
Abstract

Virtual Reality has traditionally relied on hand-created, syn-
thetic virtual worlds as approximations of real world spaces.
Creation of such virtual worlds is very labour intensive. Com-
puter vision has recently contributed greatly to the creation of
the visual/graphical aspect of the virtual worlds. These tech-
niques are classified underimage-based-- as opposed togeom-
etry-based --rendering in computer graphics. Image based
rendering (IBR) aims to recreate a visual world given a few real
views of it. We survey some of the important image-based ren-
dering techniques in this paper, analyzing their assumptions
and limitations. We then discussVirtualized Reality, our contri-
bution to the creation of virtual worlds from dynamic events us-
ing a stereo technique that gives dense depth maps on all-
around views of the event. The virtualized world can be repre-
sented as multiple view-dependent models or as a single view-
independent model. It can then be synthesized visually given
the position and properties of any virtual camera. We present a
few results from3DDome, our virtualizing facility.

1 Introduction
Virtual worlds for VR are mostly hand created using sophisti-
cated software tools such as MultiGen, 3DStudio etc. This is an
expensive process and produces only a synthetic approximation
of the real world that lack in fine detail for walk-through and
other applications. Texture mapping improves the fidelity of
the virtual world, but the enormous manual effort involved is
one of diminishing returns as the model gets finer.

View synthesis – the generation of new views of scenes – has
traditionally used hand-created geometry as the basic model
underlying scene representations. Mapping textures collected
from the real world using a camera improved the photorealism
of virtual worlds that use such models. Substitution of synthetic
texture by real-world texture brought the following question:
Can the geometry -- or equivalent structure -- be inferred from
images of the real world also? Is there a need to manually spec-
ify the scene geometry if carefully selected views of the scene
can be obtained?

Recently, several techniques have been proposed to synthesize
arbitrary views of a scene from a collection of photographs
rather than from an explicit geometric model. The superior vi-
sual realism these methods achieve even when the implicit geo-
metric model is imperfect makes them particularly attractive.
These techniques are commonly referred to asimage-based
rendering(IBR) techniques. These techniques tread a common
ground between computer vision and computer graphics.

We present some of the image-based rendering techniques in
the next section and compare them on the basis of the type of
input they require and the restrictions that places on the view

synthesis. We then present in some detail Virtualized Reality,
our contribution to the field of IBR [9][18][20].
Virtualized Reality closes the gap between images and tradi-
tional geometric models by computing the latter from the
former. Range/depth map is the fundamental scene structure
used by Virtualized Reality. It is recovered from a few carefully
placed viewpoints using a multibaseline stereo method. This
can be translated into textured geometric models of all surfaces
visible from the viewpoint. The virtualized event can be im-
mersively interacted with fully using a representation of it in
terms of multiple Visible Surface Models (VSM) [18]. We also
devised a method to merge these multiple partial models of the
scene into a volumetric space to generate a view independent
Complete Surface Model (CSM) of the scene [20]. The CSM is
fully compatible with traditional geometric models used in vir-
tual reality.
The completeness and smoothness of reconstruction of the vir-
tualized event depends on the distribution of the VSMs and
hence the cameras. Our virtualized events are generated using
the3DDome, a facility consisting currently of 51 cameras cov-
ering a space enclosed by a geodesic dome of 5 meters diame-
ter. The arrangement of cameras provides nearly uniform view
of the dome from all angles. We present the theory of virtual-
ized reality briefly in this paper as well as some results from the
3DDome.

2 Image-based Rendering
The various image-based rendering techniques in the literature
differ from one another significantly in the extra-image infor-
mation used, such as the parameters of the imaging system and
the sophistication of the models extracted from the images. In
order to understand them better, we classify them on the basis
of (a) the type of calibration of the imaging system necessary,
(b) the need for pixel correspondences between pairs of images,
(c) the nature of the underlying “model” used and the restric-
tions this model places on the position of the virtual camera and
(d) the capacity to extend synthesis to dynamic events. Table 1
summarizes the image-based rendering algorithms and their
properties.

2.1 Camera Calibration
Different view synthesis methods make different assumptions
about the calibration parameters of the imaging system. Cam-
era calibration parameters fit a general camera model to an ac-
tual imaging system, relating the camera’s origin and image
plane to the 3D world. Traditional camera calibration, orstrong
calibration, computes the full camera model, providing its im-
aging geometry in a Euclidean framework. Theintrinsic pa-
rameters of the camera relate each pixel coordinate of its image
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to a three-dimensional imaging ray in a coordinate system with
the camera’s optical center as the origin. Theextrinsic parame-
ters orient the camera’s internal coordinate system used above
with respect to a world coordinate system. Thus, it is possible
to compute the imaging ray equations of all cameras in a com-
mon reference frame from the strong calibration parameters.
This makes the recovery of a metric model of the scene possible
from the images.Weak calibration, on the other hand, only
computes enough parameters, usually in the form of afunda-
mental matrix, to relate pixels of one image to lines in another
(the epipolar geometry). The structure of the scene can only be
computed up to an unknown projective transformation using
weak calibration.

The view interpolation techniques require no explicit camera
calibration as long as image flow or pixel correspondence is
given. Automatic computation of pixel correspondence be-
tween a pair of images is a difficult problemwithout calibration
data to constrain the search. The proponents of these methods
do not address this issue and usually compute correspondence
by hand. This makes the method quite general and applicable
even when no information is available on the imaging systems
(such as old photographs), but can introduce unwanted distor-
tion of the geometric structure if the cameras are not parallel as
pointed out by Seitz and Dyer [22]. View morphing does not
use conventional calibration information but extracts some-
thing like weak calibration data in order to rectify the images to
a common (unknown) plane. The projective reconstruction
methods and the view transfer technique require pair wise weak
calibration data. Since these methods also specify the target

camera being synthesized projectively, they require weak cali-
bration for all pairs of the triad of views: the two input views
and the view being synthesized. The tensor-based approach
does not explicitly calibrate the cameras. They instead compute
equations that directly constrain point matches in three images.
The method can be thought of as three-view weak calibration
as the computation is strictly projective.

