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applications of Virtualized Reality include simulation, training, telepresence, and 
entertainment. For example, by viewing a dynamic event model of a skilled surgeon 
performing an operation, students could revisit the operation, free to observe from 
anywhere in the reconstructed operating room. Spectators could watch a basketball 
game from any stationary or moving point on or off the court. Once modeled, 
however, many more things are possible, which are not possible in solely view-based 
approaches. The recovered scene geometry enables the editing - addition, removal, 
or alteration - of the event. That is, it is possible to manipulate the reality in the 
computer; the motion of objects might be altered by computing the Newton-Euler 
dynamic motion equations after the event, and virtual objects can be added to the 
event or real components can be removed from it at view time. 

We first introduced the concept of Virtualized Reality in 1993 [l] [2], based 
on the work of the CMU video-rate stereo machine [3]. Then we moved on to 
develop the ”3D Dome”, consisting of 51 cameras and analog VCRS [4], with which 
we demonstrated an off-line system for Virtualized Reality [5]-(71. Now, we have 
developed a new fully digital “3D Room” (81. This paper presents an overview of 
the current status - methods and examples - of Virtualized Reality at CMU Robotics 
Institute. The technical details are presented in the above papers. 

3.2 Modeling Real Events into Virtual Reality 
In the real world, we experiment and observe the results by altering the spatial PO- 
sitions of objects, exerting forces, and adding more objects. Very often, one wants 
to know the outcome before actually exercising those changes to the real world - 
remodeling one’s house is a good example. In some cases, real experiments may be 
dangerous, costly or even impossible to perform. In these cases, a virtual reality 
experiment is a convenient alternative. In virtual reality, experimental choices axe 
tested in “simulationn, and the results are presented mostly by rendering visual, au- 
dio and haptic information to  the user (See Figure 3.1). One of the most important, 
and yet, least developed capability in this scheme is that of modeling the real event 
for incorporation into virtual reality. While modeling the reality involves many di- 
verse aspects, such as geometrical, material, optical, dynamic, and so on, our focus 
in this paper is spatial and appearance modeling. 
Our goal is to digitize and model a time-varying three-dimensional event of a large 

scale in its totality. There are a few aspects that separate our current work from 
most of the past work. First, the task is 4D digitization - a time sequence of three 
dimensional shapes and positions is to be acquired. Second, while the 3D sensors 
provide 2-1/2-D representations of the scene &om each view, the desired output must 
be the full 3D, or whole scene representation of the event - in other words, the set 
of view dependent data must be converted to a scenecentered description. Finally, 
rather than modeling a small toy object on a turn table, our interest is modeling an 
event whose spatial extent is at least that of a room containing multiple people. A 
large physical space poses many issues in calibration, visibility, and illumination. 

We set out to design and develop a dynamic scene modeling system that would 
realize this vision. First, the video capture system must achieve sustained real-time 
performance in order to capture meaningful events. Second, the observation system 
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Modeling (Digitization) 

Figure 3.1 
world event. 

Modeling is a critical step for use of virtual reality for simulating on a real 

must not interfere with the normal appearance or activity of the event, since the goal 
is not only geometric modeling, but also modeling of visual appearance. Third, and 
most importantly, the system must work with minimal human-operator intervention, 
if at all. The tremendous amount of data generated by multiple video cameras make 
most of human-interactive approaches unrealistic. 

3.3 Related Work 
Recent research in both computer vision and graphics has made important steps 
toward realizing this goal. Work on 3D modeling (e.g., Hilton et.al (91, Curless 
and Levoy [lo], Rander et. al. [6], and Wheeler et. al. [ll] ) presents volumetric 
integration of range images for recovering global 3D geometry. Sat0 et. al. [12] 
have developed techniques to model object reflectance as well. Note that most of 
these techniques rely on direct rangescanning hardware, which tends to be too slow 
and &ly for a multi-sensor dynamic modeling system. Debevec et. al. [13] use a 
human editing system with automatic model refinement to recover 3D geometry and 
a view-dependent texture mapping scheme to texture the model. This 3D recovery 
method does not map well to  our objectives it relies on human editing. 

