the viewer could see the timeline intersecting the map as the current time, and color encoding
for distinct timelines, which can aid pattern recognition and location identification (see Figure 2.4).
The results demonstrated that the investigation of trajectories in these immersive STCs improved.

Yang et al. [52] proposed flow data representations in three different scenarios: on a flat dis-
play, 3D curved globes, and a novel technique called MapsLink, which uses several maps linked
(see Figure 2.5). The way the height was calculated varies from being constant, proportional to
distance, and proportional to flow. The comparison of different levels of flow in different map

locations was tasked and the results showed in 2D flow maps, users were faster and in 3D more
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Figure 2.5: Different Movement trajectories data explored in a Flow data immersive visualization.
[52]

accurate. Regarding the MapsLink, users took significantly more time performing the tasks. It was
concluded that the 3D curve flow maps were the preferable approach as well as the more accurate
and faster in all 3 experiences.

Glyphs, Icons and Symbols

Glyphs, icons, and symbols, as well as their benefits, are only lightly investigated in virtual worlds
compared to other techniques [37]. They can, however, aid other visualization techniques in
highlighting information and task execution due to their simplicity.

Gistualizer is a tool developed by Billow and Cottam [19] to visualize singular and complex
data points as glyphs composed of landscapes with different properties (see Figure 2.6). Each
landscape is designed when a data point is selected, and the appearance of the landscape varies
depending on the data point attributes. Elements such as houses, mountains and the weather
present in the visualization are coded to indicate different characteristics of the data point.

2.1.2 Visualization Tasks

The success of a visualization is mainly due to the selected technique, but also to the interaction
tasks used to manage data of visibility, identifying elements, filter and general analysis of the data.
In this section, we present literature related to the tasks that seem more relevant according to our

objectives.
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Figure 2.6: Multidimensional data representation using glyphs to display data points. Properties
of the landscape correspond to different data points [19]

Clustering/Classification

Clustering and classification tasks require the user to find groups of data points that are simi-
lar [37]. This activity is commonly used to compare the effectiveness of different mediums in
terms of perception and analysis. In a comparison of desktop 2D, 3D and 3D HMD VR scatter-
plots visualization, Filho et al. [26] observed that the classification tasks were statistically more
accurate in the immersive environments, especially in the 3D representation, where the desktop
setup did not prove to be very effective. On a similar note, Kraus et al. [38] compared the per-
formance of tasks performed in 2D, 3D desktop devices, and in 3D scatterplots visualizations in
VRESs, being these one miniature and one full immersive representations. The findings revealed
that 3D visualizations outperformed 2D representations, and that immersion can improve 3D vi-
sualizations and cluster identification.

Pattern Analysis

Pattern analysis tasks are useful, especially when analysing large data sets. Finding correlations
within the data can substantially help the user understand and, possibly, reach conclusions. Raja
et al. [44] ask the users to find trends using the same data set in 1 wall, 4-wall, with and without
head tracking CAVEs. The 4 wall setup with head tracking seemed to be the preferable approach
when finding the patterns. Nagel et al. [43] designed a system that identifies non-linear patterns
in static and dynamic data sets. It also uses non-visual qualities like sound to display information
in order for the user to analyse larger amounts of data at a time, which can help the detection of
trends.
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Visual Search

In Visual Search tasks, users are asked to find specific visual elements in a visualization that can
have several different ones. These tasks can be very helpful in visualizations difficult to follow
like geographic ones and, in general, their execution serves the purpose of helping the user explore

the data and, possibly, reach conclusions [29], [27].

Details on Demand

Details on Demand tasks are focused on allowing a user to request more information about a
specific data point without affecting the visualization as a whole, such as the current view of the
representation. From a previous reference [19] developed Gistualizer and explored glyphs of land-
scapes, basing their properties like the mountains, the height of buildings on specific information
related to a selected data point. As a result, the user can look at different aspects of the data point
without interfering with the original visualization.

The visualization tasks researched above compile different ways of evaluating visualization

systems, specifically in the area of data analysis.

2.2 Immersion

When it comes to analyzing large amounts of data, immersion is crucial [44]. The user can ulti-
mately get free of the unseen limitations that more ordinary 2D interfaces inevitably provide by
attempting to exploit more of the human senses. As such, Virtual Reality is the ideal medium
for data analysis because it allows for the most natural engagement conceivable in comparison to
other mediums. It achieves this by giving a collection of approaches for navigation, selection, text
input, some of which are more immersive than others. This section is broken into sub-sections that

describe what has been developed about these thus far.

2.2.1 Navigation

Teleport and continuous movement are the two types of movement that can be used for navigation

(see Figure 2.7).

Teleport

Teleporting is the ability to move from one location to another instantly. The most frequent form
is "Point and Teleport," in which a user with a one-hand joystick points to a destination and clicks,
causing his/her location to change to the specified coordinates. Berger and Ralf [18] decided
to use this navigation strategy with a clear and visual indicator of where to teleport for its low-
performance requirements and already built-in implementation in the Unity3D application while
testing the examination of noise standards in immersive environments. One issue they had was

controlling altitude variations, which they did not limit but rather supplemented with an overview
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TELEPORT CONTINUOUS
Fade out at point A, fade Use analog stick to walk
in at point B or run

Figure 2.7: Possible navigation types explored in VRE [47]

map to ensure users would not become disoriented. Another study compared Point and Teleport to
other well-known navigation approaches and found that while it is the best at avoiding collisions
in a set of predefined obstacles, it falls short in terms of presenting a user with an immersive and

natural experience [20].

Continuous Movement

Continuous Movement is type of locomotion in which the user progresses through the translation
in a fluid motion. When compared to Teleport, the user moves in a more natural way, which
results in a reduced chance of disorientation and more immersive navigation. The "Walk-in-Place"
approach is a popular one that involves interpreting leg motions, while the user remains still. The
way user moment was read was with the help of treadmills [28] [32], or with the use of reduced
friction surfaces [30]. Walking metaphors are the opposite of the previous strategy outlined. It
is based on body movements, with the exception of walking. For example, the direction the user
intends to move can be detected and even the speed calculated by leaning with the user entire body
or just parts of it [39], [35].

2.2.2 Selection

Objects, menu items, buttons, and different views will be selectable during the visualization. The
user’s interaction with the display will have a significant impact on his/her total immersion. With
the advancement of virtual reality hardware, more selection approaches are being investigated in
light of the hardware capabilities.

The metaphor of the user imagining his/her own hands in the virtual world is used in the virtual
hand selection approach (see Figure 2.8). Actions like clicking, grabbing, stretching, rotating, and
scaling visual objects will become easier to accomplish because the technique is more natural and

familiar. Another option is to employ raycast pointers, which track a specific region of the user’s
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Figure 2.8: Selection Techniques in VR. a) Raycasting pointer. b) Virtual hand metaphor[31]

body and fire a focused laser at the object to be picked. Even while this method is more accurate
and allows for a long-distance selection, it necessitates more complexity to perform activities other
than selecting, and it might present itself as artificial to the user since it does not mimic the real
world.