In plenoptic modeling and omnidirectional stereo, the pan-
oramic image construction essentially computes the strong cal-
ibration data up to a scale factor. The latter also shows a simple
way to determine the scale factor. The field based techniques
and MPI Video require strong calibration to relate the imaging
ray directions in a world coordinate space. View-dependent
texture mapping and Virtualized Reality need strong calibra-
tion to recover metric scene structure using stereo. For most of
these algorithms, a calibration procedure such as Tsai’s is usu-
ally necessary [24].

Calibration parameters are usually computed by solving the
concerned camera equations using a few known data points in
images. Weak calibration between a pair of cameras, for in-
stance, requires the simultaneous identification of a few – a
minimum of 7, but usually larger for reliability – points identi-
fied in a common scene. Strong calibration requires the identi-
fication of a few points with known 3D positions in each image.
Both calibration methods assume an ideal pin-hole camera. In
reality, however, the pin-hole assumption is often violated, es-
pecially by low focal length lenses whose optical properties can
distort the images systematically. The weak calibration model
cannot handle these non-ideal situations whereas the strong cal-

Method
Camera

Calibration
Pixel Corr-
espondence

Type of Model
Virtual camera

placement
Dynamic Scene

Handling

View Interpolation [2][25] None Required Implicit Shape Limited by input
views

Enormous soft-
ware effort

View Morphing [23] Like weak
calibration

Required Projective
Shape

Limited by input
views

Enormous soft-
ware effort

Projective
Reconstruction [5][21]

Weak
calibration

Required Projective/
Affine Shape

Specified pro-
jectively

Enormous soft-
ware effort

View Transfer [13] Weak Required Projective
Shape

Specified pro-
jectively

Enormous effort

Tensor-based
Reconstruction [21]

Three-view
weak

Required, in
triplets

Like Projective
Shape

Specified using
few ref. points.

Enormous soft-
ware effort

Plenoptic Modeling [16]
Omnidirectional Stereo [11]

(Scaled)
Strong

Required (Scaled)
Metric Shape

Anywhere Moderate effort

Field Based (e.g., Lightfield,
Lumigraph) [6][12][14]

Strong No Metric Field of
Light Rays

Outside convex
hull of objects

With prohibitive
hardware setup

Multi Perspective Interactive
(MPI) Video [7]

Strong No Metric Shape Anywhere Straightforward

Virtualized Reality Strong Required Metric Shape Anywhere Straightforward

Table 1: Classification of view synthesis techniques



ibration model has been extended to correct them [24]. This is
a practical advantage of methods using strong calibration over
those using weak calibration, though the latter makes less as-
sumptions in theory.

2.2 Pixel Correspondences
Pixel correspondences, or image flow vectors, between a pair
of images of the same scene relate pixels in one image with cor-
responding pixels in the other image. Correspondences are in
general difficult to compute but form the heart of all structure
from motion and stereo techniques. Camera calibration helps
correspondence finding by limiting the search space to the epi-
polar line rather than having an unconstrained search across the
entire image plane. Conversely, correspondences can be used
to weakly calibrate the imaging system.

Most view synthesis algorithms require pixel correspondences.
View interpolation, view morphing, and plenoptic modeling
use correspondences to map pixels directly to the synthetic im-
age. View transfer uses it to compute the curve defined by the
epipolar line of each output pixel. The tensor-based reconstruc-
tion requires correspondence for all pixels in the reference im-
age and three-way correspondence involving the reference
views and the target view for a few points in order to compute
the tensor. Omnidirectional stereo and view-dependent texture
mapping use correspondences to compute structure. Virtual-
ized Reality also uses pixel correspondences to compute scene
structure.

Another class of synthesis techniques eliminates the need for
pixel correspondences by densely sampling the viewing space,
possibly interpolating missing views. Katayama et. al demon-
strated that images from a dense set of viewing positions on a
plane can be used to generate images for arbitrary viewing po-
sitions [12]. Levoy and Hanrahan [14] and Gortler et al. [6] ex-
tend this concept to construct a four-dimensional field
representing all light rays passing through a 3D surface that is
the convex hull of the objects of interest in the scene. New view
generation is posed as computing the correct 2D cross section
of this field. The main drawback of these methods is the large
number of images necessary. In [14], for example, as many as
8000 images are used to build just a partial model for a single
object.

An alternative to correspondence-based analysis is to perform
model-based motion analysis to a set of image sequences, a
technique used in Multiple Perspective Interactive (MPI) Vid-
eo [7]. In this system, motion is detected by subtracting a
“background” image from each video frame. Three-dimension-
al models of the moving objects are computed by intersecting
the viewing frustums of the pixels that indicate motion in a vol-
umetric space. Complete 3D environments are then built by
combining these dynamic motion models witha priori environ-
ment models (for the structure of the background). This ap-
proach is well suited to applications with only a few small
moving objects and with a known stable environment.

2.3 Model Type
An implicit or explicit model of the world is necessary for view
synthesis. The techniques presented here model either the ob-
ject shapes or the field of light rays passing through a region of
space in some form. The characteristics of the model used may

limit the mobility of the virtual camera or restrict how the view-
point can be specified. The type of the model also affects how
it can be manipulatedpost facto. This is important if view syn-
thesis is not the only goal of the system.

