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The Virtual Studio
concept replaces real
background sets with
computer-generated
synthetic scenes.
Image sequences
combine real
foreground action,
shot in the studio,
with computer-
generated
backgrounds. The
Mona Lisa project
seeks to develop and
integrate
technologies
(algorithms,
software, and
hardware) needed to
construct, handle,
and render 3D
models in real time.
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ecent advances in computer hardware
technology, coupled with computer
visualization and image generation
esearch, are significantly affecting TV
production methods, which have remained
unchanged since the introduction of color televi-
sion. Over the past decade, technologies used in
the broadcasting industry have changed greatly,
particularly in the recording and postproduction
areas. The equipment now used is smaller, lighter,
portable, and more flexible. With the introduction
of digital technology, the potential for manipulat-
ing recorded images becomes virtually limitless.
Traditionally, after a production is planned
and designed, the required scenery must be cost-
ed and full working drawings prepared for each
set. These sets are then constructed, delivered to
the studios, and erected; after the broadcast, they
must be dismantled, transported, and either
stored for further use or broken up. This cycle is
quite often the most expensive aspect of a televi-
sion production, and the time needed dictates
both the production timetable and the studio’s
overall output.
The introduction of virtual studios brings this
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archaic process in line with the rest of the pro-
gram-making process. The virtual studio system
will be an important tool for production houses,
providing many creative opportunities as well as
cost reductions. The flexibility offered by switch-
ing easily from one set to another eliminates the
heavy cost and time constraints of building, stor-
ing, transporting, and re-setting current produc-
tions. Several programs can share studio space and
equipment, and rapid turnaround times will lead
to increased studio output.

Genesis of the project

In 1990, we believed that progress in computer
technology and image processing know-how
would soon enable real-time processing of video
image sequences, thus bringing computers into
studios in earnest. Convinced of the timeliness of
the virtual studio concept, we proposed the Mona
Lisa project. This collaborative project undertook
research and development in all the key aspects of
virtual studio operation and attempted to build a
demonstrator.

At the time the project started, we were aware
of some work on certain aspects of virtual pro-
duction. For example, the Japanese broadcast
company NHK was working on a 2D virtual stu-
dio system called Synthevision.* From a high-
definition stored image, this system extracted a
window whose position and scale could be
changed using signals from mechanical sensors
on a camera. This allowed a background image to
be generated matching the camera’s viewing angle
and zoom. At France’s Institut National de
Audiovisuel (INA), the Synthetic TV project?
focused on off-line 3D virtual sets. In recent years,
several broadcasters have carried out experiments
reported in the press, and some are using virtual
studio techniques in daily production. More
recently, a number of companies have started to
offer virtual studio products; NHK, for example,
now has a 3D virtual studio system.?

Mona Lisa (MOdeling NAtural. Images for
Synthesis and Animation) is a collaborative pro-
ject undertaken by nine European industrial,
broadcasting, and academic institutions and sup-
ported by the European Union RACE II program.
These include the BBC (UK), Daimler-Benz
(Germany), Digitale Videosysteme (Germany),
University of Hannover (Germany), Queen Mary
and Westfield College (UK), Siemens (Germany),
Thomson Broadcast Systems (France), Video Art
Production (Germany), and the University of the
Balearic Islands (Spain).



The key problem of virtual studios:
combining real and synthetic images

Whenever electronically generated graphics
(anything from a weather map to a complete com-
puter-generated virtual background) are inserted
into images from a real TV camera, it is vital that
their relative positions be correct. Conventionally,
the positions of the camera and the inserted graph-
ics are adjusted until the desired alignment is
achieved; then the camera position and orienta-
tion are fixed. The requirement that the camera be
stationary places significant constraints on the use
of these techniques. For example, it is not gener-
ally possible to have even a small degree of camera
motion to follow the movements of a presenter’s
head since any picture material inserted electroni-
cally would not appear to move concurrently.
When the whole set is generated electronically,
however, camera motion becomes an important
means of maintaining the illusion of reality.