Wagner et al. [51] investigated the advantages of separating and combining these techniques in
a spatio-temporal data visualization (see Figure 2.9). Despite the fact that the performance of the
interaction tasks did not differ significantly, users preferred the combined method, which included

a virtual hand with raycasting capabilities.

Figure 2.9: Ray pointer and virtual hand techniques combined in a geographic information visu-
alization system [51]

2.2.3 Text Input

Although our solution does not focus on this feature, when working with computers, one of the
most typical tasks is text input. In Virtual Reality, this task is not so trivial. One such approach
is to create a virtual keyboard where the user can type by properly tracking which key the user
wishes to press. Speicher et al. [46] compared six different ways of entering texting using various
selection processes: a) pointing at a virtual keyboard with a projected ray from the user’s head,
b) using one joystick or both to be the origin of the projection, c) tapping with the controllers

on the keyboard, d) and free-hand technique, which involves accurately tracking the user’s hands,



2.3 Visualization for Finance 13

particularly each finger and pad-based cursor control, both discrete and continuous. The controller
pointing technique demonstrated to be superior than all others but require tracked hand-held con-
trollers.

Another option is to track the user’s hand and a keyboard that is physically in front of him/her
while simulating the same scenario in virtual reality. This method allows the user to write in a
familiar and natural manner while simultaneously allowing him/her to visualize the moment in the
virtual environment. Knierim ef al. [36] investigate this strategy by asking 32 users to write in
this precise arrangement, some of them are experienced typists and others are not. Even though
inexperienced typists needed to see their avatar hands in order to write better, this study indicated
that there was no substantial difficulty in the writing process.

These strategies do not deviate too much from how we normally enter text in non-immersive
environments: they are just focused on writing.

Voice recognition, a natural means of expressing oneself that is very familiar to the user,
may have a strong probability of challenging the text input alternatives. It is unaffected by the
user’s inability to visualize the real world, or by hardware limitations such as controller/hands
tracking. Nevertheless, in order to work correctly, the user should be in a silent environment [33]
or receive audio feedback from short range microphones. Morotti et al. [42] researched the benefits
of visualising a fashion retail e-commerce experience, in which an expert user group was invited
to try on and purchase clothing using voice commands and 3D object interaction. Although more
research into this area is needed, preliminary findings reveal that the usage of voice enhanced the

user’s engagement and immersion in the environment.

2.3 Visualization for Finance

Information visualizations for finance support the analysis of financial relevant metrics or specific
assets and, in most cases, their evolution over time. Depending on the data sets and what the user
wants to depict, there are visualization techniques that are better in highlighting different relations
like correlation between economic indicators, ranking of financial assets, temporal evolution and
so on. As a first step to identify the most appropriate visualization technique, The Financial
Times [3] identified groups of techniques that best suit different financial relationships. This way,
we can observe that scatterplots are both chosen for temporal as well as correlation techniques.
As mentioned previously, current financial platforms, even though they present a news sec-
tion, there is no clear explanation how these impact financial assets. Finviz [7], a website which
displays financial information, allows its users to see numerous sources of information compiled
in different representations like tables, maps, deviation charts with several filtering options, and
also accompany worldly news updated to the minute. However, it does not cross these two topics
in the same visualization environment. Bloomberg [2] is a website, which delivers several news
relevant to the economic world and offers the user with tables and charts regarding stocks, futures,
currency including crypto. Similar to Finviz, it does not contain visualizations that combine or

visually present the correlation between the news and the financial assets charts.



State of the Art 14

Geopolitical, social, and economic events are all structured by the time dimension and, there-
fore, are compatible with visual representations of data across time. Timelines are an example of
such representations, with the ability to depict single events that occurred over a small period of
time as well as long-duration events that transcend along the time scale, which is initially set to
better suit the data collection and then possibly revised by the user. SIMILE Widgets [10] pro-
vides timeline representations for a variety of events, including religious timelines, art periods, and
a person’s biography (see Figure 2.10). The timelines are laid up horizontally, with single events
shown as symbols with a brief description and events lasting more than one time unit displayed
as bars. Depending on the information they are delivering, these pieces can have different colors.
This way, the user can browse over the timeline and get a basic idea of what events occurred, their
types, and their duration over a specific time period. Events can have information blocks or even
news sections linked to them in addition to a brief description. Knight lab [12] allows the creation

of timelines with the option of further customizing how the events are shown.

walry in Algeria @ The Seine at Argenteuil @ Water Lily Pond
@ Attempted suicide @ Second son Michel born @ Married Hoschedé

of Charles Gleyre in @ Monet's Garden at Argenteuil @ Moved to Giverny with Alice Heschedé @ Durand-Ruel gallery
@ Camille @ Doncieux died

@ Married Donciewx @ The Artist’s Garden in Giverny

© ook et i Erind

Lived at Argenteuil, near Paris
@ Impression, Sunrise
*Series' painting

Figure 2.10: Timeline visualization of Monet’s life. His life’s instances are represented as circles
and drawn out events as bars, both in different colours [10]

2.4 Discussion

In the preceding sections, we covered existing literature on some visualization approaches in vir-
tual reality environments and in the finance context, as well as virtual interaction strategies used
to achieve user immersion when acting in the environment. In general, we can argue that some of
the strategies presented are superior to others, particularly in the domains of data visualization and
finance.

Given the large complexity of financial data domains and their reliance on the variable of time,
the best fit for these types of representation appears to be Scatterplots and Parallel Coordinate
Plots (PCP). Scatterplots make full use of the environment’s spatial capabilities, utilizing the 3D
scope to accurately position data represented as points. However, in order to go beyond the three-
dimensionality of the axes, certain characteristics of the plots, such as colour and size, can be used
to represent additional data, which may cause visual clutter when the user is in the process of

visualization.
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PCPs, on the other hand, do not have this issue because it is simple to add dimensionality by
reasonably increasing the number of axes employed without causing visual clutter. In addition,
unlike Scatterplots, where following a single data point across several dimensions is only possible
in adjacent planes, this technique allows the user to easily track it across many dimensions. When
spotting trends, however, a visualization technique with the three axes connected, such as Scatter-
plots, may give the viewer a greater grasp of the patterns linking the data than a depiction with
several but paired axes like PCPs. Glyphs, Icons and Symbols can be helpful, not as visualization
technique on its own, but to complement a primary or secondary data representation.

Since our problem is related to visualizing information in a way that highlights the correlation
within the data, the visualization task of recognizing patterns appears to be important to the success
of the chosen visualization technique. Also, the task Details on Demand, which entails requesting
additional information about a particular data point, makes sense when displaying distinct bits
of data with a complex relationship. Other tasks, such as Clustering and Visual Search, have
considerable advantages in our environment, but we must keep in mind that each testing session is
restricted in time, which limits the activities that may be studied.

A second and auxiliary visualization can be added to the environment to offer the viewer an
overall picture of the global events being considered. The timeline visualization technique can
simply present a number of events and related financial indicators for the user to study and select,
with the primary visualization updating dynamically.