2.3.1 Virtual Camera Position
All correspondence-based methods model the scene geometry
implicitly or explicitly. View interpolation and view morphing
use only pixel correspondences as an implicit model of the
scene geometry, without the explicit knowledge of how these
correspondences relate to shape. As a result, synthesis is limit-
ed to a space that is a linear combination of the input image lo-
cations. Projective methods synthesize the scene only up to an
unknown projective transformation; the virtual camera can
therefore be anywhere in the projective space. The view trans-
fer method also recovers the projective structure in effect. The
virtual camera could be anywhere, but its position must be
specified in terms of epipolar relationships with the input cam-
eras. The trilinear tensor is an extension of this to three views,
with the synthesized viewpoint being specified using the mo-
tion of a few reference pixels in the two reference images. The
virtual camera can not be specified in a Euclidean coordinate
system in all these methods.

Plenoptic and omnidirectional maps recover the space visible
from a few closely spaced viewpoints and can be used to syn-
thesize views from any point as long as occluded areas in the
space are not exposed. The possible lack of absolute scale is
usually unimportant for viewing, since many viewing interfac-
es already adjust for it. The field based techniques recover a
field that is defined over a (metric) space outside the convex
hull of the objects in the scene. The virtual camera can be
placed anywhere in that space, but in general can not lie within
the convex hull. The model as such can be considered to be an
exhaustive enumeration of all possible light rays through that
region. MPI Video, view-dependent texture mapping and Vir-
tualized Reality recover a global metric model of the event, al-
lowing the virtual camera to be anywhere in space. Occlusions
from specific viewpoints in the space can be handled as long as
every part of the event space is recovered by at least some real
cameras.

2.3.2 Model Editing
The ability to edit the model after capture enables more than
passive viewing of a scene captured using images. The editing
could involve adding objects into the scene or removing objects
from it. In both of these cases, the potential difficulty is resolv-
ing visibility of objects within the new environment. Editing
can also involve modifying the scene, such as changing the cos-
tumes of the actors or the background texture. In this case, the
potential difficulty is locating the same physical surfaces and
objects in the multiple views.

The first five methods in Table 1 have at best a projective mod-
el of the scene and can manipulate it only projectively. This se-
verely restricts the editability. Plenoptic models are metric up
to a scale factor and can be edited. The field-based methods do
not support editing in any meaningful way. Editing is possible
with the model computed for MPI. The virtualized models can
be edited in the 3D space using both representations we use.
The CSM representation can also take advantage of model
building/editing software used in virtual reality for the editing.



2.4 Dynamic Scene Handling
We now consider the dynamic event capabilities of these meth-
ods. MPI Video and Virtualized Reality have, by design, ad-
dressed the dynamic issues. Each time instant can be
virtualized automatically (and independently) as the compo-
nent processes -- like stereo and volumetric merging -- are per-
formed without manual intervention. It is also possible to
exploit the temporal consistencies in the scene either at the time
of stereo or at the time of the model building.

Other techniques have been demonstrated only for static
scenes. In addition, most have used the same imaging system,
moving the camera or the object to get multiple views of static
scenes. Extension to time-varying imagery would require hard-
ware modifications but few algorithmic changes, but the quali-
ty of correspondences computed will suffer when using
different imaging systems. In practice, the effort involved in the
human-assisted correspondence computation used in the first
six methods will make them essentially unusable in dynamic
situation. The field-based approaches extend easily algorithmi-
cally, but several thousand cameras will be necessary to pro-
vide the numerous views it requires, making it prohibitively
expensive.

3 Visible Surface Model
The fundamental scene structure is recovered using stereo in
our system. Stereo gives a range/depth map listing the distances
to each point in the intensity/colour image. This 2-1/2 D struc-
ture is converted to a Visible Surface Model (VSM) of all sur-
faces visible from a camera’s viewpoint. This section describes
the recovery and representation of the VSMs from input imag-
es, as well as the causes and effects of errors in that recovery.

3.1 Multibaseline Stereo
We adapted the multibaseline stereo algorithm (MBS) [19] for
a various number of cameras in a general (i.e., non-parallel)
configuration by incorporating the Tsai camera model. The
choice of MBS was motivated primarily by two factors. First,
MBS recovers dense depth maps, with a depth estimate for ev-
ery pixel in the intensity image. Second, MBS takes advantage
of the large number of cameras we use to improve the depth es-
timates. Figure 2(b) shows a depth map computed by MBS,
aligned with the reference image shown in Figure 2(a). The far-
ther points in the depth map appear brighter. We apply stereo
to compute a depth map at each camera, with 3 to 6 neighboring
cameras providing the baselines required for MBS. Adding

more cameras arbitrarily may not improve the quality of the re-
covered structure because of the increased difficulty in match-
ing.

3.2 Computing Visible Surface Model
A textured geometric model of all surfaces in the scene visible
from a camera can be constructed from the aligned depth and
intensity information provided by stereo and the camera cali-
bration parameters. The steps for the construction are given be-
low.

1. The (X, Y, Z) coordinates of each pixel are computed in a
world coordinate system using its depthd, pixel coordi-
natesu andv and camera calibration parameters as fol-
lows. The intrinsic camera parameters specify the ray
corresponding to the pixel (u, v). The camera-entered(x,
y, z) coordinates can be obtained by intersecting the ray
with thez = d plane. The extrinsic calibration parameters
orient the camera based coordinate system in the world
coordinate frame giving the(X, Y, Z) coordinates.

2. The resulting cloud of 3D points is converted to a triangle
mesh assuming local connectivity of the pixel array. That
is, every 2x2 section of the array is converted to two tri-
angles by including one of the diagonals.

3. The triangles with a large difference in depth along any
side lie on occlusion boundaries (or on extremely fore-
shortened surfaces which are approximately equivalent).
They are identified using a threshold on the depth differ-
ence along any edge and are marked ashole triangles, not
to be rendered.

4. The aligned image from the camera is used to texture map
the mesh. Texture coordinates are easy to compute as the
triangle vertices fall on image pixels. Thus, the texture for
a triangle is the section of the image that falls on it.