A virtual studio system designed for TV pro-
duction must be able to place actors, performing
in front of a blue background for separation, into
any synthetic scene, including those where set
components might partially or fully cover actors.
This requires accurately measuring real camera
parameters (position, orientation, and zoom) and,
based on this information, rendering the corre-
sponding view of the synthetic image, which will
be mixed into the final image. With these con-
straints in mind, we have identified two distinct
stages for virtual studio operation: virtual set cre-
ation (preproduction) and virtual studio produc-
tion (live shooting), illustrated in Figure 1.

Creating the virtual background scene could
involve a number of modules, all off-line and pos-
sibly distributed over networks, such as

1 archives of 3D models, textures, and trajecto-
ries;

1 automatic 3D modelers and dynamics model-
ing;

1 interactive 3D CAD modelers and 3D design
software;

I texture creation tools and painting and image
editing systems; and

1 scene generation tools that combine geometry
and textures, illumination, and object anima-
tion to generate a scene definition compatible
with the real-time renderers.

The virtual studio production itself combines
various real-time components for generating
video sequences. These include

I cameras shooting the foreground action
against a blue background,

1 a camera tracking module to provide position
information,

1 a rendering module to generate images with
the correct perspective in the virtual scene, and

I az-mixing module, combining the foreground
and background signals and possibly an insert
video, to generate the program to broadcast or
store on tape.

Creating virtual sets

Virtual studio sets, like any VR environment,
require 3D models that describe the virtual scene
and objects in it. A variety of tools (modelers) are
available for this purpose, mainly based on CAD
methods. These provide accurate descriptions of
geometry, yet sometimes are too complex for real-
time applications. Building a model from a set
design is generally a complicated process, requir-
ing such operations as texture mapping to create
realistic effects. Various objects like chairs and

Figure 1. Virtual studio
operations.
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Figure 2. Two views of a
model of the Daimler-
Benz research center,

Ulm, Germany.
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tables are often needed in the set, but designing a
CAD model for each item could be an elaborate
(and expensive) process.

Active methods such as laser scanners and
structured light sources, often requiring expertise
and expensive hardware, are nonetheless useful
for capturing good 3D data for a restricted range
of object shapes of limited size (about one meter).
To complement exjsting tools, we concentrated
on developing methods that rely on image analy-
sis to automatically generate 3D models from 2D
image sequences. We believe that these methods,
which use standard cameras, lead to compact
model geometries with good texture information,

Modeling buildings

Our approach® requires that the images be per-
spective projections of real objects and that these
objects have straight lines and flat surface ele-
ments. In perspective projections, parallel lines in
space are projected onto lines that intersect at a
common “vanishing point.” The location of such
a vanishing point is directly correlated with the
spatial orientation of the corresponding set of par-
allel lines. Taking these relations into account, we
can proceed as follows:

1 Camera calibration. To analyze the distortion
that is due to the perspective projection, we

derive certain camera parameters (such as focal
length and tilt angle) directly from the pho-
tographs, provided at least one object has cer-
tain known geometric properties.

N Analysis of the perspective projection. After we
have identified and analyzed the line structures,
we determine the vanishing points. From the
location of each vanishing point, we derive the
spatial orientation of the corresponding set of
parallel lines, from which comes the 3D orien-
tation of the object’s related surface element.
This requires that each planar surface element
contain sufficient parallel line structures (such
as rows of windows on a building’s facade).

1 Extraction of fexture information. Texture maps
are crucial for simple yet close-to-reality 3D
models that contain flat structures (such as win-
dows or doors of a building). We extract the
texture data from the images used for perspec-
tive analysis and correct them for perspective
distortion to obtain orthogonal texture maps
that are attached to the object like wallpaper.

N Modeling of complex buildings. From a single
photograph, we reconstruct a 3D model of the
visible parts of the object. To obtain a complete
model, depending on its complexity, we need
further views. Finally, all these partial 3D mod-
els are integrated into one combined model.
For a simple object, about four views are suffi-
cient. The model shown in Figure 2, a more
complex object, was reconstructed from 20
images. We used standard cameras and trans-
ferred the resulting images in digital form onto
a Kodak PhotoCD. The analysis of one such
photograph takes just a few minutes. The
whole procedure for a complex object like the
one shown in Figure 2 takes about two hours,
determined mainly by the user’s expertise and
level of interaction.