As previously said, immersion will play a significant role in the entire visualization, assisting
the user in detecting and understanding the relationships and patterns that connect the many pieces
of information exhibited. There are superior interaction approaches, which help achieve natural-
ness and immersion in the environment. Different movement approaches might be considered
depending on the size and dynamics of the display. On the one hand, the point-and-click tech-
nique, which does not require much immersion, can be useful because it is already built into most
Virtual Reality softwares, especially if the display style is static and the user is largely moving in
the horizontal plane. Techniques that examine walking or walking metaphors, on the other hand,
expand the idea of similarity to the real world by immersing the user.

The same is true regarding selection techniques: the one that most closely resembles the real
world succeeds in better immersing the user in the virtual world. Even though it is not as precise
as raycast pointers, the virtual hand technique appears to be the better alternative. However, the
pointing technique additionally goes above and beyond in terms of targeting and picking objects

that are out of reach of the user’s physical hand.

2.5 Summary

We conducted research over existing literature on the topics of Information Visualization both in
Virtual Reality environments and in Finance and interaction techniques that lead to Immersion.
We conclude that there are no established guidelines on which techniques, both visualization and

interaction ones, to use on contextualized scenarios such as our own. This may be due to the
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relatively recent investment in Information Visualization techniques in Immersive Environments.
Regardless, we were able to determine which visualization approaches better suit our data set
domain as well as interaction methods, which lead to an improved detection and comprehension

of existing patterns in the data.



Chapter 3

Immersive 2D Scatterplots and Parallel
Coordinates Plots

After researching existing literature related to our work, in this chapter, we address the problem,

and describe the proposed solution, detailing important aspects that are crucial to its success.

3.1 Problem Statement

The analysis of multiple sources of information is crucial when trying to reach accurate conclu-
sions and take significant decisions. However, finding how the information is connected takes
a considered amount of time, specifically when the representation does not highlight the causal
relations existing in the data.

Considering the financial domain, geopolitical, social and economic events have an impact on
the value of financial assets. Private investors can conduct their own research and formulate their
opinion of a very wide set of sources of information. However, due to the number of updates,
the volume and the heterogeneity, to read and understand all this information is a complex and
time-consuming process.

Thus, a visualization including heterogeneous pieces of information designed to highlight the
causal relationships within the data, could speed up the process of understanding and drawing

conclusions.

3.2 Approach

We proposed the implementation of more than one visualization technique in immersive environ-

ments with several interaction methods thought to provide familiarity and immersion. As the main
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display, 2D Scatterplots are used to represent high-dimensional temporal data regarding the per-
formance of assets and economic relevant markers. The users are able to interact with these plots
by getting closer and selecting by touching the points that they intend to analyse.

A second visualization will dictate which plots are visible to the user. The solution includes
a Timeline representing geopolitical, economic and social events in a temporal scale. The user
can select which events are active, dynamically updating the Scatterplots display. For each event,
several relevant financial indicators are displayed and if chosen, the respective plot will be added
to the pool of Scatterplots present in the scene.

A third visualization technique, Parallel Coordinates, is also available. After selecting the
intended plots, the user can opt to link the plots, better following individual points through several
charts. Any selected point will also highlight points of different Scatterplots in the same time
scale, including plots represented in the Parallel Coordinates visualization.

As mentioned before, interaction techniques are crucial to immerse the user into the environ-
ment and, consequently, the visualization of data. Given that these representations are not far and
unreachable from the user original position, it makes sense to choose the virtual hand technique
as well as physically walking as the selection and navigation techniques respectively.

Since our goal is to enable the user to find possible correlation between different sources
of information, we believe a visualization encompassing multiple representation techniques and
providing a natural and immersive interaction with heterogeneous data might help us more easily

accomplish this goal.
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3.3 Visualization Techniques

In this section, we present key aspects concerning the multiple visualization techniques integrated

in our solution.

3.3.1 Timeline

| U.S. Employment

®» US Consume

r Spending

rsonal Consumption
Expenditure: = B

Figure 3.1: Timeline of discrete events

The Timeline visualization (Figure 3.1) establishes the relation between the several data plots
and the economic, political, and social events. Along its time scale, singular and long-duration
events are represented. Each event, when clicked, opens a window containing financial metrics or
asset performances relevant to the chosen event. With these windows, the user can select which
plots are added to the scene or close previously opened windows.

The Timeline is also responsible for managing what actions are available to the user. Aside
from the event and plot selections, it has three buttons (top-left in Figure 3.1), which provide
data analysis support, a different visualization technique, and to clear selected points respectively.
When turning the Enhanced mode, the plot the user is looking toward gets closer to him, facili-
tating data analysis and further interaction. In the Parallel Coordinates mode, the active plots are
cloned and positioned parallel to each other, having time corresponding points linked throughout

the different plots. Lastly, there is also a button that clears any selection of points previously made.

3.3.2 Scatterplots

The 2D Scatterplots are the most common visualization method for analyzing data in our solu-
tion (example in Figure 3.2). It is composed of two orthogonal axes, where the X-axis always
represents a determined period, while the Y-axis varies between monetary values, percentages, or
quantity magnitudes, depending on the plot in question. Each data point is represented by a black

or red sphere, depending on the time scale.
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Figure 3.2: Continuous data represented by Scatterplots

For better readability, the vertical axis is divided into numerical checkpoints, easing the visual-
ization, especially from a distance. The title, the axes measures, checkpoints, and the coordinates
of the points are also scaled and appropriately placed so the user can easily understand what is in

front of him.

Figure 3.3: Scatterplots radial placement around the user

The plots are placed in circle around the user (see Figure 3.3), facing the center. The user can
rotate the charts around 360 degrees to better position the active plots in the direction he is looking.
While in Enhanced mode, the plot the user is looking towards gets closer to the center, allowing

the user to get in range of selecting the points with just one or two steps. Each plot in the top right
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corner has the option to maximize the temporal scale, accessing more detailed information about

a specific metric or asset (see Figure 3.4).
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Figure 3.4: Scatterplot with its temporal scale amplified

3.3.3 Parallel Coordinates

Figure 3.5: Different layouts of the Parallel Coordinates visualization

The Parallel Coordinates technique lets users quickly analyze data points across several dimen-
sions. When the user opts for this representation, the active plots are distanced from the center
and cloned. Its clones are placed in front of the user and parallel to each other. Each data point is
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linked to its time correspondent in the following plot, facilitating the analysis across several plots
(see Figure 3.5).

The user can freely move and rotate the whole object with his/her hands. He can also scale
it, but due to the almost unlimited freedom of the virtual environment, there is a minimum and
maximum cap to it. If a data point is selected, consequent data points linked are also highlighted,
including the link itself.