We call the resulting textured triangle mesh theVisible Surface
Model (VSM) of the scene. The VSM is an oriented, local de-
scription of the scene. It has the optical center of the corre-
sponding camera as itsorigin and the viewing frustum of the
camera as its geometric extent. Since the computation of the
textured mesh model from the depth/intensity pair is straight-
forward, we use the term VSM to also refer to the aligned pair
of depth and intensity images for a particular camera (i.e., with
the calibration parameters implied). The VSM has the follow-
ing noteworthy properties. (1) It is a textured triangle mesh
model of surfaces visible from its origin with the occluded sur-
faces left blank. (2) A view synthesized using it will be exact

Figure 1: Visible Surface Model of one image. (a) intensity image, (b) depth map computed by MBS (distant surfaces are
brighter), (c) depth map computed by reprojecting the global model (CSM) into the camera.

(a) (b) (c)



when rendered from its origin irrespective of the errors in the
recovered geometry. The rendering remains realistic if the vir-
tual camera is close to the origin. This property has great rami-
fications in decimating the VSM mesh as will be seen later. (3)
The synthesized view has “holes” when rendering from loca-
tions away from the VSM’s origin as occluded regions get un-
covered. (4) The VSM containsO(N2) triangles for anNxN
depth map. The triangles are often tiny when using the above
construction.

3.3 Effects of Errors in Correspondence
Errors in computing the pixel correspondences manifest them-
selves as incorrect depth in the depth map. Systematic errors in
correspondence computation result in systematic distortion of
the scene. For example, the periphery of the image tends to
have lower quality depth estimates compared to the center in
general as the region is visible to a fewer number of cameras
participating in the stereo computation. Two other sources of
systematic errors are camera calibration and scene occlusion.

Camera calibration is fundamental to the structure extraction
process because calibration parameters determine the search
space (i.e., epipolar geometry) for corresponding points across
multiple images. Inaccuracies in the camera model will mani-
fest themselves as serious distortions of the recovered model.
The effects of inaccuracies in calibration on the recovered mod-
el merit a systematic study.

A section of computer vision researchers believe that the de-
pendence on camera calibration should be kept to a minimum.
The charm of the image-based rendering methods that either do
not require camera calibration or require only a weaker form of
calibration is their potential immunity from this source of sys-
tematic distortion. As already discussed in Section 2.1, these
approaches have their own drawbacks, such as the inability to
directly handle lens distortion and other deviations from perfect
perspective projection. They also cannot provide a Euclidean
model of the scene that is most intuitive to handle.

Area based methods for (automatic) correspondence computa-
tion fare poorly near occlusion boundaries in the scene. Usual-
ly, the effect of this violation is either the foreground surface
expanding into the background or vice versa, a process we call
fattening of the range image surfaces. VSMs computed from
stereo inherit this shortcoming. We developed two solutions for
these problems. The first is a human supervised editing step
that corrects the inconsistencies in a single VSM, that typically
takes a couple of minutes per VSM. The effort involved is far
less than computing correspondences manually and the effects
of errors in this manual operation are far less critical. The sec-
ond solution involves the volumetric merging step described in
Section 5. Fattening is reduced in the individual VSMs by en-
forcing global geometric consistency through volumetric merg-
ing. Figure 1(c) shows the depth map created by reprojecting
the global model back into the camera. Clearly, the global mod-
el building process reduces noise, improves localization of
depth discontinuities, and increases the effective field of view.

3.4 Decimating the VSM Mesh
A typical triangle mesh computed from a range image contains
over 100,000 triangles for a 240x320 image/depth map as no
effort is made to recognize planar patches of the scene.Such

finely tessellated meshes lend themselves easily to decimation.
However, the decimation needs to be done carefully. A well-
known visual effect is that humans can tolerate significant er-
rors over continuous surfaces, but errors at occlusion bound-
aries (or silhouettes) are quite objectionable. This suggests that
aggressive decimation of interior mesh surfaces can be per-
formed with little loss in visual quality, so long as boundaries
are well preserved. Aboundarypoint in this discussion is a
point that could be on the silhouette of a foreground object
against a background when viewing using the model.

We use a simple edge-collapse decimation method [8] that
eliminates triangles subject to a number of constraints on the
error between the original and the simplified models. The pro-
cess can be tuned in a number of ways, for instance, by control-
ling the priority of boundary errors relative to the interior
errors. (Boundary errors result from moving boundary points
while decimating. Interior errors result from moving the interi-
or points of the surfaces.) This controllability allows us to
match the mesh to the human eye’s ability to discern detail, giv-
ing maximum priority to the boundary points. The model is typ-
ically decimated from 100,000 triangles to 4000 triangles
without appreciable deterioration in the rendered image quali-
ty. Maintaining the occlusion silhouette while decimating the
mesh is easy in an oriented model like the VSM as the depth
discontinuities in the model correspond closely with the visibil-
ity in the final rendered images. As will be shown later, this is
a unique advantage of the VSM not shared by more global
models of the scene which have no preferred direction for iso-
lating the occlusion boundaries.

4 Rendering Using VSMs
One representation of the virtualized environment is as a col-
lection of VSMs for each time instant. We describe in this sec-
tion how virtual camera views of the scene can be synthesized
seamlessly from any location using this representation. More-
over, all interactions with the virtual environment that a con-
ventional global representation permit are possible using this
representation.

4.1 The Representation
A single VSM represents all surfaces within the viewing frus-
tum of the camera visible from the camera location. It can be
used to render the scene from locations near its origin, but the
synthesized image will have holes when the virtual camera
moves away from the origin as occluded areas become ex-
posed, as shown in Figure 2(a). However, given a sufficiently
dense distribution of VSMs, we can typically find other VSMs
to fill these holes. Intuitively, when the virtual camera moves
away from the origin of the VSM in one direction, a neighbor-
ing VSM that lies “beyond” the virtual camera, to which the ex-
posed regions are visible, would fill the holes created. Thus a
combination consisting of a small number of neighboring
VSMs can provide nearly hole-free synthesized views as in
Figure 2(b). We call this combination theView-dependent Lo-
cal Model (VLM) of the scene.

