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Abstract

We have developed a software framework for scientific visualization in immersive-type, room-sized
virtual reality (VR) systems, or CAVEs. This program, called Multiverse, allows users to select and
invoke visualization programs without leaving CAVE’s VR space. Multiverse is a kind of immersive
“desktop environment” for users, with a three-dimensional graphical user interface. For application
developers, Multiverse is a software framework with useful class libraries and practical visualization
programs as samples.

1 Introduction

This is a significantly extended paper of our work presented at AsiaSim2015[1].
The cave automatic virtual environment (CAVE) is a room-sized, immersive virtual reality (VR)

system developed in the early 1990s[2]. To this day, it continues to provide a superior VR experience to
those offered by other VR systems, such as head-mounted displays. In spite of its sizable volume and
cost, the popularity of the CAVE system as a research tool for science has not declined over time. The
original CAVE has a cubic geometry with an edge length of 10 feet. Besides the straightforward extension
to cuboids[3], other geometries of CAVEs, such as a polyhedron with more faces[4], a cylinder[5], and a
sphere[6], have been constructed. Software for CAVEs, or more generally, for large display systems, has
also evolved hand-in-hand with developments in hardware[7]. A common feature of most CAVE systems
is that a highly immersive experience is afforded to users by surrounding them with large screens on
which stereoscopic images are projected. The perspective of the images is automatically adjusted to a
viewer’s eyes by a head-tracking system. A user in a CAVE room interacts with VR objects through a
portable controller, which is sometimes called a wand.

Applications of CAVE systems to scientific research span a broad spectrum, from archaeology[8]
to medical science[9, 10] and elementary particle physics[11, 12]. One of the earliest CAVE programs
was a visualization tool for computational fluid dynamics (CFD)[13]. The visualization of CFD data
continues to be an important application of CAVEs[14, 15, 16, 17, 18]. For instance, a new structure
in electric current was recently discovered in a magnetohydrodynamics simulation using a CAVE VR
visualization[19].

Some general-purpose visualization software packages for personal computers (PCs) and graphic work-
stations (GWSs) have been ported to CAVE systems. These include Visualizer[21], ML2VR (MATLAB)[20],
Amira, ParaView, VisIt, AVS/Express, and others. We too have developed a general-purpose visualiza-
tion program, VFIVE, for CAVEs[22, 23, 24], the main application of which is also CFD. However, there
is no definitive application program for scientific visualization in CAVEs. When scientists today try to
use CAVE systems to visualize their data, there are multiple visualization programs available for the
CAVE system to choose from, many of which might have been developed in-house.

From the user’s point of view, a rich set of multiple CAVE applications is not necessarily fortunate,
for each program has to be invoked one-by-one from a terminal that is usually located outside the CAVE
room. A user would hence need to send commands each time he/she enters the CAVE room and dons the
stereo glasses. This inconvenience would need to be repeated every time the user switches to a subsequent
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Figure 1: A four-screen, cuboid-shaped CAVE system, π-CAVE, at Kobe University, Japan. The edge
lengths are 3 m × 3 m × 7.8 m. This is currently the largest CAVE system in Japan. It is at Port Island
(P. I. → π), Kobe city.

application. This scenario is akin to having a PC without an operating system. What is needed here
is a kind of meta-level CAVE software that allows users to control multiple CAVE applications without
leaving the CAVE room.

We have developed such an application program for CAVEs. This program, Multiverse, was originally
developed for the largest CAVE system in Japan, π-CAVE, at Kobe University[25]. Soon after the devel-
opment of π-CAVE, we developed five new visualization applications, and then recognized the necessity of
the above-mentioned meta-level software. The first version of Multiverse was thus developed[26]. It was
itself a CAVE application program based on the standard CAVElib application programming interface
(API). The original Multiverse was therefore an application program dedicated to the π-CAVE system.
It was designed to load the other five application programs that we had developed, and all data relevant
to the applications were loaded onto the main memory at the beginning of the program’s execution.

Since Multiverse garnered a favorable reception from users of π-CAVE, we decided to convert it into a
general framework that may be useful for other CAVE systems. The main improvements to the original
Multiverse are: (i) the number of loadable applications to Multiverse is now arbitrarily large, and (ii) the
“look and feel” of each visualization application has been unified.

