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Abstract. This paper describes an early prototype of a distributed multimodal
multi-user virtual environment used for the visualization and query of complex
data. The system supports different user interfaces for viewing coloured 3D ob-
jects of various sizes representing high-dimensional data to allow visual explo-
ration and pattern detection in the data. Users can navigate and query the envi-
ronment by using multimodal interaction techniques including speech and ges-
ture recognition. The system serves as a testbed to compare the usability of var-
ious interaction techniques for visualization and query of complex data.
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1 Introduction

The current information explosion and the Internet of Things (IoT) motivated by the
unprecedented advances in communication, sensor and computing technologies are
not only generating huge masses of data at increasing rates, but very importantly; are
producing complex heterogeneous information. This heterogeneity refers to collec-
tions of variables of scalar, vector or more complex structures with different types of
values: numeric, non-numeric, images, signals, videos, etc. These variables describe
objects, problems, situations or processes from a broad variety of domains and come
with imprecision and incompleteness of different degrees. This variation further con-
tributes to heterogeneity.

It is widely acknowledged that we are flooded with data, but starved for knowledge.
Making sense of information, and importantly, gaining insight, is imperative to pave
the way to new discoveries and to realize coming investments in data gathering and
processing infrastructure. The coming growth of information in size and complexity
will only increase our need for user-friendly tools to allow us to explore information,
to reveal its structure, and to understand its embedded relationships. Traditional tech-
niques are no longer sufficient for these purposes, so new, innovative solutions are
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required. In particular, approaches that leverage the massive parallel processing capa-
bilities of the human brain and senses are extremely appealing. Such approaches
would be more intuitive, require less specialized knowledge and could reach broader
audiences. Not surprisingly, understanding masses of heterogencous information is a
continuously growing need in many domains, from medicine, health and life sciences
to astronomy, economics, many industries, finance, the military and the environment.
While artificial intelligence-based data analytics techniques represent a major advance
towards the goal of making new discoveries and the development of prediction and
problem solving systems through intensive computing, human understanding of the
information is often required.

The human brain, coupled with the senses represent a formidable data acquisition and
processing system involving very high throughput information input and massive
parallel (low power) information processing capabilities. The problem is that the way
in which the information is acquired and warehoused in databases is not in a format
amenable to human processing, which is essentially based on perception of patterns
(visual or otherwise) and not on numeric computing or formal logical deductive rea-
soning. It is known that humans perceive most of the information through vision, in
large quantities and at very high input rates. The human brain is extremely well quali-
fied for the fast understanding of complex visual patterns, and it still outperforms the
computer, at least with ill-defined visual stimuli [1].

The role of visualization techniques in the knowledge discovery process is well
known [2]. The amount of information contained in real-world datasets is big, as are
the results obtained from data processing computer procedures, which may be large
and complex, possibly involving underlying space or time dependencies.

Moreover, in many cases it is preferable and sometimes necessary to engage the ex-
pert in the data mining process through interactive visualizations [3, 4, 5]. This makes
graphical representation directly appealing, particularly, the use of virtual reality ap-
proaches (mixed, augmented and virtual reality techniques will be referred to as VR
techniques). Several reasons make VR a suitable paradigm: it is flexible (allows the
choice of different representation models according to human perception preferences),
it allows immersion (the user can navigate inside the data, interact with the objects,
etc.), creates a living experience, and it is broad and deep (the user may see the whole
world and/or concentrate on specific details). Moreover, the user needs no mathemati-
cal knowledge and only minimal computer skills.

The potential of virtual environments (VE) for visual data analysis has been recog-
nized for a long time [6, 7, 8]. However, the design space of the user interface to in-
teract with such environments is huge and little is known about the optimal way to
design it [9, 10].

This paper describes a prototype system developed to allow several users to collec-
tively join, navigate and query a virtual environment that represents high-dimensional
data that has been reduced to virtual objects of various sizes and colours in 3D space.
The purpose of this system is to exploit the power of the human visual system to ex-



plore, visualize and query complex databases for detecting patterns of interest in the
represented data.

The system’s architecture is based on the functional diagram shown in Fig. 1. An
original database is translated into a collection of geometric constructs representing
data records, logical relations and other database properties, used for assembling a
mixed/augmented/virtual reality environment. The user interacts with the VR envi-
ronment through a diversity of mechanisms that allow navigation and querying of
different kinds, formulated within the VR space. The results of the querying process
are translated back to the VR space as augmented information and/or new geometries.