Modeling isolated objects

We developed a method to automatically
reconstruct the shape and texture of single 3D
objects using multiple calibrated camera images.
A stationary camera and a turntable with the
modeling object placed in the middle constitutes
the measurement environment (as shown in
Figure 3a). To facilitate object segmentation, the
background is of uniform color. Dedicated light-
ing provides diffuse illumination. The turntable
rotates incrementally by a predefined angle, under



computer control, with an image taken each time
until the object is completely registered. Three
main steps comprise this process.

First, we have to calibrate the system to obtain
position, orientation, and focal length of the cam-
era. A test pattern consisting of black circles on a
white background is placed on the turntable. Then
we use shape estimation to derive a volumetric
representation of the object, extracting silhouettes
from multiple calibrated views using a color seg-
mentation technique, as is done in TV studios,®
and then integrating them. To handle object con-
cavities, we treat each two successive images as a
stereo image pair, obtaining the necessary range
information without additional equipment such
as a laser range finder. Finally, we transform the
volume representation to a surface model, using a
mesh-growing algorithm that yields smaller trian-
gles at surface regions with higher curvature and
larger triangles in surface regions with low curva-
ture. Texture estimation is applied to each surface
triangle using the input images, which provide
natural-looking 3D models.

This modeling technique was applied to a
number of isolated 3D objects on a turntable
rotated by 36 equal steps. For each view, we shot a
720 x 576 image with a stationary calibrated CCD
camera. Figure 3b shows a synthesized projection
of an automatically generated model of an ante-
lope, represented by a wire frame model and the
related texture maps.

Modeling interior scenes

We focused on constructing 3D shape models
of interiors by integrating multiple views acquired
using a single moving camera.® We placed limited
constraints on the acquisition process, assuming
that the scene is static and using a calibration pat-
tern at the beginning.

This method exploits the apparent motion in
the scene generated by the camera’s motion. The
deformation resulting from the 3D to 2D projec-
tion on the camera focal plane is exploited to
derive, first, an optical flow map, and then a depth
map for each selected input image. The depth
maps are subsequently integrated over time to
build a surface 3D model of the scene.

Modeling deformable surface objects

To enhance the realism of the virtual sets, we
employed a new class of physically based
deformable surface objects. These soft objects,
defined as coupled particle systems,” exhibit a
dynamic response to external actions such as force

3D object
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cameraimages wireframe model
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fields. This behavior is achieved by simulating the
motion dynamics of each particle belonging to
the closely coupled set associated with the surface.
When modeling such objects, we can also use
computer animation to realistically visualize their
motion evolution though time. This lets us simu-
late the behavior of any object affected by wind
or gravity, such as curtains, flags, tablecloths,
clothes, and water surfaces.

Scene generation modules

We have written special 3D scene generation
software that allows objects defined by various
modeling techniques to be assembled into a vir-
tual set (see Figure 4, next page). Because of the
time pressures in TV productions, we aimed to
provide designers with a “what you see is what
you get” (WYSIWYG) system that lets them mod-
ify complex scenes interactively and render the
results immediately on SGI Onyx workstations.
Our system consists of two well-defined modules
with user interfaces programmed in X11/Motif

textured 3D model

Figure 3. (a) Setup used
for modeling isolated
objects, plus (b) an
example of a model.
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Figure 4. Scene
construction.
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and Openlnventor. It is also VRML compatible.

The Scene Construction module lets users input
3D object models in different formats to construct
the set. The system can read objects made using
image analysis techniques developed in the pro-
ject as well as those from standard commercial
modelers. Many different types of lights from
diverse sources can be used to illuminate a scene.
The user can also modify and interactively view
linear transtormations such as rotation, scaling,
and translation, and object parameters such as
lighting and shading. Other parameters that can
be modified include material information like
color (ambient, diffuse, specular, emissive), trans-
parency and specular shininess, and textures.