4.2 View-dependent Local Model
The combination of VSMs in a VLM used for rendering should
provide a hole-free view from the virtual camera location. The
VSM “closest” in approach to the virtual camera provides the



most promising model and should play the central role in the
VLM by providing most of the rendered image. We call this the
reference VSM of the VLM. It will not be hole-free on its own;
we therefore includetwo neighboring VSMs in the VLM to fill
the holes. They are called thesupporting VSMs. These are se-
lected so as to collectively cover all regions that are uncovered
when the virtual camera moves away from the reference VSM.
The combination of one reference plus two supporting VSMs
works well for our current arrangement of came a suitable com-
bination of a small number of VSMs should be used for another
arrangements of the VSMs.

The problem of covering all possible holes with a finite number
of VSMs has no good solutions. It is possible to create a scene
and a virtual camera location that will not be hole free for any
given arrangement of VSMs. Our approach works well under
the following conditions: First, every part of the scene to be
modeled must be visible in some VSM. This condition is satis-
fied when the distribution of the VSMs is fairly dense and uni-
form with the main event space as their focus. Second, the
virtual camera should be focussed roughly in the same region.
This condition is satisfied because all the objects of interest are
in the central region. These conditions are reasonable for our
setup; they are however not limitations of the system as it can
be extended to other situations easily.

4.2.1 Selecting Reference VSM
Finding a good definition of “closeness” for the selection of the
reference VSM is a complex problem because of the possibility
of occlusion. Intuitively, the usefulness of a VSM increases as
the virtual camera moves closer (in physical space) to it. But the
physical distance or the direction of gaze are not sufficiently
good measures of closeness. We use a closeness metric based
on the assumptions about the distribution (3D placement) and
orientation (field of view) of the VSMs as well as about the

general regions of interest in a typical scene. The viewpoint of
the virtual camera in our system is specified by an eye point and
a target point. The virtual camera is situated at the eye point and
oriented so that its line of sight passes through the target point.
Our measure of closeness is the angle between this line of sight
and the line connecting the target point to the 3D position of the
VSM, as shown in Figure 3. The VSM with the closest angle
with the virtual camera’s viewing direction is chosen as the ref-
erence VSM. This measure works well when both the virtual
viewpoint and all the VSMs are pointed at the same general re-
gion of space. In our system, this assumption holds for the
VSMs by design, which tends to focus the user’s attention on
this same region. Other metrics of closeness are also possible,
for instance, the angle the line of sight of the virtual camera
makes with the line of sight of the camera corresponding to a
VSM.

4.2.2 Selecting Supporting VSMs

The supporting VSMs are used to compensate for the occlu-
sions in the reference VSM. Given a reference VSM, consider
the triangles formed by its origin and all adjacent pairs of its
neighboring VSMs, as shown in Figure 4. If the VSM hasn
neighbors, there aren such triangles. Determine which of these
triangles is pierced by the line of sight of the virtual camera us-
ing the available geometry. The non-reference VSMs that form
this triangle are selected as the supporting VSMs. Intuitively,
the reference and supporting views “surround” the desired
viewpoint, providing a (nearly) hole-free local model for the
virtual camera. The holes created by the virtual camera moving
away in any direction from the reference VSM are covered by
one of the supporting VSMs as they collectively lie “beyond”
the virtual camera when viewed from the reference VSM. This
strategy gives hole-free rendering in practice, though not guar-
anteed in theory.

(a) (b)
Figure 2: (a) Holes appear when virtual camera moves away from a VSM. (b) Supporting VSMs can fill the holes.
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Figure 3: Selecting the reference VSM.θi is the angle be-
tween the virtual camera’s line of sight and the line joining
the target point with the position Vi of VSM i. The VSM with
the smallest angleθi is selected as the reference VSM.

Figure 4: Selection of supporting VSMs. Given a reference
VSM, the supporting VSMs are determined by the triangle
pierced by the line of sight of the virtual camera.
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4.3 Rendering Using a VLM
A VLM is a dynamically selected scene model that contains a
hole-free description of the scene from the virtual camera’s
viewpoint, consisting of a reference and two supporting VSMs.
How do we combine the VSMs effectively? We decided to fuse
them in the imageafter rendering each component VSM sepa-
rately. The supporting VSMs are used only to fill the hole pix-
els in the rendering of the reference VSM. A variation of this
approach could have the renderings of the component VSMs
cross-dissolved(i.e., weighted averaged) based on, say, a close-
ness metric or the distances of the virtual camera from the VSM
origins. Merging the renderings of the VSMs in the image re-
quires the hole pixels to be identified. A simple method could
be to mark all pixels untouched while rendering as hole pixels.
This approach does not correctly identify holes to be filled in
some situations. For instance, a thin foreground object will
project a thin hole on the background object which will be ex-
posed when the virtual camera moves away from the origin of
the reference VSM. If the virtual camera moves far enough, the
background that lies on one side of the foreground object (from
the perspective of the reference VSM) will appear on the other
side of the object from the perspective of the virtual camera.
While this reversal in ordering is geometrically correct, it can-
not account for surfaces that may lie between the foreground
object and the background because the background that has
switched sides will fill in the pixels that should contain these
hidden surfaces. These hidden surfaces may be part of the same
object (such as the additional surface of a sphere that is visible
as one moves) or could be independent objects that are occlud-
ed by the foreground object.
We use a two-fold approach to identify the hole pixels to over-
come this problem. The pixels that are not written over when
rendering the reference VSM are marked as holes. In addition,
the hole triangles of the VSM (as discussed in Section 3.2) are
rendered into a separate hole buffer marking each pixel that is
touched as a hole pixel, even if filled from the reference VSM.
Thus, rendering using a VLM is a three step procedure: First,
the scene is rendered from the virtual camera’s location using
the reference VSM. Next, the hole triangles of the reference
VSM are rendered into a separate buffer to explicitly mark the
hole pixels. Lastly, the supporting VSMs are rendered, limiting
their rendering to the hole region. The contributions of the ref-
erence and supporting VSMs could also be cross-dissolved us-
ing alpha blending. We have not implemented this as of now.
Figure 2 shows the results of rendering a VLM.