For the purpose of only re-rendering the event, the imagebased rendering ap- 
proach 1141 has been studied extensively. Katayama et. al [15] demonstrated that 
images from a dense set of viewing positions on a plane can be directly used to gen- 
erate images for arbitrary viewing positions without the need for correspondences. 
Levoy and Hanrahan [16] and Gortler et al. [17] extend this concept to construct a 
four-dimensional field representing all light rays passing through a 3D surface. New 
view generation is posed as computing a 2D cross section of this field. These ap- 
proaches require a very large number (typically thousands) of real images to model 
the scene faithfully, making extension to dynamic Scene modeling impractical. 

View transform exploits correspondences between images to  project pixels in real 
images into a virtual image plane [18]. View interpolation 1191 120) and view mor- 
phing [21] interpolate the correspondences, or flow vectors, to predict intermediate 
viewpoints. By computing a form of camera calibration directly from the corre 
spondences, these views are guaranteed to be geometrically correct [Zl]. Virtual 
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objects can be added into the newly rendered images in a visually consistent man- 
ner. However, these solely image- or view-based approaches do not construct an 
explicit representation of the event, and thus the event itself cannot be manipulated 
in the computer. 

The only large-scale attempt to model dynamic events other than our own is Im- 
mersive Video [22]. The stationary parts of the dynamic environment are modeled 
off-line by hand. The dynamic parts of the event are identified in each image by s u b  
tracting an image of the background from each input image. The resulting “motion” 
masks are intersected using an algorithm similar to standard shape-from-silhouette 
methods, resulting in a volumetric model. The final colored model is acquired by 
back-projecting the input images onto the geometric model. Because shape is recov- 
ered from silhouettes, the final model will be unable to identify cavities in the real 
scene, which places restrictions on the types of objects that can be modeled. 

3.4 Virtualized Reality Studio: From Analog “3D 
Dome” to Digital “3D Room” 

Figure 3.2 (a) is a picture of the 3D Dome - our first virtualized reality studio 
facility. A 5-meter diameter geodesic dome was equipped with 51 cameras placed 
at nodes and the centers of the bars of the dome. They provided viewpoints all 
around the scene. Color cameras with a 3.6mm lens were used for achieving a 
wide view (about 900 horizontally). All of the cameras were synchronized with a 
single common sync signal, 60 that the images taken at the same time instant from 
different cameras correspond to the same scene. Due to cost, the 3D Dome took the 
strategy of real time recording and off-line digitization. Each of 51 camera outputs 
is recorded by each of 51 consumer-grade V C h .  Every field of each camera’s video 
is time stamped with a common Vertical Interval Time Code (VITC). The tapes are 
digitized individually off-line under the control of a computer program; the computer 
can identify and capture individual fields of video using the time code. 

Recently we have upgraded the studio setup to the “3D Room” - a fully digital 
system that can digitize all of the video signal in real time while an event occurs 
[SI. As shown in Figure 3.2 (b), a large number of cameras (at this moment 49 
of them) are mounted on the walls and ceiling of the 20 feet x 20 feet x 9 feet 
room, all of which are synchronized with a common signal. A PC-cluster computer 
system (consisting of 17 PCs at this moment) can capture all the video signals from 
the cameras simultaneously in real time in the 42-2 format as unaxnpressed and 
unlassy full frame images with color (640 x 480 x 2 x 30 byte per seconds). 