The set designer may have to align a large
number of objects to their desired positions in the
3D environment, often a tedious process. To sim-
plify this, we have provided a collision detection
facility to avoid object penetration yet keep
objects as close as possible.?

The Animation module lets users interactively
define the animation parameters of moving ob-
jects. Our aim was to give users full freedom to ani-
mate any visible parameters of the virtual objects
in the scene, not just motion but also object and
lighting properties such as deformation, material,
transparency, textures, color, and so forth.

We have developed a special interface for mod-
eling and editing deformable objects using the
techniques described in this section. This interface
lets users assign the physical parameters and select

the supporting vertices and faces of the object. To
support real-time object rendering, the simulation
can be run once and the result (that is, the object
geometry for each frame) can be stored in memo-
ry or in a file, or both.

For more complex animations, we designed a
hierarchical system in the form of a tree whose
nodes are references or basic geometric objects. A
reference can join different objects and other ref-
erences to define more complex objects. The sys-
tem provides a tool to create and modify the
hierarchy. This module can also read the real cam-
era parameters. These parameters are computed by
the camera tracking module running on the par-
allel accelerator or from stored values in a file,
then transmitted over the network in real time.
Because these values affect the perspective trans-
formations of a selected window, the user can
visualize the animations in a real shot simulation.

Scene preprocessing

Virtual set images must be rendered in real
time with television-image quality. Therefore, we
had to address the two conflicting goals of real
time and quality. To do so, we defined several
steps necessary to prepare the synthetic set model
for real-time rendering at production. Pre-
processing the illumination and using the sim-
plest and fastest interpolation mode available on
the graphics engines increases the real-time per-
formance and the quality of the rendering system.
The algorithm design comprises several tasks.

Visibility determination corresponds to the geo-
metrical aspect of the illumination propagation
within the 3D scene.’ This technique lets us com-
pute or estimate the visible part of a patch as seen
from a given point and as possibly occluded by
other scene elements. We developed and com-
pared two methods. An analytical method works
in object space and shows the exact visible parts
of a given surface element. A numerical method
uses a panel of pixels to determine the digital vis-
ible part of any surface element in the scene.

The 3D sampling task selects optimal pivot
points to store the illumination information. This
decreases the number of polygons to be projected
and interpolated in real time while preserving
image quality. Considering this a problem of min-
imization, we developed a new method for select-
ing these points. We defined the minimization
Criteria in relation to the capacities of the final
shading interpolation. Then we selected two sam-
pling criteria: 3D sampling according to the light-
source energy repatriation (illumination slope



sampling) and 3D sampling according to occlu-
sions (shadow cutout). The latter uses results of the
analytical visibility determination algorithm.

In a scene, energy exchanges between patches
depend—as defined by the radiosity method—on
the geometrical configuration of the emitting and
receiving elements and on occlusions that might
occur. We use form factors or configuration fac-
tors to evaluate this geometrical visibility.
Measuring memory costs, processing speeds, and
quality of results, we compared the analytical and
numerical methods. When a surface element has a
high influence—that is, it illuminates the whole
scene—the analytical method is preferable; other-
wise, the numerical method works with a gener-
ally adequate medium accuracy.

We have developed a high-quality illumination
model that includes directional effects and shad-
ows, which are applied at given 3D points in the
scene. This technique models directional effects
for either light emission or reflection on object
surfaces based on a generic mathematical repre-
sentation, Bidirectional Reflection Density
Functions using Spherical Harmonics.™ '

Virtual studio production (real time)

This stage takes place in a real studio and
shoots foreground action against a blue back-
ground for chromakeying. The modules used
must operate at real-time video rates.