3.4 Point Selection

Point selection plays a significant role in finding possible relations between the different Scatter-
plot data across multiple visualization techniques. By selecting a data point from a plot, points
that date the same time coordinate from different plots are also selected, highlighted with the color

green (see Figure 3.6a).
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(a) WTT Scatterplot with several points selected (b) Enhanced Euro-area Inflation Scatterplot

Figure 3.6: Point Selection across different plots and time scales

When maximizing the scale, any point encompassed by the time of a reduced scale highlighted
point also gets highlighted (see Figure 3.6b). These features are going to be crucial when analyzing

possible correlations between plots.
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Figure 3.7: Point Selection in PCP mode

On Parallel Coordinates mode, by selecting data points, not only the point selected highlights
but also the correspondent time points in neighbor plots, including the object that is linking them.
This link turns black when either one of its extreme points gets selected (see Figure 3.7). Since the
array of points selected is universal across both visualization methods, any selection transitions
among the representations.

This interaction is performed by touching the intended spheres and reversible by repeating the
action. For a better user experience, the user can clear selected points in a single operation in the
Timeline.

3.5 Summary

The goal of our work is to illustrate different pieces of information in a immersive and coherent
visualization that better features the existing correlations in the data. In this chapter, we present a
solution, opting for visualization and immersive interaction techniques that best achieve this goal.

In our approach, we propose the implementation of Scatterplots, to represent time-dependent
continuous data, Parallel Coordinates, allowing the user to follow a single data point across several
dimensions, and a Timeline visualization, which acts like a menu, by giving a natural context
and flow, determining which plots and visualization techniques are active. The user interaction is
composed of several interaction techniques thought to be the most natural, familiar, and immersive

to the user.



Chapter 4
Prototype

To adequately evaluate our proposed solution, a prototype was developed. The architecture and
setup used in this prototype, as well as some implementation aspects, are described in this chapter.
We also present the key features of the architecture, the essential components used in the setup,

and some of the implementation choices made during the development of the prototype.

4.1 Architecture

Unity ¥

| Interaction Module I

h 4

[ Scene Module }

h 4

[ Render Module

Figure 4.1: Prototype Architecture

Our prototype was built according to the architecture shown in Figure 4.1. It is composed of

two trackers, each collecting data from the hardware and delivering it to our modules. The Hand
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Trackers oversee the capturing all of our hand movements, including translation and rotation. It
also records whether one of its input buttons is pressed, as well as the intensity with which it
is pressed. The Body Tracker displays information about the user’s present location. The Head
Tracker informs when the user moves and/or rotates his/her head, helping to track the user’s posi-
tion and the direction he/she intends to look.

The XR Tool Kit package [13] is a high-level system that significantly speeds up any process-
ing of input and movement data from the trackers used. The Interaction Module uses several XR
Tool Kit functions to quickly update the user’s position in the virtual environment. The Scene
Module is responsible for updating the scene on the current user’s position and actions. It sends
the information about the scene to the Render Module, which renders the scene and displays it in
the Headset.

4.2 Setup

The setup consists of several devices on the HTC Vive set, the Hand Controllers and the Headset.
The prototype was delevoped in the Unity game engine, using the XR Tool Kit package to easily

integrate Virtual Reality components.

4.2.1 Head Tracking

Figure 4.2: HTC VIVE Headset

For Head Tracking, we used the HTC Vive Headset (see Figure 4.2), which has 6 degrees of
freedom allowing the user to look in any direction he/she wants in the 3D virtual scene, while also

tracking his/her position. It has a 90Hz refresh rate and a resolution of 1080x1200 pixels per eye.
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4.2.2 Hand Tracking

|
Figure 4.3: HTC VIVE Hand Controllers

The HTC Vive Hand Controllers (see Figure 4.3) are used for Hand Tracking, allowing users to
move their hands physically while in the virtual environment. They do not provide finger tracking,
although it detects 6 degrees of freedom on each user’s hands. Each controller has a multifunction
trackpad, grip buttons, dual-stage trigger, and system and menu buttons. We will use the trigger

and grip buttons from all these input options to perform some actions in the virtual scene.

4.3 Implementation

Our prototype was developed using the Unity3D engine, specifically on the 2020.3.21f1 (64bit)
version with gravity and object collision disabled. We added the XR Tool Kit package that
trivializes the implementation of several elementary VR interactions by automatically detecting
OpenXR [14] controller inputs, such as the HTC Vive ones, and offering the hover, select and grab

interactions built as components.

4.3.1 Scatterplots Design

To display a dataset, we used a CSV Reader already implemented, which parses information in
CSV files (see Apendix A) to a list of Dictionary data structures, having the column names as keys
to access the points values. Each data point translates into a sphere, which is a prefab composed of
a sphere collider and a script that changes its color according to whether its collider is triggered.
The maximum size of each axis divided by the number of points per plot results in the distance
between points illustrated in the Scatterplot. The axis itself is also a prefab composed of a plane
as the background and two cylinders, which represent the orthogonal axes. Across these cylinders,

there are several text components to display the plot measures and magnitudes checkpoints. The
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plane has a texture of a black stippled horizontal line over a white background. This texture is then
tiled to the number of measure checkpoints requested.

When the scene starts, all the available Scatterplots are created and disabled, hidden from the
user except for the primary plot the user can analyze. The other plots can be activated with the
help of the Timeline. When activated, the Scatterplot in question is added to the scene adjacently
to the last one. Every plot present in the scene knows of the existence of its neighbor plots, having
references to the objects themselves. When a Scatterplot is removed, the object is turned off
and placed in a default position, while the remaining plots are correctly positioned to fill the gap
created, if any. The two functions, AddScatterplot and RemoveScatterplot (see Apendix B), are
mainly responsible for placing the Scatterplot in the correct place and also updating the references

on its neighbor plots.

4.3.2 Plot Placement

(b) Parallel Coordinates distributed across the scene

(a) Scaterplots radially placed around the user

Figure 4.4: Different Scatterplots’ placement explored

The current solution places the Scatterplots around the user facing the center (see Figure 4.4a)
while also letting the user choose a different visualization technique. However, initially, it was
explored a different placement for the visualizations. In this first approach, the Timeline also
dictated which plots were visible to the user, although these were always parallel to each other and
connected the same way as in the Parallel Coordinates mode (see Figure 4.4b). The user had to
cross large distances to analyse different plots, which could lead to loss of concentration amidst
the global context.

The user physically walking is the preferable option, bringing more immersion when navi-
gating through the representations. Therefore, another plot distribution was explored based on
making the user walk smaller distances and taking advantage of the 3D space and perspective the

virtual environment provides. Thus, the plots being around the user for a rapid observation of the
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data across the time, with the option of getting the plots closer for more detailed analysis, was a
better approach than the previously explored.

Differentiating both visualization techniques, the Scatterplots and Parallel Coordinates allow
a faster understanding of simple relations in the Scatterplot representations as well as the analysis
of more complex analysis in the Parallel Coordinates mode.

For example, in order to see how a certain element of interest evolves, the user can quickly turn
on the respective plots and analyze them from a distance. Furthermore, the Parallel Coordinates
significantly speed up the response to see if a maximum occurs at the time of another maximum
in different plots. The user is free to choose which visualization is best for what he wishes to

understand.

4.3.3 User Interaction

The XR Tool Kit supplies several integrated interaction features and detects multiple controller
properties, like input buttons and the device’s current position and rotation. To change the Timeline
height, the user can hold the left trigger button and move his/her hand up and down, updating the
object height.