The processing results contained in this paper, however, are all from the data 
captured by the old 3D Dome. 
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each pixel, given its correspondence(s) in the other image(s). We adapted the multi- 
baseline stereo algorithm (MBS) [23] for a general, non-parallel camera configuration 

i by incorporating the Tsai camera model [24] The choice of MBS was motivated pri- 
k marily by two factors. First, MBS recovers dense depth maps - a depth estimate 
' for every pixel in the intensity image. Second, MBS can take advantage of the large 

5 number of cameras to improve the depth estimates. 
E -  
$ Basic stereo 

We begin by considering a simple stereo system with two parallel cameras. Assume 
that both cameras are pinhole projectors with the same focal length . The second 
camera is laterally shifted down the negative X axis of the first camera by distance 
, which is referred to as the baseline between the two cameras. The goal of stereo is 
to estimate the depth to a scene point corresponding to each pixel in the reference 
camera. This requires the determination of a corresponding image point in the 
second camera for each pixel in the reference camera. For any pair of corresponding 
points, the difference between these image points gives the disparity : 

Stereo searches for the corresponding points along the epipolar line, and selects 
the disparity yielding the best match. Increasing the baseline amplifies the dispar- 
ity between corresponding image points, giving better precision for depth recov- 
ery. Increasing the baseline, however, also increases the difficulty of finding correct 
matching points. MBS retains the advantages of a large baseline while reducing the 
chances of incorrect matches. 

1 

I 

~ 

Adaptation to MBS 

Multi-baseline stereo attempts to improve matching by computing correspondences 
between multiple pairs of images, each with a different baseline. Since disparities 
are meaningful only for each pair of images, we rewrite the above equation to derive 
a parameter that can relate correspondences across multiple image pairs: 

The search for correspondences can now be performed with respect to the inverse 
depth , which has the same meaning for all image pairs with the same reference cam- 
era, independent of disparities and baselines. The resulting correspondence search 
combines the correct correspondence of narrow baselines with the precision of wider 
baselines. 

Robust correspondence detection 1 
A most typical method to compute correspondences between a pair of images is to 
compare a small window of pixels from one image to corresponding windows in the 
other image. The matching process for a pair of images involves shifting this window 
as a function of and computing the degree of matching, usually with normalized cor- 
relation or sum of squared differences, over the window at each position. The MBS 
does this computation for all the image pairs, adds the resulting matching scores for 
each , and finds the value which shows the best match. We use normalized come  
lation, which is less immune to the image noises due to viewing angles or camera's 
non-uniformity. 
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Figure 3.4 (b) shows an example depth map obtained by MBS for a scene shown 
in Figure 3.4 (a). The farther points in the depth map appear brighter. We apply 
the MBS stereo to compute a depth map for each of 51 camera views. In doing so, 3 
to 6 neighboring Cameras provide the baselines required for MBS. Because matching 
becomes increasingly more difficult as the baseline increases, adding more cameras 
may not necessarily improve the quality of the depth map. 

Figure 3.4 
from first volumetric integration (d) Reprojected from the second volumetric integration. 

(a) Original image (b) Range image from stereo (c) Reprojected range image 

Any window-based stereo matching has two problems. One is that in image 
regions with low texture, the depth estimate will have low reliability. A more serious 
problem is the phenomena of fattening or thinning an object along its boundaries. 
At the object boundary, a window contains both foreground or background surfaces, 
for which disparities are different. As a result, the “best” disparity found could 
be either that of background, foreground, or in-between, depending the strength of 
their texture patterns. Thus the foreground object becomes either fattened into the 
background or eaten by the background. Because of these problems, it is unavoidable 
that the resultant depth map using only stereo includes errors in depth, especially 
at or near depth discontinuity. Section 3.5.5 will discuss improvements of the MBS 
stereo results. 
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3.5.5 Stereo Improvement and Foreground/Background Sep- 
aration 

By projecting the triangle mesh obtained by depth map merging into the depth 
buffers of the original cameras, we obtain an approximate range image, with values 
for depth at all the foreground pixels. Using this approximate value as much tighter 
bounds on the range of depth values for the pixel, we perform a second round 
of stereo matching. This process can significantly improve the stereo results. The 
improved range images from this iteration are again merged to yield a more accurate 
3-D model. 