4.4 Alternative Local Models
The view-dependent local model consisting of one reference
and a few supporting VSMs has the advantage that only a fixed
number of VSMs (in our case 3) need to be rendered for any
view. This approach, however, can leave small holes in the syn-
thesized view depending on the scene geometry even when an-
other VSM in the system (but not in the selected VLM) can fill
it. Strategies using a variable number of supporting VSMs can
eliminate all holes in regions visible in at least one VSM. We
do not currently employ this strategy.
The 3D event space that generates the holes in any view given
a reference VSM is the spacenot visible from its origin; it does
not depend on the position or orientation of the virtual view-

point. It is, therefore, possible to identify the subset of another
VSM that covers this space by mapping it to the VSM, instead
of recomputing it for each virtual camera position. (The spatial
ordering induced by the pixel ordering of the VSM’s depth im-
age makes it straightforward to “circumscribe” a given 3D
space in it, unlike a general geometric model.) This can be done
by mapping the hole triangles into the supporting views using
the relative camera geometry. The surface model induced by
the pixels touched in this process belongs entirely to the hole
region of the reference VSM. The holes of each VSM can then
be mapped to each (possible) supporting VSMoff-line. While
synthesizing a virtual view, the reference VSM is rendered first
based on the virtual viewing angle. Next, the supporting VSMs
are rendered in a sorted order of distance and direction from the
reference VSM, based on the hole pixels left unfilled. This
strategy ensures better filling of holes. The rendering will have
only one pass as the hole triangles need not be rendered; it will
also be faster as only the relevant subset of the supporting mod-
els need to be rendered. We currently do not use this strategy
because of the increased complexity and storage, although a
system truly desiring maximum performance should consider
this approach.

5 Complete Surface Model
The multi-VSM representation of an event has a 3D represen-
tation of it and is capable of full immersion and interaction like
any global model. Because the VSM-based model never prop-
agates local information into other views, the errors in one
VSM only impact view synthesis when the virtual camera is
near that VSM. In addition, this approach guarantees exact re-
production of the input images when the virtual camera is
aligned with a real one. However, the local errors are not sup-
pressed by the information in other views that clearly contra-
dicts them. Thus, the random errors that can get removed using
the number of views remain.

It may therefore be profitable to build a global model of the
scene. Two factors motivate the development of a global mod-
el. First, global models are easier to manipulate than local mod-
els. For example, removing an object from an image-based
model requires finding the object in every image. Performing
the same operation on a global model involves nothing more
than scissoring the object from the model. Second, the avail-
ability of a (nearly) invertible transformation between an im-
age-based model and a traditional “geometric” model adds
great flexibility in real applications. For example, since most
existing graphics systems do not support image-based models,
a designer must be able to convert these models into traditional
ones in order to make use of these techniques. Even if future
systems directly support image-based models, there may still
be times when the global representation is preferable.

We devised a procedure to merge the set of VSMs into a global
scene model with a single geometric description (a 3D triangle
mesh, or set of 3D meshes for unconnected objects) and a single
texture map. We call this global representation aComplete Sur-
face Model (CSM). To recover the CSM geometry, we merge
models of the VSMs using an adaptation of the Curless and Le-
voy volumetric integration algorithm [3]. This technique has
shown tremendous resilience even to the gross errors common
in stereo-computed range images [20]. Other techniques, such



as those that fuse 3D points or triangle meshes, tend to perform
poorly in the presence of even relatively small errors. CSM tex-
ture is computed by back-projecting the real images onto the
CSM geometry.

5.1 Volumetric Merging of VSMs
The volumetric integration algorithm fuses range images with-
in an object-centered volume divided into voxels, or volume el-
ements. Each voxel accumulates the signed distance to the
surfaces in the VSM. The signed distance is computed in three
steps (see Figure 5). First, the voxel is transformed into camera
coordinates using the following equation, with  and
now representing the world and camera coordinate positions,
respectively, of the current voxel and  and  representing
the rotation and translation respectively of the camera in the
world coordinate frame:

Next, the camera coordinate  is projected into the image to
derive the image coordinates  of the voxel. Finally, the
signed distance  is computed by subtracting the depth  at
pixel  (linearly interpolated from the vertices of the tri-
angle on which it falls) from the depth of the voxel, :

The voxel  accumulates the signed distance
across its projections into all cameras:

If the estimated structure in the VSMs have unequal reliability,
the signed distance can be weighted by that confidence, possi-
bly with a different weight for each 3D point in every VSM (see
Figure 6(a)):

This projection process, repeated for each voxel and for each
VSM, converts the explicit geometry of the individual VSMs
into an implicit surface embedded in the volume. In particular,
since the signed distance is zero for points on the real surface,
the volume’s isosurface of level zero represents the surface ge-
ometry in the scene (see Figure 6(b)). This geometry can be re-
covered by extracting this implicit surface. Isosurface

extraction is well studied and has standard solutions such as the
Marching Cubes algorithm [1][15], which tessellates the im-
plicit surface into a triangle mesh. This is the method we use to
extract the geometric component of the CSM.

We divide the volume of voxels into three classes for each
VSM based on their visibility from that view: empty, near-sur-
face, and occluded. Empty voxels lie in the viewing frustum of
the of the VSM between its origin and the closest surface con-
tained in it, corresponding to negative values of . The voxels
in the near-surface volume are within some threshold (abso-
lute) distance from the surface . Finally, be-
yond the near-surface volume lies the occluded volume, in
which voxels are hidden from view of the VSM by the VSM
surface (positive ). Both our algorithm and the one of Curless
and Levoy handle near-surface and occluded voxels in the same
way. Near-surface voxels are updated as previously described.
Occluded voxels are not updated because they may lie on a real
surface occluded from the view of the VSM under consider-
ation.