The Scatterplots displayed around the user have an empty object placed in the center as a
common parent. The user, when holding the right trigger, can rotate the plots 360 degrees around
him/her. With the help of the XR Tool Kit, we can measure the position of the hand controller
in each frame, calculate the difference between frames and transform the result into signed Euler
angles, which are added later to the vertical rotation of the plots’ parent object. This way, the user
can rotate the scene, ending pointing to the same point he started.

When turning on the Parallel Coordinates mode, the active plots are cloned, linked to each
other, and placed in front of the user. The user can move, rotate and scale the whole object freely.
Independent of which hand is used, by holding the grip button, the object parenting the Paral-
lel Coordinates representation, turns into the respective hand object descendent. Therefore, any
movement and rotation the hand object suffers is also applied to the visualization. This way, the
interaction is very familiar and easy to the user, moving and rotating his/her own hand. Addition-
ally, by holding both grips at the same time, the user can simultaneously scale all the plots. In
each frame, we read the distance between both hand controllers. When both grips are held, we
compare the distance to the previous frame and add the difference to the scaling property of the
object parenting the whole representation.

To move the Scatterplots closer to the user in Enhanced Mode, the system takes advantage of
the hover interaction [5] components the XR Tool Kit provides. The system shoots a ray from the
Headset towards the direction the user is looking. This ray has a distance large enough to always
collide with the Scatterplots collider, and when entering the collider, it triggers the integrated
method OnHoverEntry [5], performing a function of choice afterward, which brings the plot closer
to the user, allowing for better visibility of the information. The opposite occurs when the ray

exits the plot collider, triggering the method OnHoverExit [5], which moves the plot to its original



4.4 Summary 29

position. The XR Tool Kit package provides both OnHoverEntry and OnHoverExit as well as their

necessary components to work.

4.3.4 Menu

The Timeline (see Figure 3.1) allows the user to select the visualization technique to analyze
the information and also locks some of the interaction options available. While on Enhanced
or Parallel Coordinates mode, the user cannot add, remove or rotate the Scatterplots displayed.
This decision was made to avoid multiple components interacting with the properties of the same
objects simultaneously.

Moreover, the selection of points is common to both visualization techniques, thus not suffer-
ing any restriction across both modes available. Point Selection, as well as the activation of the
plots, is manually triggered when the user touches the object in the scene. These objects change

color, giving visual feedback to the user.

4.4 Summary

In this chapter, we discussed the important elements of the architecture of the prototype system that
was the development undertaken of this work, as well as its main components. We also detailed
the setup and hardware used to explore the visualization and interaction techniques. Additionally,
we went into detail about several of the implementation choices made during the development of

the prototype.



Chapter 5

Evaluation and Results

A well-designed information visualization solution in a virtual environment may improve human
understanding when analyzing the data. Determining the success of our solution is accomplished
by conducting tests having real users using the system prototype and documenting their experi-
ence.

Since our goal is to assess if the Virtual Reality medium makes a difference in how information
is represented and, as a result, how well it is understood, the tests consist of a comparison between
the prototype usability capabilities and a Desktop baseline. The tests involve time and accuracy

measurements of the users’ performances of a series of tasks concerning data analysis.

5.1 Test Data

As a use case for our tests, we created an example based on the financial domain. The test data set
is composed of a financial asset easily recognized and whose economic influences are very well
known and documented. These influences are relevant metrics and other financial assets, whose
relations are clear to the original financial asset. Furthermore, political, economic, and social
events must encapsulate a time scale rich in variations regarding the value of financial assets and
metrics, highlighting possible relations between them.

In total, the data set used during the lab experiments consisted of nine financial statistics,
being three economic assets and six financial metrics. For each, there was a total of 40 entries, all
represented in the amplified scale and half in the reduced scale. The Scatterplots represented both
monthly values and every two months depending on the respective time scale.

The Western Texas Intermediate Crude price per barrel [4] is an excellent example of a finan-
cial asset complying with the above conditions. Its dependencies reach global markets, influencing
several countries’ economies. It has suffered several variations across the time, and several well-
documented global indicators influence or are influenced by its value.

Multiple world events shape every country economy. Since the WTI Crude price influences

several nations, the events chosen should make global financial indicators feel their presence.
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Shortly after the start of Covid-19 pandemic, there was a global lockdown, stopping the man-
ufacturing and production of several types of goods. This lockdown harshly impacted the demand
and, consequently, production and transport of goods and ultimately, the value of Crude, making
sellers willing to pay buyers to take Oil out of their storage facilities and transport vessels. China,
which holds a good percentage of the world production, suffered several variations in its Manu-
facturing Purchasing Managers’ Index and Producer Price Index [1], which provide a good read
on global production and inflation, respectively.

The U.S. Employment, U.S. Consumer spending and U.S. Personal Consumption Expendi-
tures [1] measure the country economic health, the buy of goods and services and a measure of
supply and demand: inflation. These indicators provide a good overview of the U.S. enconomic
status, but also the availability of products in the market. Since the United States are the top 1 Oil
Producer and Oil Consumer [8], its economy is heavily influenced by the WTI Crude index value,
among many other. During the Covid-19 lockdowns, the unemployment raised, people stopped
buying many products and the inflation reached historical minimums.

Regarding Europe, the Euro-Area Inflation [1] is also very sensible towards crude prices, since
several European countries are high oil consumers. Due to more protective legislation, the unem-
ployment in Europe did not reach the levels seen in US lockdowns, but the citizen behaviour
towards buying products was similar, leading to historical minimums in inflation during that time.

During 2020 and part of 2021 the US Federal Reserve and the European Centrall Bank per-
formed every possible measuse to protect the economies from a higher level of degradation and
made money easily available to the economies, in an attempt to avoid economies to shrink beyond
manageable scennarios.

Therefore, we can consider that central currency policy has a huge impact on economy and
finance. When the European Central Bank President, Christine Lagarde', and the Chair of the
Federal Reserve of the United States, Jerome Powell’, make speeches regarding the state of their
respective economies [16] [11], the finance market listens, and immediately accomodates varia-
tions depending on the interpretation given to what they say. These speeches are a good example
of the events intended, because they can disrupt periods of growth or end periods where markets
are shrinking or unstable.

Hence, a considerable number of assets is directly or indirectly strongly influenced by the price
of the WTI Crude (which depends on economy health, people buying products, inflation, etc.) But
the same holds for other indexes such as the Brent Crude [6] and the Natural Gas [9]. Common
to all these indexes is their lack of resilience towards uncertainty and "unforeseen" events. For
instance, since Russia invaded Ukraine on last 24th February 2022, both assets prices skyrocketed,
strongly negatively impacting countries that require to immport these materials because it is the
primary way to generate energy to drive their economy. From a seller perspective, the impact may

be positive if the country is benefiting from all the seel of crude and gas at higher prices.

IChristine Lagarde.  https://en.wikipedia.org/w/index.php?title= Christine_Lagarde&oldid=1094128786, June
2022. Online; accessed 21 June 2022.