Camera tracking

It is possible to attach mechanical sensors to
the camera to measure parameters such as pan,
tilt, and zoom and to use these measurements to
control the position of the virtual background.
However, this solution is not always practical. To
develop a more efficient alternative, we created a
motion estimation algorithm that can measure
global image motion to a high degree of accuracy.
This lets us move the camera and track its motion
without mechanical sensors. We chose to limit
camera motions to pan, tilt, and zoom, signifi-
cantly simplifying the calculations while satisfy-
ing the requirements of program productions
such as news, current affairs, and simple drama,
where camera positions tend to be largely fixed.

The algorithm is designed to be used with a
keying unit and a blue background. The back-
ground cannot be a uniform shade of blue but
must contain enough information to ensure reli-
able motion estimation. We have found that
using a nonuniform blue background does not
cause significant problems for key generation

when using a simple keyer that does not attempt
to extract shadows. If shadows are to be extracted,
however, choose blue shades with care to ensure
that each shade has the same luminance level.

The key signal is used to indicate the areas of
the image that correspond to background so that
the estimation process can ignore foreground
areas (such as actors) that may move indepen-
dently of the camera. This approach will fail if the
visible background area drops below 25 percent of
the total image area, in which case it might be
necessary to keep the camera stationary.

We chose an algorithm’! that measures transla-
tion and scale change by computing the spatial
and temporal luminance gradients at many points
in successive images. A set of over-determined lin-
ear simultaneous equations is formed
(one equation per point) relating the
measured gradients to the motion

parameters. The least-squares solu- We measure image

tion of these equations yields motion

parameter estimates. We adapted this motion relative to a

algorithm to reduce the computa-
tional requirement and to prevent
any significant accumulation of
motion estimation error.’? One
advantage of this kind of algorithm

given reference

image rather than

is that it works best on unfocused sig- between consecutive

nals, which means that some back-

ground blurring due to depth-of-field im ages. This preven ts

effects will not upset its operation.
We also considered it important
to modify the algorithm to measure

image motion relative to a given ref- error accumulation.
o one e ]

erence image rather than between
consecutive images. This prevents
the accumulation of motion estima-
tion errors that occurs when succes-
sive measurements are integrated. For the first
reference image, we use one viewed by a camera
placed in a known position. Only when the degree
of overlap between the present image and the
stored reference image becomes small do we adopt
the present image as the new reference for future
measurements. Discarded reference images are
held in memory to be reused if the camera returns
to an earlier orientation. This further reduces the
accumulation of estimation error that could occur
each time a new reference image is adopted.

We developed a simple algorithm for choosing
which stored reference image to use, given the
current camera orientation. Figure 5 shows a block
diagram of the camera motion estimation system.

The main algorithm parameter that controls

motion estimation
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Figure 5. Block diagram
of the camera motion
estimation system.
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the trade-off between accuracy and processing
power is the number of image points (and there-
fore equations) used. Benchmarking showed us
that we could make accurate measurements on a
range of picture material with as few as 900 mea-
surement points, arranged as a rectangular grid of
30 x 30 points. Tests showed that a workstation
based on an R3000 processor could perform this
computation at a rate of approximately 50 images
per second (excluding any overheads for image
capture). Run with 35 x 35 points on a single
processor of the hardware platform we designed,
the -algorithm maintained the rate of 25 Hz,
including image capture, for real-time operation.
Low-pass filtering of the signal before measure-
ment (which improves accuracy) is best carried
out on dedicated hardware and was not included
in the benchmarking. You could also implement
the horizontal component of the filter conve-
niently using analogue circuitry before digitizing
the image signal.

Virtual camera synchronization

To correctly place the actor within the 3D vir-
tual scene, the virtual camera must have the same
perspective as the real camera. The initial para-
meters of the virtual camera are set to correspond
to the initial position and zoom of the real cam-
era. The camera tracking system tracks the
changes in the pan, tilt, and zoom of the real cam-
era and sends them to the animation control
module. The pan and tilt are measured in pixels
and then converted to rotation angles, while the
zoom is measured by ratios. We have to take into
account that the zoom ratio would directly affect
the angles of the virtual camera.

It is also necessary to delay the video signal
from the camera to compensate for the processing
delay in the camera tracking system and the real-
time rendering. We achieved this using field
delays in the hardware platform. Corresponding
delays must also be inserted in the audio signal.