The main difference between the Curless and Levoy algorithm
[3] and our own is the way the empty volume is handled. They
update the empty voxels but reduce the weight  of the
VSM contribution to zero in a process they call space carving.
This approach allows VSMs to mark voxels as “empty” if they
have not already been seen by another VSM, but will not alter
any accumulation already stored there. This approach works
well for relatively accurate input range images such as those
generated using a laser scanner. In the presence gross inaccura-
cies, however, this approach would propagate the errors into

camera centervoxels
depth 2

depth 1

depth 3

image plane

Figure 5: Basic operation in computing signed distance. Each voxel is projected into the image plane of each camera using the
camera models already computed for stereo. The range image is interpolated to compute the distance from the camera to the
surface, from which the signed distance from the voxel to the surface is computed.
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the global model because the zero weighted votes for “empty”
would have no effect on the non-zero-weighted erroneous sur-
faces. Since stereo-computed range images commonly include
large errors, we must use a different method to handle this case.

We continue to use the normal weights attached to each 3D
point when we encounter “empty” voxels and clamp the
weighted, signed distance to lie within the limited range

. With this approach, VSMs can vote to “erase” errone-
ous surfaces if they see any voxel as being empty, while the
clamping prevents a single view from overwhelming all others.
We also add an extra step to eliminate any surface that is not
visible to any of the VSMs. These surfaces are created by
VSMs that overestimate the distance to a surface, which fre-
quently places the estimate beyond all visible surfaces in the
scene, for instance, “inside” a solid object. Our modifications
effectively eliminate false surfaces because most range images
will vote strongly against the existence of the false surfaces.

This approach introduces two errors, however. First, correct
surfaces can be eliminated if only a few VSMs contain them,
since a few erroneous estimates can overwhelm the correct
ones. An example if the baseball bat in Figure 7(a), most of
which has been eliminated. In this case, the baseball player’s
head blocked the bat’s visibility in many images, and even
when it was visible, stereo had difficulty because of the thin-
ness of the bat. The integration, however, has performed well,
even preserving the correct topology of the player’s arms form-
ing a torus. Second, this approach can introduce a bias into the
voxel space, shifting the reconstructed surface away from its
true position, when voxels near a real surface are determined to
be empty from the perspective of at least one VSM. The effect
of this on our data is less serious than that of the noise present
in the VSM surface models, so the CSM geometry is still an im-
provement. We are currently exploring ways to preserve the
noise rejection property while eliminating these two draw-
backs.

5.2 CSM Texture Modeling
The volumetric integration process creates a 3D triangle mesh
representing the surface geometry. To complete the CSM, a
texture map is constructed by projecting each intensity/color
image onto the model and accumulating the results. Several
methods can be used to accumulate this global texture map. A
simple approach is to average the intensity from all images in
which a given surface triangle is visible. It is also possible to
weight the contribution of each image so that the most “direct”
views dominate the texture computation. We construct a global
texture map in which each non-overlapping MxN section of the
texture map contains two texture triangles which map to two
3D triangles. The two triangles are defined with a shift of one
pixel so that the pixels do not interact. Each texture triangle is
applied to its geometric triangle by relating the corresponding
vertices. This approach allows each 3D triangle to have a tex-
ture map, rather than just a single color. The main drawback of
this implementation is that neighboring texture triangles are not
necessarily neighboring geometric triangles, and so filtering of
the texture map must be done with extreme care. A more effi-
cient approach would be to map contiguous geometric triangles
into contiguous texture triangles. The results of texturing one
frame of a baseball sequence (with views similar to those in

Figure 2) are shown in Figure 7(b). The straight averaging blurs
the texture map. The main source of error in both cases is the
residual geometric error in the CSM geometry. The model is
accurate only to within several pixels when projected into the
original images. This is due to a number of sources including
calibration error, stereo noise, and bias in the fusion algorithm.
This error blurs the back-projected textures like a poorly fo-
cused camera. This suggests that a view-dependent texture
mapping approach such as our VLM method or the method of
Debevec et. al. [4] may provide higher quality in the presence
of moderate geometric error.

5.3 CSM Mesh Decimation

One drawback of the volumetric merging algorithm is the large
number of triangles in the resulting models. For example, the
dome alone at 1 cm voxels, can create a model with 1,000,000
triangles. The number of triangles in the model is directly relat-
ed to the resolution of the voxel space, so increasing the voxel
resolution will increase the number of triangles in the final
model. We can apply the same edge-collapse decimation algo-
rithm [8] to reduce the number of triangles. Since the global
model represents the scene independent of any viewpoint, it
must preserve the overall structure well. All geometric infor-
mation is thus of equal importance unlike while decimating the
VSMs, when boundary errors were more important than interi-
or errors. Such a natural separation does not exist for a global
model as any part of the scene can become a boundary point.
The gains from decimation are still large (an order of magni-
tude is typical), but are less spectacular compared with the re-
duction of a set of VSMs. The geometric model in Figure 7 is
actually a decimated model.

5.4 Rendering Using the CSM

Rendering using the complete surface model of the scene is an
easy task as the model is a view-independent geometric de-
scription of the scene. The model can easily be converted to a
format like the Open Inventor format and manipulated using
standard tools. Conventional graphics rendering engines are
optimized for this task and render them directly. All the images
in Figure 7 were rendered using Open Inventor tools.