2Jerome Powell. https:/en.wikipedia.org/w/index.php?title=Jerome_ Powell&oldid=1093400302, June 2022. On-
line; accessed 21 June 2022.
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Given the description above, the test data encompasses a timespan between 2019 and May
of 2022, which temporally contains the first Covid-19 global lockdown, the speeches of both the
ECB President and USFR Chairman, and the Russian invasion, which continues in May 2022.
This timeline also provides an initial interval where the user can analyze the data before the first

described events started to happen.

5.2 Apparatus and Participants

The evaluation sessions took place in room 1220 of FEUP (Faculdade de Engenharia da Univer-
sidade do Porto), in the GIG lab (Graphics, Interaction, and Gaming), which has limited access
and so provides a relaxed and controlled environment. Users are not required to bring any piece
of equipment since the room is already equipped with all the necessary testing hardware. Because
of the risks involved with sharing headsets, the headset is disinfected between sessions.

The room in which the tests took part provided an ample play area for the Virtual Reality
interaction. Inside the immersive environment, the users when stepping to close to the limits,
would see these limits warning them of the play area ending.

A total of 20 participants (13 males and 7 females) between 16 and 35 years took part in the
tests. When asked if they followed financial news or/and statistics, one answered daily, another
weekly, nine every month and nine said they were indifferent. The majority had no previous
experience in Virtual Reality (11 users), although 7 have used it in past projects and 2 use it
weekly. Unfortunately, the users who took part in the experiments were not part of the most

desired public target since they were not used to interacting with virtual environments.

5.3 Procedure

Before the test starts, users are asked to fill out a small form to declare the age, level of education,
interest in financial news or statistics, and previous experience with Virtual Reality. Users also get
an explanation of the goal of the experiment and of the time taken when performing four tasks in
different setups, VR and Desktop.

In the VR setup, the user is allowed to experiment with the prototype for approximately ten
minutes while explaining the available features the user will interact with. The Timeline is in-
troduced, presenting to the user the sequence of actions necessary to toggle the plots and change
between different visualization techniques and pointing out that amplifying the temporal scale in
each Scatterplot is possible so the user can access more detailed information when necessary. Af-
ter 5 or 10 minutes of experimenting with the prototype, the user can start the execution of the
tasks.
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The Desktop setting takes place in the Bloomberg platform [2] (see Figure 5.1), which provides
global financial indicators [1] and assets charts [4] [6] [9]. Every necessary tab is opened before
the test starts and the users are given the opportunity to explore the multiple plots.

At the end of each setup, the user is asked to fill out another form of the System Usabil-
ity Scale [21], an industry-standard composed of ten questions with five response options from
Strongly Disagree to Strongly Agree. This questionnaire is a trustworthy instrument for measur-
ing a system’s usability capacities.

To avoid bias, the users would alternate between setups and corresponding tasks. Subsequent
users would start in opposite setups, and the tasks shift following a Latin square design. Each

testing session does not take more than half an hour to complete.

5.4 Tasks

The tests consist of the execution of four different tasks. The tasks are composed of two or three
questions with financial nature promoting data analysis, whose answer is verbal. Since the fi-
nancial data does not change between setups, the dates asked in each differ without changing the
difficulty and the essence of the tasks.

Below, we present the tasks performed in the VR setup experimentation.

A) What was the WTI Crude Oil barrel price in January 20207 What was the price 6 months
later, in July 20207

B) Between 2019 and the present, at which date did U.S. Employment get to a maximum?
What were the values 1 month before and after?

C) Between 2019 and the present, what is the maximum value of the WTI Crude price per

barrel? In the same month, does the Euro-Area Inflation also reach its maximum?
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D) Since the Russian Invasion that started on 24 February 2022, has the price of the barrel of the
Brent Crude Oil, in general, increased or decreased? Did the same happen to the Natural
Gas Price?

Additionally, we present the tasks performed in the comparison to a Desktop baseline.

A) What was the WTI Crude Oil barrel price in March 2020? What was the price 6 months
later, in September 20207

B) Between 2019 and the present, at which date did U.S. Employment get to a minimum?

What were the values 1 month before and after?

C) Between 2019 and the present, what is the maximum value of the WTI Crude price per
barrel? In the same month, does the U.S. Personal Consumption Expenditures also reach

its maximum?

D) Since the Russian Invasion that started on 24 February 2022, has the price of the Natural
Gas, in general, increased or decreased? Did the same happen to the price of the barrel of
the Brent Crude Qil?

5.5 Results

During the tests, both quantitative and qualitative results were gathered. The users’ time executing
each task in different setups was recorded and, afterwards, they were asked to fill the standard
industry questionnaire SUS, a reliable tool to evaluate systems. The success rate of each task was
also assessed, considering a failed task if the user answered one of the questions wrongly.

Regarding the time and the questionnaire data, a Shapiro-Wisk Test was performed to verify
the normality between setups. Then, a Paired T-test was performed to ascertain if significant
differences existed in the normal distributed data. Additionally, we compare the success rate data
to notice if the overall performance of each task is the same in both setups.

Concerning the user feedback, any notes the user gave during the test were collected while
also providing the opportunity to write any suggestions or thoughts about the prototype and the
whole experience. This data was crossed and summarized in key aspects the user referred about

our solution as well as any possible improvement.
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5.5.1 Time Measured

Clustered Boxplot of Time by Tasks by Setup
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Figure 5.2: Time measured of each task performance in VR and Desktop

The total amount of time, measured in seconds, the users spent on each task is shown in Fig 5.2.
The Shapiro-Wilk test was carried out and we determined the data of each task follows a normal
distribution (Task A: sigVR=.223, sigDesktop: .487; Task B: sigVR=.786, sigDesktop: .544; Task
C: sigVR=.077, sigDesktop: .305; Task D: sigVR=.117, sigDesktop: .345).

To verify if there was a statistically significant difference between both setups, we carried out
the Paired T-test. When comparing the results of Task A (t(12) =-3.193, p = 0.008), we concluded
that there was a statistically significant improvement in the time taken during the performance in
VR from 31.76s £ 7.98s to 25.56s = 1.99s (p = 0.08); a decline of 6.20s + 7.00s. According to
the Hedge correction, the observed effect size is high (g=.829), which indicates the magnitude
between the averages of both setups.

Regarding Task B (t(17) = 3.237, p = 0.005), the results showed that the VR approach is
statistically significantly slower than the Desktop, specifically from 38.162s + 7.378s to 31.259s
+ 7.052s; an increase of 6.902s + 9.047s. Although, the effect size obtained is considered medium
(g=.729).

In Task C (t(18) = 2.982, p = 0.008), similarly to Task B, the performance in the VR setup
showed to be statistically significantly slower, having a total increase in time of 18.488s + 27.028s,
from 31.259s + 7.052s to 58.198s + 23.890s. The effect size of this test is also medium (g = .655).