There are ways of avoiding the need for such
delays, but each has significant drawbacks. You
can use predictive filtering techniques to estimate
what the camera parameters will be several fields
in advance, but this is bound to introduce inac-
curacies and thus loss of registration between real
and virtual worlds. Alternatively, you can use
robotic camera mounts that provide position data
prior to their actual movement, although such
mounts are awkward to drive interactively and are
disliked by many cameramen.

Sequence generation

This phase renders in real time, following actu-
al camera behavior, the previously computed val-
ues of the scene preprocessing module. We use the
polygon projection feature of graphic workstation
graphics pipelines and take advantage of the
hardwired Gouraud (bilinear) shading interpola-
tion between the pivot points previously selected.

Hardware platform

Our development took place on a Silicon
Graphics (SGI) Onyx system equipped with a Sirius
video board (illustrated in Figure 6). For sequence
generation to achieve the necessary real-time
speed, we implemented multiprocessing software,
splitting the application user interaction, camera
parameter management, polygon projection and
texturing, depth, and video output among several
processing engines. We encountered some prob-
lems in trying to meet the real-time requirements.
The necessity of sharing platform resources, for
instance, imposes constraints on the programming
mode and requires managing the inter-process
data exchanges with care.

To address the requirements of virtual studio
production, other than sequence generation, we
designed and built an innovative hardware plat-
form integrating a number of standard and spe-
cially built components. This platform’s main
features include camera tracking, mixing of virtu-
al sets with live video foreground, and insertion
of additional video signals (for example, to simu-
late a “video wall”) into a virtual scene. The sys-
tem is built around a commercially-available
intelligent frame buffer (ISP500, built by DVS!?)
that provides all the necessary interfaces to studio
video equipment and computer networks.

Z-mixing

The chromakey is a well-known television pro-
duction technique for inserting foreground action,
shot in another location, into a selected back-



ground scene. It was used first for filming people
in difficult or impossible locations and later for
reducing costs. Chromakey is also the starting
point for mixing in a virtual studio. It must, how-
ever, be able to handle synthetic set components
that partially or fully cover actors in the fore-
ground as needed. To achieve this, we developed
a new mixing technique that we call z-mixing.

Unlike the usual 2D image layering technique,
z-mixing is based on 3D images. In this context, a
3D image is a computer-generated 3D scene
description with additional information about the
distance between the virtual camera and each
pixel of the generated image, called depth or z-
value. By comparing the corresponding z-values
for the two input images to be mixed, we can
decide which pixel to use for the final image.

A hardware z-buffer for real-time 3D rendering
is a standard feature on high-end graphics work-
stations. Therefore, z-values for each pixel of a
computer-generated image are normally available.
For the camera-shot foreground live action, how-
ever, no depth information is available. We thus
adopted a simple approach to estimate, or pre-set,
the distance between the actor and the camera
and to use this value as a constant depth value for
the whole foreground image. If the actor’s move-
ments clash with the virtual set, this value has to
be updated; otherwise, no change is needed.

Separation of the foreground image is achieved
by a standard chromakey generator that provides
the key signal needed to distinguish between the
actor and the blue background. Our z-mixing
technique'* uses what we call a z-key generator to
evaluate the chromakey signal as well as the depth
values for both inputs, generating a final key sig-
nal usable on a normal mixing unit.