Multiverse provides not only an easy-to-use visualization environment for users, but also a framework
for application developers. Fundamental techniques frequently used in CAVE visualization programs,
such as a stereo volume rendering and high-speed visualizations using ball-shaped objects through the
point sprite method, have been built into Multiverse as class libraries. The user interface, which is
generally the most bothersome part of CAVE visualization applications, is controlled by Multiverse,
hence allowing application developers to focus on the visualization algorithms.

Since Multiverse uses only basic APIs—OpenGL and CAVElib—as CAVE applications, it is easy to
port it to any CAVE-type system with these APIs. In fact, we installed Multiverse with no problem to
another CAVE system[27] with a different configuration at Kobe University. It would also be easy to
port to CAVE systems with other API such as VR Juggler[28].

Before we describe the software structure of Multiverse in the next section, we summarize π-CAVE’s
hardware system. The π-CAVE room is a cuboid of 3 m × 3 m × 7.8 m (Fig. 1). It has four screens: three
wall screens (front, right, and left), and a floor screen. The floor image is projected from two projectors
mounted on the ceiling. The wall images are rear-projected. Six sets of Digital Light Processing (DLP)
projectors (Christie WU12K-M) are used with 1920 × 1200 pixels and 10, 500 lm. For head and wand
tracking, an optical motion tracking system (Vicon) is used with 10 cameras (640 × 480 pixels each). The
Trackd API is used to retrieve the tracking data. One of two computer systems is used for computation
and rendering. One is a Linux-PC (HP Z800) with 192 GB of shared memory. Three sets of external
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Figure 2: Conceptual diagram of Multiverse.

GPUs (NVIDIA Quadro PLEX) are used for graphics. The other computer system is a Windows-PC
cluster system. The Windows-PC system is used when we use commercial software for CAVEs. We
developed Multiverse mainly on the Linux-PC system.

2 Overview

2.1 Execution

Multiverse is a CAVE program that constructs a three-dimensional (3D) desktop environment in the
CAVE’s VR space as the interface to other CAVE applications. Each application is called a “Universe.”
A Universe is almost a stand-alone CAVE application with its own data and tasks. The only difference
between a stand-alone application and a Universe is in the user interface: requests by a user for a Universe
are sent to and controlled by Multiverse (see Fig. 2).

When a user starts Multiverse, small virtual panels, or icons, appear in the CAVE’s VR space. See
Fig. 3. They look like they are floating in the air in front of the viewer. Each icon represents a Universe.
This mode of Multiverse, where application icons float, is called “World.”

The World mode corresponds to the “desktop” of the PC’s graphical user interface. The wand of the
CAVE is a 3D mouse. When one of the panels is “clicked” with the wand in a manner described in the
next subsection, the corresponding Universe is selected and its data is loaded from the hard disk drive
to Multiverse. Data transfer may take seconds to minutes depending on size. This period is used to
present information of the selected Universe to the viewer by showing a sequence of expository images. A
sample shot taken during this interval is shown in Fig. 4. Descriptions of the selected Universe, such as
visualization methods, simulation schemes, and the background of the simulation, are presented during
this time.

When data transfer is complete, a panel titled “Entrance” appears in the middle of the CAVE room.
The visualization of the Universe begins when this panel is clicked.

When the user quits a Universe, data concerning the Universe is deleted from memory, and Multiverse
returns to the World mode; the user can then select the next Universe.

2.2 User Interface

In Multiverse, it is assumed that the wand has at least three buttons and one joystick. When there are
other buttons and joysticks, these are ignored. By default, the joystick is assigned to control transla-
tion and rotation in the graphics world coordinates, which is called navigation in CAVE applications.
Navigation is realized in Multiverse as follows: pushing the joystick along the positive/negative “y” axis
causes viewpoint translation forward/backward in the direction of the wand’s front vector at the given
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Figure 3: The “World” mode of Multiverse, where icons for registered applications (“Universes”) are
floating in the VR space. The user selects one of the Universes by “clicking” the corresponding icon with
a virtual laser beam emitted from the controller, or wand.

Figure 4: When a dataset for a selected Universe is loaded to Multiverse, expository images of the
Universe are presented to the viewer, such as the adopted visualization method, simulation parameters,
and the background of the simulation.
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time, whereas pushing the joystick along the “x” axis causes viewpoint rotation around the vertical axis
perpendicular to the floor of the CAVE room.