Lastly, in Task D (t(18) = 4.950, p < .001), we concluded that the performance of the task on
the Desktop was statistically significantly faster in comparison to the VR, from 22.468s + 7.893s
to 43.940s + 21.268s; an increase in time of 21.472s + 18.906s. The total effect size is high
(g=0.899).
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5.5.2 Questionnaire data

System Usability Scale score by Setup boxplot
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Figure 5.3: System Usability Scale scores for each of the setups tested

The System Usability Scale questionnaire can be converted to an objective result. Its score ranges
from 0 to 100, with each question valued at 10 points. In odd-numbered questions, "Strongly
Agree" is valued at 10 points; however, this value is zero in even-numbered questions.

The registered results are described in Fig 5.3, where we can clearly observe a difference
between VR and Desktop. A Shapiro-Wilt test was carried out to determine if the users’ scores
followed a normal distribution, which they did (sigVR =.759, sigDesktop = .354).

Additionally, a Paired T-test was carried out to ascertain if and how much the differences be-
tween setups were in terms of statistical significance. The results obtained confirmed this relation
(t(19) = 4.331, p < .001). Due to the means of the scores and the direction of the t-value, a sta-
tistically significant improvement in the VR score was concluded from 60.375 + 17.720% to 80 +
9.901%j; an improvement of 19.625% + 20.266%. The total effect size is high (g=.930).
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5.5.3 Success Rate

Sucess Rate by Task by Setup

Setup
100,00 M Desktop
mvR
95,00
53
& 90,00
©
o
=3
w
85,00
80,00

Task

Figure 5.4: Success Rate of each task in VR and Desktop

Each task’s success rate between setups was evaluated, deeming a task unsuccessful if the user
provided an incorrect response to one of the questions. Fig 5.4 depicts the overall users’ success
rate when performing the four tasks.

Every task, which ranges from 95% to 100%, has a very high success rate in common. We
concluded that all users responded correctly when testing in the Desktop setting, and only a tiny

fraction of users responded incorrectly in Tasks A and B when testing in the VR environment.

5.5.4 User Feedback

During the tests, any verbal feedback as well as written suggestions or thoughts left by the users
after filling out the SUS questionnaire were collected. We were able to compile several remarks
about the whole experience, mainly focusing on the prototype itself.

Users felt it was intuitive and easy to learn the possible ways of interacting with the VR setup
after a utility explanation of up to ten minutes. Even though describing the features was sometimes
extensive, users said the interaction felt natural and immersive, and after the initial experimenta-
tion, they were confident about performing the tasks. Users who started on the Desktop compared
both setups, stating that the immersive environment was a more friendly, appealing, and rapid can-
didate when analyzing the information. The setup’s potential outside of the financial subject was
also a common topic in the feedback provided.

Some improvements to the prototype were also suggested, varying from several aspects re-

garding the visualization techniques as well as the interaction possibilities. Users pointed out that



Evaluation and Results 38

more time could have been dedicated to the User Interface, which was rather simple. When in
Enhanced mode, it was easy to lose focus on the Scatterplot when looking slightly outside its
collider amidst the data analysis. In the Timeline visualization, the buttons should have labels
indicating what they do. Lastly, one user also thought it was counter-intuitive to click on the Hand
Controllers input buttons while immersed in the VR environment.

The feedback on the Desktop display was scarcer. Even though it didn’t require much expla-
nation before the tasks’ execution, changing the tab to analyze charts located in different places on
the website was a disadvantage, easily breaking the analysis context. Users also highlighted the

difficulty of focusing on a particular data point due to the sensitivity of the cursor on the Desktop.

5.6 Discussion

The statistical tests to compare the setups by measuring the time of the performance of each task
conclude that the Desktop approach outperformed the VR environment in three of four tasks (Task
B, C, and D). The unfamiliarity with the immersive setting and the several input actions, some
requiring hand controller buttons, can explain the advantage of the Desktop setup. As browsers
have become the main component of our day-to-day lives, users have become used to the same
interaction required during the tests. On the other hand, learning the prototype features at once be-
fore the tasks’ execution can be overwhelming, making users more likely to error, delaying them.
As the advantages of the VR medium get further exposed, the unfamiliarity with its properties,
especially its hardware components, tends to get lower, balancing both setups in terms of prior
knowledge of their interaction.

Additionally, we concluded the VR approach surpassed the Desktop setting as a usability sys-
tem by comparing the data collected in the SUS questionnaire. The questions integrated into the
form targeted, in a general way, both system’s complexity, consistency, and intuitive and easy-to-
use features. The immersive setup exceeded as a better usability system compared to the Desktop
experience regarding these concepts. The design of the visualization techniques, which were heav-
ily based on the 3D space provided by the VR medium, as well as choosing interaction features
that are natural and immersive to the user, can explain the disparity between the setups.

User feedback also supported some of the findings previously stated. Overall, users pointed out
that the several visualization techniques present in the prototype favored a more rapid, friendly,
and appealing data analysis. They complimented the interaction with the prototype’s multiple
elements, saying it was intuitive, natural, and easy to learn. Some of the improvements suggested
focused on the User Interface and the interaction input options. A more worked and detailed Ul
can further improve the features’ intuitiveness and appeal. To counter the unfamiliarity with the
hardware, mainly the hand controllers, the coding of hand gestures could replace the pressing
of buttons outside the virtual environment. The positive feedback, as well as the improvements
suggested by the users, enrich the conclusions taken and highlight the possible future work beyond
this thesis.
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5.7 Summary

In this chapter, we described the methodology behind the formal evaluation of the virtual solution
against a Desktop baseline using real users to test. We presented several aspects of the test experi-
ments: the use case, the apparatus and participants, the procedure during each evaluation session,
the tasks the users performed, and the results collected.

After a statistical analysis of the quantitative results and the interpretation of feedback provided
by the user, we concluded that our approach is more intuitive, friendly and easy to use but slower

when analysing information.



Chapter 6

Conclusions and Future Work

Nowadays, people have access to a wide range of data, from high-level and general statistics to
up-to-the-minute news. However, understanding how these relate to real-life events is an elaborate
and time-consuming process due to its heterogeneity, volume, and number of constant updates.
The role of Information Visualization in virtual environments is to immerse the user in visualiza-
tions that better highlight the causal relationships within the data and therefore provide a better
understanding of the data.

We researched visualization techniques suitable for heterogeneous sources of information. We
also considered interaction methods in VR environments, which are more natural and familiar,
thus immersing the user in the virtual environment and the data itself.

With this in mind, we studied and developed a visual narrative encompassing more than one
visualization technique. To represent time-dependent continuous data, we used 2D Scatterplots.
Additionally, the Parallel Coordinates technique allows tracking a specific data point across several
dimensions. The Timeline visualization connects the information to discrete events making it eas-
ier to correlate different types of information. The user interaction comprises multiple approaches
thought to be the most natural, familiar, and immersive to the user.

A formal user evaluation was performed, where the VR prototype was compared to a Desktop
setting. The results from the system usability questionnaire and the user feedback showed that our
solution is more appealing, intuitive, and easy to use than a Desktop baseline. However, the time
measured during the performance of each task determined that our solution did not provide the
fastest data analysis between both setups. Furthermore, we also concluded some improvements
that could enhance the prototype capabilities as future work beyond this dissertation.