We designed, manufactured, and tested a z-
mixer called Vmix (Video Mixer), which consists
of a baseboard plugged into any 9U VMEbus (such
as SGI Onyx), and several I/O and option modules.
It incorporates all standard mixer functions includ-
ing cut, dissolve, fade, key, and downstream key.
Additional option slots can be used to expand the
device by a chromakeyer, a wipe generator, and a
text buffer.The Vmix device is not dedicated to
any specific video raster and can process either
RGB or YUV data with sampling frequencies of up
to 80 MHz per channel and data width of eight or
10 bits. In its present demonstrator form, the Vmix
baseboard is equipped with I/O modules for digi-
tal video data according to current standards.
Figure 6 shows the integration of the Vmix device
into the demonstrator of the Mona Lisa project.
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Producers often need to incorporate real-time
video into a virtual scene to reproduce windows,
picture monitors, or “video walls” containing
graphics, interviews with reporters, and so on. To
achieve this, the inserted video signal must be
manipulated to the correct size, position, and per-
spective within the virtual scene, corresponding
to camera movements. This is a typical task for a
DVE (digital video effects) unit. For inserting
video seamlessly, we adopted an extension of the
z-mixing device, a method that renders a panel of
a special color into the virtual background image.
Using a color-key device to detect the panel, it
then drives a mixer to replace the panel with the
transformed live video image.

Camera-driven DVE

We designed and built a dedicated DVE unit
that uses high-quality interpolation techniques
but is limited to providing the range of image
transformations required for incorporating live
video into a virtual scene. The transformations
required to manipulate an image according to
camera position include

1 horizontal and vertical displacement (pan and
tilt),

RN

\
’

Figure 6. Mona Lisa
system demonstrator.
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Photo courtesy of Kevin Claydon, BBC.

Figure 7. A virtual
studio production. The
camera-driven DVE is
used to produce a BBC
program, “The Web.”
The composite picture
can be seen on the
monitor in the

foreground.
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I enlargement and reduction in size (zoom), and

I perspective transformations (such as viewing
the image obliquely).

The DVE unit can perform these transforma-
tions on real-time video and change the values of
each parameter in every video field. It can also
achieve a small degree of image rotation should it
be required. Note that the perspective transforma-
tion is not just a “keystone” distortion but will cor-
rectly reproduce the change of scale corresponding
to some parts of the image being “further away”
from the camera than others. For stationary
images, the unit can also grab a single frame,
avoiding the need for a separate still store. Our
DVE unit measures 300 x 340 mm and occupies a
single circuit board. Video input and output inter-
faces use the serial digital standard at 270 Mbits.

The camera-driven DVE was used in the pro-
duction of several BBC programs, including “The
Web” and a 10-part BBC program called “This
Multimedia Business” (see Figure 7). Several DVE
units were connected to camera heads fitted with
pan/tilt/zoom sensors. This setup allows a pre-ren-
dered background image to be moved to follow
the camera motion. A matching key signal can also
be manipulated in a companion DVE unit to allow
certain elements of the virtual set to obscure
actors, providing a simple form of depth keying.

Parallel accelerator

We incorporated a DSP-based multiprocessor
accelerator into the hardware platform with direct
video channel access to the frame buffer.!s This

lets us parallel-process video streams fed directly
through the frame buffer. The parallel accelerator
is hosted by a Unix graphics workstation; this per-
mits network access to the accelerator as a shared
resource. The parallel accelerator hardware (illus-
trated in Figure 8) includes a processor pool of
Motorola DSP96002-based boards sitting on a
VMEbus backplane. Each processor board has two
DSP processors that operate at 40 MHz with a peak
performance of 60 MFlops each. For frame buffer
access, the processor pool is organized as a set of
clusters; each cluster shares an interface board
connected to one of the I/O processors. There are
currently two such clusters in our system, each
with four processors.

The intelligent frame-buffer subsystem consists
of an dddress generator, a set of RAM memory
boards, and several FIFO-buffered I/O processor
boards that share a high-speed synchronous back-
plane bus. A Motorola 68040-based single-board
processor running the real-time operating system
OS9 controls all operations within the frame buffer
subsystem as well as Ethernet communications to
host computers. A/D and D/A converters connect-
ed to the I/O processors enable simultaneous
recording and video signal display. The frame
buffer subsystem can handle several independent
data streams (in or out, or both) in real time up to
a total data rate of 400 Mbytes per second.

We have found this system to be capable of
running the camera tracking algorithm for the
Mona Lisa demonstration in real time for 35 x 35
points, including frame loading time. Benchmarks
have indicated that 40 x 40 points is the upper
limit for real-time operation (40 ms per frame); a
larger number of points requires parallelism.

