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A new visual
medium, Virtualized
Reality, immerses
viewers in a virtual
reconstruction of
real-world events.
The Virtualized
Reality world model
consists of real
images and depth
information
computed from these
images. Stereoscopic
reconstructions
provide a sense of
complete immersion,
and users can select
their own viewpoints
at view time,
independent of the
actual camera
positions used to
capture the event.

he different visual media we have

today share two shortcomings: direc-

tor-decided viewpoints and two-

dimensional views. Virtualized Reality
is an immersive visual medium that lets the view-
er select a (possibly time-varying) viewing angle
at view time, freely moving throughout the virtu-
alized event in ways even a mobile camera present
at the event site could not. A viewer equipped
with a stereo viewing system can even be
immersed in a stereoscopic reconstruction of the
live or recorded event. Viewers can thus watch a
virtualized basketball game from a seat at the cen-
ter of the court or from a viewpoint moving with
the ball.

Like Virtualized Reality, virtual reality (VR) also
immerses the viewer in a virtual environment.
The two differ, however, in how the virtual world
models are constructed. VR environments are typ-
ically created using simplistic CAD models and
lack fine detail. Virtualized Reality, in contrast,
automatically constructs the virtual model from
images of the real world, preserving the visible
detail of the real-world images. It is thus possible
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to create realistic virtualized environments of such
complex environments as a surgery or a basketball
game. Such environments lie beyond the scope of
current VR systems.

The Virtualized Reality process involves three
phases: transcribing the visual event, recovering
3D structure, and generating synthetic viewpoints.
We transcribe a visual event using many cameras
surrounding the scene. We compute the 3D struc-
ture of the event for some of these cameras using
a multi-camera stereo method.! The views for
which we compute structure are called transcription
angles. The stereo process generates a depth map,
which encodes the scene depth of each image
point from the corresponding transcription angle.
We call this combination of an image and an
aligned depth map a scene description.

The virtualized model of one time instant con-
sists of a collection of scene descriptions at that
instant, each from a different transcription angle.
A time-varying event is represented as a collection
of successive time instants. Scene descriptions
translate easily into computer graphics models
with depth maps providing scene geometry and
images providing scene texture. Novel views of
the virtualized event can be synthesized easily
from these models using graphics hardware.

Possible applications of Virtualized Reality
include realistic training in a virtualized work
space, true telepresence, and imaginative uses in
entertainment. For example, surgical training
could be enhanced by virtualizing a rare heart
surgery. Students could then observe the opera-
tion in 3D from anywhere in the virtualized oper-
ating room, potentially standing in the same
position as the actual surgeon. To achieve tele-
presence, reconstruction and display of the
remote scene occurs simultaneously with the actu-
al event. For entertainment, Virtualized Reality
could make possible a whole new medium that
would allow viewers to watch a ballet perfor-
mance seated on the edge of the stage or a basket-
ball game while standing on the court or running
with a particular player.

View synthesis

Visual reconstruction from arbitrary view-
points is an important component of Virtualized
Reality. View synthesis, or view transfer, consid-
ers visual reconstruction as an image-to-image
mapping designed to generate novel views of a
scene given two or more real images of it.
Additional knowledge about the scene or the
imaging process may also contribute to synthesis.



One class of view synthesis techniques requires
image flow or pixel correspondence, that is,
knowledge about where points in one image
move to in another image. Using this informa-
tion, Tseng and Anastassiou? described a codec
similar to MPEG-2 that can efficiently transmit a
set of discrete viewpoints but cannot construct
novel views. View interpolation is an image-based
rendering technique that interpolates the image
flow vectors between two images at each pixel to
generate intermediate views for any viewpoint on
the line connecting the original two viewpoints.
Both Chen and Williams® and Werner et al.* used
linear interpolation as an approximation of per-
spective viewing because of the simplicity and
speed of implementation. Seitz and Dyer® demon-
strated that this yields physically valid images
only if the source images are rectified. Current
view interpolation algorithms, however, restrict
the synthetic view to a linear space defined by the
reference viewpoints and cannot synthesize views
from arbitrary viewpoints.

Laveau and Faugeras® developed a method that
allows arbitrary viewpoints if the viewpoint is
specified in terms of epipolar geometry with
respect to the original viewpoints. McMillan and
Bishop” and Kang and Szeliski® constructed cylin-
drical panoramic images from planar images
before synthesizing new views from the implicit
3D structure. With no existing real-time cylindri-
cal imaging systems, this approach cannot cur-
rently be extended to time-varying imagery.
Multiple Perspective Interactive (MPI) Video®
attempts to give viewers control of what they see
using a different approach. This method com-
putes 3D environments for view generation by
combining a priori environment models with
dynamic motion models recovered by intersect-
ing the viewing frustums of the pixels that indi-
cate motion.

A second class of view synthesis techniques
eliminates the need for pixel correspondences by
densely sampling the viewing space, possibly
interpolating missing views. Katayama et al.'®
demonstrated that it is possible to generate images
for arbitrary viewing positions from a dense set of
images on a plane. Satoh et al.!! used this proper-
ty to develop a prototype 3D image display system
with motion parallax. Two similar methods have
been proposed recently: lightfield rendering by
Levoy and Hanrahan'? and the lumigraph by
Gortler et al.’® Both methods convert the given
views into a four-dimensional field representing
all light rays passing through a 3D surface. New

view generation is posed as computing the correct
cross-section of this field. These methods require
the full calibration of each input view, but can
generate correct synthetic views from any view-
point outside of the convex hull of the scene.

We introduced Virtualized Reality and pre-
sented a few preliminary results in earlier work.'*
This article presents first results from a virtualiz-
ing facility that provides all-around coverage,
presently consisting of 51 cameras mounted on a
geodesic dome 5 meters in diameter.

3D Dome: The virtualizing studio

A virtualizing studio is a facility for making vir-
tualized models. Our studio, 3D Dome, transcribes
events from many angles to capture all-around
scene structure. The studio can provide accurate
scene structure for each video field—1/60th of a
second in NTSC—of a time-varying event. For
structure recovery, the studio captures every frame
of each video stream, maintaining synchroniza-
tion among the images taken at the same time
instant from different cameras. Synchronization
is crucial to correctly virtualize time-varying
events because stereo (the structure extraction
process) assumes that the images from the differ-
ent viewpoints correspond to a static scene. This
section provides a brief overview of the actual sys-
tem. A more detailed discussion of the setup and
the synchronous, multi-camera image acquisition
system can be found elsewhere.'®

The studio setup

Figure 1a shows the conceptual virtualizing
studio, and Figure 1b shows 3D Dome, the studio
we built using a geodesic dome 5 meters in diam-
eter. Fifty-one cameras are placed at nodes and the
centers of the bars of the dome, providing views
from angles surrounding the scene. Currently, we
use monochrome cameras, each equipped with a
3.6-mm lens for a wide view (about a 90-degree

Figure 1. The
Virtualized Reality

studio: (a) conceptual;

(b) 3D Dome.
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