δ– δ,[ ]

Figure 7: The CSM constructed from one set of VSMs
for a baseball player. (a) An untextured, decimated
mesh. (b) A textured mesh.
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6 Experimental Results
We present a few representative results from 3DDome in this
section. The facility currently consists of 51 cameras mounted
on a 5-meter diameter geodesic dome, providing viewpoints all
around the scene. We currently use monochrome cameras with
a 3.6mm lens for a wide (about 90o horizontally) view. Any ar-
rangement of cameras that provides dense views of the event
from all directions will suffice because the calibration proce-
dure will determine the positions of the cameras in a world co-
ordinate system. Each camera view is recorded onto a
consumer grade VCR and processed off-line. The cameras are
calibrated for their intrinsic parameters independently and for
their extrinsic parameters after fixing them in place. The

3DDome captures every frame of the event from each camera
angle, maintaining synchronization among the images taken at
the same time instant from different cameras. Synchronization
is crucial for the virtualization of time-varying events because
the stereo process assumes that the input images correspond to
a static scene. See [18] for more details on the recording and
synchronization mechanisms we use.

6.1 Basic Dynamic Scene Analysis

 Figure 8 illustrates the application of Virtualized Reality to a
dynamic scene of a baseball player swinging a baseball bat. We
currently treat a dynamic event as a sequence of static events,
each corresponding to a time instant. At the beginning of the

Figure 8: Some views of a dynamic scene. The virtual camera drops down into the scene from high above the batter to a point
near the path of the baseball bat.

Figure 9: Some views of a virtual camera quickly moving into a scene with a volleyball player bumping a volleyball.



swing, the virtual camera is high above the player. As the play-
er swings the bat, the viewpoint drops down and into the mo-
tion, approximately to the level of the bat. Figure 9 includes
another example, this time with a volleyball player bumping a
volleyball. Note that it this case, the ball is floating freely, un-
connected to the floor or to the player. Both examples were
generated using the VLM rendering approach. The CSM-based
approach generates similar images, but the results are more
blurred as a result of the geometric distortion of the model.

6.2 Combining real and virtual models
Because a virtualized environment is a metric description of the
world, we can easily introduce virtual objects into it. A virtual
baseball, for example, is introduced into the virtualized base-
ball scene, creating the views shown in Figure 10. Note that the
rendering of the virtual object can be performed after the syn-
thesis of the virtual camera image without the objects or con-
currently with the virtual objects. It is possible to use this
approach to extend chroma-keying, which uses a fixed back-
ground color to segment a region of interest from a real video
stream and then insert it into another video stream. Because we
have depth, we can perform Z-keying, which combines the
multiple streams based on depth rather than on color [10]. In
fact, it is even possible to simulate shadows of the virtual object
on the virtualized scene, and vice versa, further improving the
output image realism.

6.3 Color Texture on CSMs
We use monochrome cameras currently due to their low costs,
though color would improve the correspondence results and
hence the depth maps. We can provide color texture for synthe-
sis using only a few color cameras, placed carefully and cali-
brated to the same world coordinate system as the other
cameras. We achieve this by computing a CSM for the scene
using the monochrome images, and then replacing the mono-
chrome texture map with a color one computed by projecting
the color images onto the recovered global model of the scene.
Alternatively, view-dependent texture mapping [4] could be

used with only the color images as texture. Figure 11 shows one
frame of a sequence of CSMs with texture from 4 color camer-
as. Gaps in the coverage of the color cameras have been filled
in with monochrome texture.

7 Virtualized Reality and IBR

We now discuss the role of Virtualized Reality in the study of
other image-based rendering methods. The virtualized environ-
ments contain metric models of the Euclidean space with pho-
torealistic texture. Thus, geometrically correct views of the
environment can be generated for any given camera model.
Thus, Virtualized Reality can be a tool to generate inputs for
IBR techniques. For instance, view interpolation uses two
views of a scene with pixel correspondence between them to
synthesize any intermediate view on the line connecting them
by interpolating the pixel flow. The interpolation is an easy step
that can be done on a PC as long as correspondences are avail-
able. The new viewpoints must lie in a space defined by a linear
combination of the reference views, however. It is possible in
theory to arrange the cameras in multiple layers in 3D space to
accommodate any user motion, specifiedbefore recording; it is
not practical to arrange them without coming in the way of one
another. Virtualized Reality with its metric models can provide

Figure 10: Introducing a virtual ball into a virtualized scene.

Figure 11: A view of a CSM with (partial) color texture
added with 4 color cameras



images and pairwise correspondences from any location to ex-
tend view interpolation to 3D space. A server can render a few
views and associated pixel flows which will be interpolated by
a personal view station, which asks for new views from the
server only when necessary. Similarly, images with pairwise
fundamental matrices for projective reconstruction or images
with the trilinear tensors for the triplets for tensor based recon-
struction can be generated from a virtualized event. Plenoptic
function has the advantage that all-around views can be gener-
ated from pixel interpolation alone; the required inputs for that
can also be generated from a virtualized event by rendering it
onto a cylindrical retina. Virtualized Reality can therefore ex-
ploit the advantages of other IBR strategies by subsuming the-
mat the same time extending them to dynamic events. That is
very significant to the field based methods that require thou-
sands of simultaneous views of each instant of the event to con-
struct their representation.

8 Conclusions and Future Work
Virtualized Reality provides a significant new capability in im-
age-based scene modeling and rendering by extending it to dy-
namic events, with no restrictions on the positions from which
the view can be synthesized. It closes the gap between VR and
real events using imaging and makes it possible to generate a
virtual model of a dynamic event its images. A manipulable
three-dimensional model of a real event is provided by it.

Virtualized Reality is based on a novel combination of comput-
er vision and computer graphics techniques. On the vision side,
we are investigating ways of improving the performance of ste-
reo, especially along occluding contours. We are also exploring
alternate calibration strategies to reduce errors due to calibra-
tion. On the computer graphics side, many image-based tech-
niques focus on ways of allowing low-end systems to
synthesize viewpoint in real time. Virtualized Reality can take
advantage of these techniques by incorporating them into the
synthesis engine. For example, to use view interpolation, a se-
ries of images, with rectified cameras if necessary, and their as-
sociated flow vectors can be generated using the virtualized
event model.
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