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ABSTRACT

With the advent of mixed reality devices such as the Microsoft
HoloLens, developers have been faced with the challenge to
utilize the third dimension in information visualization ef-
fectively. Research on stereoscopic devices has shown that
three-dimensional representation can improve accuracy in spe-
cific tasks (e.g., network visualization). Yet, so far the field
has remained mute on the underlying mechanism. Our study
systematically investigates the differences in user perception
between a regular monitor and a mixed reality device. In a real-
life within-subject experiment in the field with twenty-eight
investment bankers, we assessed subjective and objective task
performance with two- and three-dimensional systems, respec-
tively. We tested accuracy with regard to position, size, and
color using single and combined tasks. Our results do not show
a significant difference in accuracy between mixed-reality and
standard 2D monitor visualizations.

Author Keywords
information visualization; mixed reality displays; HoloLens;
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INTRODUCTION
Financial services, particularly investment banking, is a high-
stakes industry. Highly trained humans need to apprehend and
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Figure 1. Experiment: Mixed reality and conventional display

process masses of data in split seconds and make far-reaching
investment decisions. To make these individual investment
decisions, financial professionals are supported by technol-
ogy. However, so far, the visualization technology deployed
in financial services merely provides a limited benefit to pro-
fessionals, as the important underlying relationships are high
dimensional and require novel interaction techniques.

The proliferation of mixed reality devices has given rise to
questions among researchers and practitioners regarding how
these technologies can be utilized to interact with informa-
tion in a spatial context [21]. Prior research has shown that
the three-dimensional visualization of data can outperform
two-dimensional representations in terms of accuracy and
performance under specific conditions, especially when the
information has spatial characteristics. However, there is a
long-standing debate within the research community about the



added value of three-dimensional visualizations of quantitative
data [25, 21, 18].

Early [6], and recent [12] studies have shown that a spatial po-
sition is the most effective way to map information within a 2D
space. However, the extension of the two-dimensional space
with a third dimension used to plot additional data attributes
has proven to be problematic on two-dimensional displays (in
the literature also described as 2.5D) [21, 18].

One of the primary reasons for this drawback according to per-
ception research, is the lack of depth cues, which are playing a
major role in interpreting three dimensional (3D) objects and
visualizations. The presence of these cues not only provides a
complete and more perceptible representation of spatial infor-
mation, but it can also increase the performance and accuracy
of 3D visualizations [26]. Technical advances in recent years
have greatly improved the quality of stereoscopic displays
with the effect that prior findings may no longer apply.

In 1999, in his survey, Tegarden [22] briefly discussed the
issues of applying data visualization to business problem solv-
ing. While giving an overview of information visualization
and available technologies at that time, he highlights that these
technologies potentially enhance the task of decision making
in the business domain/financial sector. To provide more ev-
idence, he suggests that more research should be conducted
to address business problems by means of corresponding data
visualization.

After 20 years, the development and availability of virtual
reality glasses and HoloLens technologies is drawing attention
of researchers across disciplines to understand the potential
benefits of applying data visualization on inherently complex
financial data. Applied visual analytics in financial decision
processes have been discussed extensively in the article by
Savikhin [20]. He suggests that interactive visual analytic tools
can play an appropriate role as a decision support system. He
proposes to use experimental methodology to investigate the
effectiveness of visual analytics in financial decision-making
tasks and risk management.

Today—almost 20 years since the emergence of 3D presenta-
tion of data on computer screens—the debate about the use
of 2D vs. 3D is still going on, now from different perspec-
tives across different disciplines [7]. A recent survey by Ko et
al. [14] shows that when it comes to financial data analysis, us-
ing 3D visualization is preferred compared to 2D visualization.
And now, the recent resurgence of (vastly improved) display
technologies takes the debate to the next level. Researchers
try to understand and compare the standard 3D visualization
on regular screens (2.5D) with 3D visualization empowered
by virtual and augmented reality technologies.

In their position paper Immersive Analytics, Chandler et al. [4]
challenge researchers to understand the usability and design
issues of new interfaces and display technologies and how
these technologies can be used to provide more immersive
data analysis.

Our Contribution

In response to the call for further research on Immersive Ana-
Iytics [1], and motivated by emerging technologies, our study
is an attempt to understand the effectiveness of immersive
analytic applications in financial data decision-making. In this
paper, we discuss the step-wise development of the application,
the related user-centered design process as well as a within-
subject comparison. We did not find significant difference
regarding the accuracy between the 2D and 3D devices, but
users perceived the use of the application slightly more enjoy-
able in mixed reality. Whilst we developed the tool mainly for
application in financial asset management, it can be applied in
any visual analytics setting with a comparable data structure.

RELATED WORK

Our research contributes to the question whether the financial
industry can benefit from deploying immersive analytics into
their daily based decision-making. To the best of our knowl-
edge, there is a gap in the published literature regarding the
application of immersive analytics on financial data decision-
making. But, does it even make sense to approach financial
data visualization using AR?

Research in the financial sector

A comprehensive overview of visualization techniques and
visual analytic tools that have been applied to financial data
was provided by Ko et al. [14]. In their extensive survey, they
found that despite the availability of several visualization sys-
tems, financial market participants tend to apply conventional
visualization techniques in their routine tasks. They articulate
one possible explanation that there is not much collaboration
between researchers and market participants due to privacy
issues. On one hand it is not easy for researchers to get access
to real-world financial data, on the other hand, companies
are not willing to potentially expose their data to competitors.
From this aspect, our research is unique and it has been con-
ducted through a close collaboration with a business partner
with real-world data. We provide an experimental compari-
son between a 2D desktop visualization/application and a 3D
immersive/augmented visualization using Microsoft Hololens.