Figure 3.4 shows the results by this refinement process. Compared with the 
initial range image (Figure 3.4 (b)), one can observe progressive improvements in 
the reprojected range image from volumetric integration (Figure 3.4 (c)) and the 
final model obtained from the second round of merging. 

The volumetric integration process creates a 3D triangle mesh representing the 
surface geometry in the scene. To complete the surface model, a texture map is 
constructed by projecting each intensity (or color) image onto the model and accu- 
mulating the results. A simple approach would be to average the intensity from all 
images in which a given surface triangle is visible, but a more sophisticated method 
is used to learn a view-dependent texture map. At the time of rerendering, the con- 
tributions of multiple views are weighed so that the most "direct" views dominate 
the texture computation, and the multiple views are super-resolved for improving 
the image quality 111. 

Figure 3.5 shows a comparison of image quality between an original image (a) 
and the images rendered from the constructed model (b)-(d). Figure 3.6 (b) shows 
a rendered textured image from a position close to the original camera. Figures 
(c) and (d) show rendered images from virtual viewpoints far away from the real 
camera. We see that good shape and texture recovery ensure that the quality of 
the rendered images closely match that on the original image, both when the virtual 
viewpoint is near an original image, and when it is away from it. Note that the 
original images have been digitized only with a half resolution of NTSC (512 x 256) 
in this example. 

3.6 Combining Multiple Events 
There is often a desire to combine many different kinds of events that occurred sepa- 
rately in space and time. Also, a large environment may be created by modeling its 
individual components separately. Virtualized Reality allows such spati&emporal 
integration of event models that are created separately. 

Each virtualized reality model is typically represented by a triangle mesh, with a 
list of vertex coordinates, texture coordinates, and polygon connectivities. The ver- 
tex coordinates of each such model are defined independently with respect to a local 
coordinate system. To combine different models, a simple rotation and translation 
is applied to the vertex coordinates alone of each triangle mesh, so that each local 
origin is mapped to the location of the world origin with the desired orientation. 

A little more attention needs to be paid to integrating the temporal components. 

3.7 Examples 
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Figure 3.6 
images; (b) a time-varying 3D model. 

The Virtualized Reality model of ”basketball one-on-one” event. (a) input 

“Threwnan Basketball” 
In our example, two separate events are recorded. The first event involves two play- 
ers, where one player bounces a basketball and passes it off to the side while the 
other attempts to block the pass. The second event involves a single player who 
receives a basketball and dribbles the ball. Since we are free to choose frames in 
reverse, we actually record the second event by having the player throw the ball to 
the side. Both these events are recorded separately, so no camera ever sees all three 
players at once. The volumetric models for the first time frame for each of these 
models are shown in Figures 3.7 (a) and (b), respectively. The aim is to combine 
the events, so that the final model contains a motion sequence where the first player 
passes the ball to the third player, as the second player attempts to block this pass. 
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Figure 3.8 The combined volumetric model of an instant. 

Figure 3.9 
(a) and (b) display the model from two angles. 

Time lapse volumetric model of the entire sequence of the combined event. 

3.8 Conclusions 
Our Virtualized Reality system provides a significant new capability in creating 
virtual models of time-varying largescale events involving free-form and large objects 
such as humans, using multiple video streams. In addition to the modeling, we have 
the capability to produce synthetic video from a varying virtual viewpoint. There 
are no restrictions on the positions from which virtual views can be synthesized. 
The system is complete to go from captured real image sequences to virtual image 
sequence, with no human input required with regard to knowledge or structure of the 
scene. In addition, it provides the capability to integrate two or more independent 
motion sequences with each other, or with an existing static or dynamic VR model. 

The model creation process described in this paper is a twstage process: stereo 
matching for 2-1/2 D surface extraction from each view and merging them into a 
single representation. After all, the quality of the results is strictly dependent on 
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