Button 1 on the wand is used to select a panel. When panels are shown in the World mode of
Multiverse or in a Universe, a beam is emitted in the direction of the wand’s front vector. When the
beam pierces a panel, the panel assumes a focused—or clickable—state, and if Button 1 of the wand is
pressed in this state, the panel is selected, or “clicked.”

There is no default setting for Button 2 of the wand. Each Universe can define the function of this
button. In one of our sample Universes, for example, this button is used to switch to the next data item.
In visualization tasks in a Universe, in general, it is seldom the case that there is only one target data
item to be analyzed. It is rather common for there to be several data to be visualized. The Button 2 can
be used to change the target data.

Button 3 of the wand is assigned two functions. A short press of Button 3 opens a set of menu panels
defined in each Universe. A long press of this button opens a different kind of menu panel used to exit
the given Universe and return to the World mode. A menu has a special panel to close; the whole menu
panels are erased by selecting the panel.

Developers of new Universes can overwrite the above (default) setting of the wand buttons in custom-
made Universes.

3 Program Structure

3.1 Framework and Execution Flow

A visualization program ”Universe” is an instance of a class called Universe. Universe is derived from
the base class Vacuum whose functions are summarized in Table 1. Although multiple instances of Universe
are controlled by Multiverse, only one Universe runs at a time, and states of the running Universe, shown
in Fig. 5, are controlled by a manager class called UniverseManager. Details of these functions and states
are described in the following.

Table 1: Functions in the Vacuum class.
Executed by the main process

load data To load data onto shared memory
compute To perform computations independent of drawing

Executed by master display thread
update To update variables in shared memory
clear data To delete data in shared memory

Executed by all display threads
start To start initializing visualization
stop To finalize visualization (calling exit graphics, and

clear data)
init graphics To generate texture objects, buffer objects, etc.
update graphics To update the above objects
exit graphics To remove the above objects
draw To draw graphics.

3.2 Loading/Clearing Data

Consider a CFD simulation. The target data to be analyzed are 3D vector fields (e.g., flow velocity
and vorticity) and scalar fields (e.g. pressure and enstrophy). When a Universe to visualize them is
invoked from the World mode of Multiverse, the function start is called to initialize the parameters of
the Universe before the data are loaded; the state is then changed to LOAD DATA: See the rightmost
column of Fig. 5. In this state, the function load_data in Table 1 is called to transfer the data to
the shared memory. The expository images mentioned in § 2.1 and a progress bar (the horizontal blue
bar in the lower part of Fig. 4) are presented by the display threads while load_data is running in the
main process. In the next state INIT GRAPHICS, each display thread calls function init_graphics to
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Figure 5: Execution flow of Multiverse.

perform initialization for rendering with OpenGL. In this function, OpenGL’s objects, such as the vertex
buffer objects and texture objects, are created and initialized with the loaded data.

When the user exits the Universe, the functions exit_graphics and clear_data are called to free
the memory allocated to init_graphics and load_data before returning to the World mode.

3.3 Updating Data

Each Universe has two types of processes to update data: “frame update” and “calculation.”
The functions update and update_graphics in Table 1 are for “frame update.” In each frame,

update is first called by the master display thread, which updates variables in shared memory, such as
the frame index or the positions of the displayed objects. Other display threads wait for update to finish,
following which all the display threads execute update_graphics to update OpenGL objects. In our
sample Universes, included in Multiverse, the data necessary for new objects are, in most cases, sent to
the GPUs at the beginning of each Universe.

The function compute, which is for the “calculation” process, is called by the main process and is
thus executed asynchronously from the display threads. Computationally heavy tasks that may reduce
the frame rate are usually assigned to compute.

3.4 Drawing

The main part of each Universe as a visualization program is the function draw. One may implement
any OpenGL call in this function. It is, however, critically important to keep a high frame rate to realize
the real-time response to the user’s head (eyes) motion in a CAVE. In many cases, it is effective to use
OpenGL buffer objects. In a sample Universe called SeismicWave included in Multiverse (see Fig. 6),
where the time development of the ground velocity of a seismic wave is visualized for N steps of time in
a simulation[29], N vertex buffer objects are created for the ground velocity data.
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Figure 6: A Universe called SeismicWave. In this Universe, a height plot visualization of the ground
velocity of a seismic wave propagation simulation is shown in an animation.