Benefits of 3D Visualizations

An early insight comparing data exploration using 2D vs. VR
has been provided by Millais et al. [17]. They designed two
VR visualizations parallel two 2D representation of the same
data from a self-tracking study (including: mood, productivity,
sleep, music listening, and physical activity). After introduc-
ing the ‘think-aloud protocol’and no time limit on exploration
to the participants, they evaluated the users’ perceived work-
load using the NASA TLX Questionnaire and compared the
results with its counterpart 2D visualizations. By applying
an insight-based evaluation methodology, they found that the
participants were more successful and satisfied to explore
data using VR. Interestingly, the participants reported more
accurate insight when using VR visualization.

In their work, Lugmayr et al. [15] give an overall overview
about various projects exploring the capability of 3D visual-
ization to enhance effective decision making in the financial
data (Australia’s Energy sector). By developing a prototype,



adding a third dimension, they conclude that immersive virtual proposed a method to prevent the major issue of VR display—
environments (may) provide support for cognitive functions cybersickness.
and may make the dataore understandable

Butcher et al. [3] developed a framework for immersive ana- METHOD : - .
lytics on the web. For their preliminary evaluation, they used a 10 identify how the display technology affects decision making

3D bar chart analytical task with non-expert participants. They N réal-life nancial settings, we developed two visualization
report that although VR visualization ameore engaging on prototypes. The requirement for the visualization approaches
average it takes more time to complete the task. were collected in qualitative semi-structured interviews, trying

to identify the aims and scope of the visualization within the

related working process from a user perspective, the data sup-

plier perspective as well as the characteristics of the underlying
d data

Bene ts of 2D Visualizations

Smallman et al. [21] conducted an interesting experiment an
claimed that when it comes to comparing 2D vs. 3D visualiza-
tion, information availability and representation plays a larger In our case the data supplier is a pension fund managing in-
role than display format. Challenging the previous studies vestments in large portfolios. The central aim of visualization
on this topic, they designed an experiment for visual searchwas to support decision making in identifying stocks that are
tasks (i.e., air-traf ¢ control console). By controlling the dif- vulnerable to changes in climate policies. For this purpose
ferent information coding schemes, they found that the 2D stock portfolios were to be analyzed with regard to current
display format providefaster accesso the information. They  CO, output, relative changes in carbon emissions compared
claimed that the bene ts of utilizing the third dimension can be to the last year and weight in the overall portfolio.

easily surpassed in a well-designed 2D display format. They
suggest for tasks which deal widxact spatial judgments it

is better to use 2D visualization.

Data was made available from the company with the additional
requirement to anonymize stocks to ensure that during the eval-
uation additional knowledge of the participants—who were all
o portfolio managers—did not substantially in uence decision
Combinations of 2D and 3D making. As a means for anonymization we used pseudonyms

Following up on their previ_ous work on cognitive dif culties, to replace actual stock names and replaced numerical values
Tory etal. [23]. set up a series of experiments to compare taSkwith values from representative distributions.
performance in 2D, 3D and Combined 2D/3D displays—a

display that provides at least one 2D view and one 3D view at First, we developed the two-dimensional prototype within a
the same time. Over the three experiments, 40 students fronuser-centered design process (UCD). In a step-wise, iterative
computer science and the engineering domain were exposegrocess we tested and optimized different visual encodings
to the generalised tasks such as estimating position, relativeand evaluated them together with portfolio managers within a
orientation, and volume of interest tasks. The idea behind realistic scenario. To avoid an in uence on test subjects of the
the chosen tasks were that they were expected to bene t from nal experiments, we realised the UCD process with portfolio
both displays, 2D and 3D. They found that whereas strict managers from another subsidiary and no direct contact to the
3D displays were effective for relative position estimation nal test group but with the same demographic background
and orientation, the combined 2D/3D displays wketter and comparable working experience.

for precise orientation and positioning tasks. To measure
learning effects on participants and to have a better control
over variation of spatial ability of individuals, a within-subject
study was suggested.

To develop and test the three dimensional approach in an
early stage we started working with physical representations
of the data. Within the rst iteration we started with wooden
blocks of basic shapes to evaluate their effectiveness within
different scenarios. During several iterations we found out

Immersive Analytics and Mixed-Reality o that a stacked tubes as visual encoding of the given data led to
To address the issue of handling depth information in urban positive feedback.

visual analytics, Chen et al. [5] came up with a novel solution
using HoloLens. They developed an optimization algorithm
in response to some general principles of creating exploded
views, such as transition, intra-layer, and inter-layer. Although
the model was not suitable for a dynamic user's perspective
(different viewpoints), the result of comparing this method
with the two other well-known methods (in the domain of) for
exploded views, have gainedrare promising performance

for immersive urban analytics.

Visualization design

The resulting D3-based visualization is a combination of a
bubble chart and a bee-swarm plot (see Fig. 3 and Fig. 5).
The position on the horizontal axis represents the variable
value, while the vertical axis shows the distribution of the
data. This visualization was chosen as it addresses both of
the biggest challenges in the domain task. Analysts need to
identify speci ¢ individual shares by multiple dimensions,

In contrast with the major research trend on immersive analyt-while at the same time relate them to theerall distribution

ics, Zielasko et al. [32] prototyped an application to evaluate of the portfolio. Early evaluations in our user-centered design
the usability of the integration of new display technologies process showed that many classical visualization types (e.g.,
into conventional desktop work ows. They believe by sim- histograms, scatterplots) lead to signi cant problems in select-
ulation of user's desktop while providing hands-free interac- ing individual shares in the visualization. This was caused
tion, theymaximize the feeling of immersion They also by the resulting small size of the visual marks, which led to
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