Regarding the problem stated in section 1.2, we believe the developed solution may be a good
alternative to visualizing heterogeneous pieces of information. Furthermore, immersing the user in
the environment and, consequently, in the data helps ease the discovery of relations between data
elements and reach more insight. Thus, we considered that the user would more easily understand
the information and reach complex conclusions using the proposed solution.

Concerning the objectives declared in section 1.4, we met these goals by designing Scatter-

plots, Parallel Coordinates Plots, and Timeline visualization techniques and incorporating them

40
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satisfactorily with diversified pieces of information. We also developed an interaction model in-
tended to be natural and immersed to the user, thus facilitating data analysis. A formal evaluation
with real users composed of test experiments and questionnaires testified to the success of imple-
menting these techniques, therefore showing the potential of virtual environments in the field of
Information Visualization.

In relation to the hypothesis mentioned in section 1.3, we believe the intuitive and easy-to-use
features incorporated in the prototype facilitate complex data analysis. We consider that the visu-
alizations and interaction techniques would help the user more easily understand the information

to be analyzed.

6.1 Future Work

There were certain elements in this work that have room for improvement or, alternatively, can be

the ground for future work:

* Improve the User Interface design
The appeal, intuitiveness, and usability of a solution can all be improved with a more pol-
ished and thorough UI. These features will make the prototype a better utility system.

¢ Evaluate with more complex data analysis tasks

The tasks used to evaluate our prototype were rather simple. By conducting tests with more
complex tasks, the solution may present better time results compared to the desktop baseline

when analyzing the information.

¢ Test with more experienced users
Users with significant virtual environment expertise can assist in overcoming the challenge
of being unfamiliar with the hardware components, leading to faster data analysis.

* Explore different input options

Hand gestures are worth exploring as an alternative to the hand controller input options.
This way, all the interaction is visible inside the virtual environment itself, thus providing a

more immersive experience.

* Explore different data domains and visualization techniques

The proposed solution includes multiple visualization techniques that better suit the finan-
cial data domain. It is worth exploring different data domains and respective representation

approaches to evaluate the VR medium viability for Information Visualization.
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Appendix A

CSYV sample file

In this section, we present a CSV sample file which was a part of the dataset used during the
prototype testing phase.

a b c d e f g h i j
2000 | 47,96 | 49,5 | 0,1 | 279 04 | 1,5] 1,4 | 57,06 | 3,04
2001 | 55,80 | 50,5 | 0,4 | 224 09 | 1,5] 14 | 6507 | 2,86
2002 | 61,94 | 494 | 0,6 | 77 03 | 1,5] 13 |7085 |257
2003 | 57,51 | 49,7 | -0,3 | 78 04 | 1,5] 1,0 | 6423 | 242
2004 | 56,52 | 49,8 | -1,2 | 163 02 | 141]08 |61,54 |250
2005 | 56,20 | 50,2 | -1,4 | 252 04 | 1,410 | 61,69 | 2,71
2006 | 63,05 | 50,0 | 0,1 | 339 06 [ 19|14 |6860 |2,13
2007 | 41,28 | 52,0 | -1,5 | -1498 | -6,9 | 1,3 | 0,7 | 45,27 | 1,71
2008 | 19,78 | 50,6 | -3,7 | 2642 |86 | 05| 0,1 | 2644 | 1,89
2009 | 40,65 | 51,1 | -24 | 1388 | 1,7 | 1,0 | 04 | 42,80 | 1,73
2010 | 39,77 | 51,5 | -2,1 | 919 1,5 | 1,4 ]-0,3 | 42,66 | 2,59
2011 | 37,14 | 52,1 | -1,5 | 333 -05 1,1 1-0,3|3945 |2,.89
2012 | 48,52 | 51,3 10,3 | 520 33 | 1,4109 | 51,80 |254
2013 | 66,09 | 51,9 | 44 | 704 52 125113 |6936 |270
2014 | 6490 | 51,0 | 9,0 | 447 0,0 | 40|20 | 6828 |296
2015 | 75,16 | 50,4 | 9,0 | 689 0,1 | 42122 |76,17 | 3,70
2016 | 69,29 | 49,6 | 10,7 | 424 0,6 | 44|34 | 7261 |41
2017 | 81,27 | 50,1 | 12,9 | 647 0,5 | 56|49 |8274 |552
2018 | 78,90 | 50,1 | 9,1 | 504 2,1 | 6,051 | 81,75 |392
2019 | 115,68 | 49,5 | 8,3 | 398 14 |66 |74 | 118,11 | 5,02
2020 | 109,77 | 49,6 | 7,9 | 390 1,0 | 6,081 | 112,39 | 8,04
Table A.1: Dataset CSV file used in the experimentation of the prototype
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Appendix B

Toggle of Scatterplot code functions

In this section, we display the code of the two functions responsible for the logic behind turning
on and off Scatterplots. Their construction is similar, both start by finding the respective plot and
update the information on neighbor plots depending on the user action. Afterwards, they deal with

the scene changes correcting the position of the next plots if they exist.

public void AddScatterplot ( int index) {

//Find the last active Scatterplot
Scatterplot last = dataPointsList[0];

while (last.next != null) {

last = last.next;

Scatterplot plot = dataPointsList[index];

//Update the links between the Scatterplots
last.next = plot;
plot.holder.SetActive (true);

plot.active = true;

plot.before = last;

//Calculating correct placement

float anglelteration = 360 / 9;

float currentRotation = anglelIteration * activeScatterplots + PlotHolder.

transform.localRotation.eulerAngles.y;

plot.holder.transform.Rotate (new Vector3 (0, currentRotation, 0));

plot.holder.transform.Translate (new Vector3(0, 1, distFromPlayer));

//Place as a son of the PlotHolder
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plot.holder.transform.parent = PlotHolder.transform;

plot.holder.GetComponent<ChangePlot> () .updateInitTransform(plot.holder.

transform.position, camera, this);

//Incrementing the number of active plots

activeScatterplots++;

public void RemoveScatterplot (int index) {

//Find the Scatterplots to be removed
GameObject plot = GameObject.Find("Scatterplot " + index);

plot.SetActive (false);

Scatterplot current = dataPointsList[index];

//Correct any gap caused by the removal of the Scatterplot

updateScatterplotsPosition (current);

//Update the plot to its default position

current .holder.transform.localRotation = initRotation;

current.holder.transform.Rotate (0, —-PlotHolder.transform.localRotation.
eulerAngles.y, 0);

current.holder.transform.localPosition = initPosition;

current.active = false;

// Correct the Scatterplots links

if (current.before != null) {
if (current.next !'= null) {
current .before.next = current.next;
current.next.before = current.before;
}
else {
current.before.next = null;
}
}
else {
if (current.next != null) {
current.next.before = null;
}
}
current .before = null;

current.next = null;
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//Decrement the number of active plots

activeScatterplots——;
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