Translation of DB Visual objects/speech
Tables/queriesinto Additional graphical
Geometric objects information
Database S MR-AR-VR | ———> USER

Table/Query € Environment| €
Translation of User User commands
Commandsinto (gesture/speech)
Database queries

Initialization

Fig. 1. General architecture of the virtual reality system

Typically, the process of querying the database requires specialized knowledge, which
is beyond the average user who has data and wants to explore and understand the
information contained within. Moreover, the results of database queries typically pro-
duce tabular information, which needs further processing. In the context of large
amounts of data, it is extremely difficult for the user to get a sense of the structure of
the data and it becomes difficult to explore and understand the information.

However, if the information is represented graphically, as in our VR system, the us-
er’s understanding arises effortlessly from perception, rather than requiring effortful
computation or deductive reasoning. With this VR approach, the user is able to inter-
act with the information using his senses (vision, speech, etc.), in an intuitive manner,
pretty much in the same way in which humans interact with physical objects in the
real world. This approach therefore enables the use of the powerful pattern recogni-
tion capabilities of the human brain in combination with his expert knowledge, which
is seamlessly incorporated into the process.

To create a VR space representing the data it is necessary to transform the original
database table containing the collection of objects, described in terms of heterogene-
ous, incomplete and imprecise properties. Typically, this is an abstract, high-
dimensional space which must be transformed into a low-dimensional one (2D, 3D)
amenable to human exploration. From a mathematical point of view, this problem has
been extensively investigated and there are many linear and nonlinear procedures



suitable for producing such mappings [11]-[16]. The basic idea is to focus on a certain
property of the data and to design an appropriate algorithm that will preserve the cho-
sen property as best as possible between the two spaces: the original high-dimensional
one, and the target, low-dimensional space (Fig. 2). Properties that have been chosen
for data representation have been the preservation of similarity/distance structures, the
distribution of class information associated to the data objects, neighbourhood com-
position and many others. Due to the complexities involved, the algorithms are over-
whelmingly nonlinear and the dimensionally reduction processes typically results in
an information loss, which the algorithms attempt to minimize according to a multi-
tude of strategies.
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Fig. 2. Construction of a low-dimensional space preserving a chosen property of the
data in the original n-dimensional space (Hn), to an m-dimensional one (Rm), where f
is the mathematical transformation. The goal is to preserve the chosen property as
much as possible in the target space. Data objects from Hn are mapped to objects in
Rm space (black dots), so that their geometric distribution is compliant with the prop-
erty whose preservation is required.

2 User-Centred Interactions

In this system, a common VE can be viewed by several users, each represented in the
VE by an avatar that can be seen by the other users. Each user can navigate through
the VE with his/her avatar. Navigation can be performed through speech (e.g. com-
mands to translate and stop) and/or other interaction techniques. The query of objects
representing different points of the database can be done through gesture.



3 System

The system is built using the Unity game engine and runs on a Windows computer
equipped with an Oculus Rift S head-worn display (HWD) and a LeapMotion device.

The first step in generating a virtual environment is converting the desired dataset into
a 3-dimensional representation that can be visualized by users. This is accomplished
using an in-house tool labelled as DBVI in Fig. 3. Behind the scenes, Forge Network-
ing Remastered is used to synchronize the VE clients who are connected.

Although Unity can easily handle a large number of game objects, synchronizing
these objects via the network isn’t straightforward. Datasets can produce anywhere
from a hand full of objects to a million or more, so a custom addition to Forge was
built to accomplish the synchronization.

MYSQL
DATASET1

MYSQL
DATASET2

POSTGRESQL
DATASET3

NEO4J
DATASET4

OTHER
DATASETS...N

DBVI Transition Client

Fig. 3. Overall system architecture

A multiplatform client has been built that allows rapid transitions between datasets, in
addition, the architecture is designed to allow live changes directly from within the
VE to perform actions such as SQL queries, subset selection, or even manipulations
that are persisted in the original dataset or elsewhere.

Voice-based interactions are built using Microsoft’s Speech API and leverages the
Speech Recognition Grammar Specification Version 1.0 (SRGS) and the Semantic
Interpretation for Speech Recognition Version 1.0 (SISR) W3C recommendations.

4 Conclusion

Further system development and testing is needed to optimize the 3D user interaction
techniques and database queries. In that context, explicit user performance data with
various interaction techniques needs to be collected and analyzed to obtain objective
conclusions regarding the best interaction techniques. In addition, we must clarify the
benefits of having multiple concurrent users for the visualization and query of data.



5 Future work

A series of system evaluation studies are planned to assess the usability of the various
interaction mode that have been implemented in the system both for navigation inside
the VE as well as for the query of the various objects present inside it. The results of
those studies will help the designers to better select the Ul component of such system,
especially given the large space of possibilities.
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