We have developed sophisticated systems soft-
ware for this machine based on the SAPS (Self-
Adapting Parallel Servers) model. This model
specifically addresses the issue of accelerating pre-
selected and computationally heavy procedures in
a target application area by building a “server box”
(a pool of processors). Such a server box, transpar-
ent to its users, can accelerate a library of proce-
dures as requested from networked workstations.

Server support has two benefits. First, each
server carries out a well-defined computational
task on a set of input data (similar to a library call
within an application). Second, since this task is
achieved in a parallel fashion, it is accelerated. The
application programmer’s involvement is limited
to distributing the individual application require-
ments among the available servers.

We developed two. graphical user interfaces



with the widely used X-Windows and OSF/Motif
systems: the Administration Tool and the
Application Tool (or Command Tool). The first
interface initializes the accelerator, starting system
management servers such as the Pool Manager
and the Object Manager under OS9. The second
interface supports building parallel applications
and managing related data streams.

System integration and demonstration

Integrating the system components described
above ran along two main tracks: coordinating the
virtual set creation tools (off-line modules) and
integrating the virtual studio production system
(real time). These converged in a demonstration
system exibited at two events: the International
Broadcasting Convention in September 1994 in
Amsterdam, and the November 1994 Mona Lisa
Workshop in Hamburg.

As Figure 1 showed, the virtual set creation
tools consist of software modules for 3D recon-
truction and modeling. These provide data that
can be combined and manipulated using the scene
generation module. The resulting scene is then
transferred to the scene preprocessing module.
Initially the SGI Inventor, then the OpenInventor
3D, formats were used for data transfer between
modules, which proved extremely useful.

Building the virtual studio production system,
in particular addressing all its real-time con-
straints, proved to be a major task. Four types of
equipment had to be integrated: classical studio
equipment (such as cameras, studio interfaces,
and displays), the hardware platform (for acceler-
ating the camera tracking process and the Vmix
system), and the Onyx graphics engine with the
Sirius video board. The Mona Lisa project has
been one of the first to realize the integration of
real-time broadcast equipment, custom-developed
hardware, and high-end graphics processing to
demonstrate a virtual studio. The main difficulties
encountered involved interconnecting various
components, synchronizing software modules in
real time (using multiprocessing), and establish-
ing a system calibration procedure.

The demonstrations included using the camera
tracking algorithm for real-time tracking of the
pan-tilt-zoom parameters with the background
scene following the camera movements. The z-
mixing worked particularly well, for the first time
producing very convincing images of people mov-
ing in a virtual set with virtual objects like a desk
and a dinosaur. Thus, as shown in Figure 9, a per-
son behind the desk could walk around it to the
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front while remaining behind the dinosaur, then
walk around the dinosaur to the front and then
finally return to the original position behind the
table. To make such movement possible, the z-
mixing provides images consistent with the view,

" including occlusions, of the virtual scene. This

real-time 3D mixing, a world premiere, was a hit
at both of the shows mentioned above.

Conclusions

The Mona Lisa project has clearly demonstrat-
ed the potential of the virtual studio as a pioneer-
ing production tool. Virtual studios offer greater
creative freedom and expression than conven-

Figure 8. Parallel
accelerator hardware
for the Mona Lisa
system.

Figure 9. Virtual studio
mixed image.
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tional scenic methods, with the added benefit of
reducing the costs and time scales such methods
impose. These are, however, still early days in the
progress of virtual studios, and there are some
areas that need to be further developed to make
this a truly workable technique.

Some problems for further research include an
elegant solution to the problem of full camera
motion—including track and crab—that will oper-
ate in normal studio conditions. Researchers are
currently working on mechanical methods such
as remotely controlled platform-mounted cam-
eras. Sequence generation remains a computing-
intensive process, and achieving real-time video
rates requires, at the moment, the power of graph-
ics supercomputers. Finally, an alternative tech-
nique to chromakeying that does not involve the
use of special blue box backgrounds would sim-
plify the studio process even further and enhance
the creative possibilities of virtual studios. MM
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