Figure 7: Sample Universe called VolcanicAsh included in Multiverse. Tens of thousands of balls are used
to visualize the motion of ash particles in a volcanic eruption.

3.5 Application Universes

Figure 7 shows another sample Universe called VolcanicAsh. This is a CFD simulation of a volcanic
eruption by Suzuki and Koyaguchi[30]. Volcanic ash particles traced in the simulation are visualized in
this Universe. The position of the ashes is sent to GPUs as vertex buffer objects.

The ball-like objects in Fig. 7 depict the volcanic ash particles. They are drawn by textures using point
sprite. Here, the particles are grouped by diameter and drawn by applying the point sprite technique to
each group with different point sizes and colors.

As in the usual visualization applications, a popular visualization method for scalar fields is volume
rendering. We implemented volume rendering for CAVEs for Multiverse on the basis of VSVR (Very
Simple Volume Rendering) program developed by Lewiner[31]. Figure 8 shows a Universe, CellDivision,
where VSVR is used. A time sequence of microscope images is visualized as an animated stereo volume
rendering in the CAVE.

Another sample Universe in our Multiverse is GeomagField, a snapshot of which is shown in Figs. 9
to 11. It is a visualization application of a magnetohydrodynamics simulation of the Earth’s interior[19,
32]. A variety of visualization methods for vector and scalar fields are part of GeomagField. In fact, most
visualization methods implemented in a general visualization program VFIVE[22, 23, 24] for CAVEs are
included in GeomagField.

As described in this subsection, our sample Universes includes basic rendering techniques for CAVE
programs (buffer objects, point sprite, and stereo volume rendering), so they would be bases for devel-
opment of new programs.
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Figure 8: Sample Universe, CellDivision, for stereo volume rendering in CAVEs. Time development of a
three-dimensional scalar field is visualized as an animated stereo volume rendering.

Figure 9: Another sample Universe, GeomagField. The flow and magnetic fields in a magnetohydro-
dynamics simulation are analyzed by various visualization methods for scalar and vector fields. In this
snapshot, the temperature distribution is shown by a volume rendering.
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Figure 10: Visualization in GeomagField. Flow velocity is shown by arrow glyphs and stream lines (thin
blue curves). The positions of the arrow glyphs and the seed points of the stream lines are interactively
controlled by hand (or wand). The vertical bluish pillars represent isosurfaces of vorticity. A magnetic
field line that is frozen in, or advected by, the flow is shown by the colored tube.

Figure 11: Another snapshot of visualization in GeomagField. The convection flows in the Earth’s core
are visualized by tracer particles (white balls). Vorticity distribution in the equatorial plane is shown by
the color contour. The tracer particles appear in a conic region lit by a handheld virtual flushlight.
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4 Development of New Visualization Applications

As mentioned in § 3.1, Vacuum is the base class for every visualization application (Universe). A new
Universe can be developed by creating a subclass of Vacuum and implementing the functions listed in
Table 1, and by adding custom functions to the Universe.

Every Universe has two kinds of image data. One is an icon image shown in the floating menu in
the World mode. The other is a group of images used in the exposition presented while data relating
to a Universe data is being loaded. The icon images registered to Multiverse are stored in “universe-
Menu,” which is a member of the World class. The expository images are stored in a member of the
UniverseManager called “menu,” which is an instance of a class called UniversePanel.

The class UniverseManager manages all Universes registered in Multiverse. More precisely, each
Universe is registered as an instance of class UniverseEntry, which contains the object of a Universe
together with its application name as a character string. The set of instances of the UniverseEntry class
is stored as an array called “uniList,” which is a member of UniverseManager.

5 Summary

In this study, we described our design and implementation of a 3D desktop environment, Multiverse, for
CAVE-type VR systems. Using this environment, a user in the CAVE’s VR space can select visualization
programs (Universes) by “clicking” 3D icons that float in the CAVE’s VR space. From the viewpoint of
application development, Multiverse provides a kind of software framework which helps create new CAVE
visualization applications. One can produce a new visualization program for CAVE systems by inheriting
a basic class called Vacuum, whose member functions are assigned to threads or processes characteristic
of CAVE programs. Because the user interface is controlled by Multiverse, the developer can focus on
the visualization algorithms.
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