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ABSTRACT ’ , ‘
In this paper, we propose a framework on individually-focused
teleconferencing (IFT) which is supported by an efficient 3D
reprojection technique. The goal of designing IFT is to pro-
vide sufficient 3D pose information to each teleconference
participant in order to establish lively communication in a
teleconference on low-bandwidth internet. A novel IFT de-
ployment and an efficient 3D reprojection technique are two
major contributions of this paper. Our 3D reprojection tech-
nique uses a mirror reference view in three-view epipolar ge-
ometry. It overcomes the inefficiency in previous techniques
.and provides visually good recovery of pose information of
teleconference participants even though it is theoretically an
approximation scheme.
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1. INTRODUCTION

There are two challenges in designing a video teleconfer-
encing system. One is the transmission of huge amounts
of video data. A user who blasts a high-bandwidth video
signal, say greater than 128 Kbps, can cause severe and
widespread network problems ([14]). The other challenge
is visual realism. Most commercial video teleconferencing
systems ([19, 5]) deal only with two-point communication,
where individual pose is not a big issue because there is
no confusion as to who they are talking with. Multiple-
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‘point teleconferencing is trickier. It seems natural to apply

augmented reality and computer vision techniques (such as
pose tracking, facial tracking, head-mounted display and so
on) to this kind of teleconferencing ([16, 9, 8, 6]). In what
follows, teleconferencing is always assumed to be multiple-
point video teleconferencing.

In paper [18], Raskar et al present a design of the future
office by using the common office hardware: cameras, LCD
projectors and desktops. More precisely, they use “cam-
eras and projectors that can be operated in either a cap-
ture or display mode. When in capture mode, the projec-
tors and cameras can be used together to obtain per pixel
depth and reflectance information from designated display
surfaces. When in display mode, the image-based models
may be used to render and then project geomietrically and
photometrically correct. images onto (potentially .irregular)
display surfaces”. This work [18] has many good ideas in
introducing virtual reality to a video teleconferencing, espe-
cially on the deployment of projectors and cameras. How-
ever, some aspects in their system can be simplified to meet
virtual video teleconferencing for our current life.

According to a common complaint on current commercial
teleconferencing or telepresentation systems, it is hard for a
participant to tell whom he/she is talking with. We simplify
the system in [18] and concentrate on preserving individual
pose rather than other factors such as depth and spatially
immersive displaying. Being a teleconference participant,
one can accept display on a flat board as well as on a 2D
film or TV screen, and also accept some confusion on how
far the speaker is away from him /her. But a participant can-
not tolerate a scenario where all other participants look like
they are all talking with him/her. Teleconferencing which
can preserve individual pose is characterized as individually-
focused teleconferencing (IFT). Another simplification is on
the image-based modeling process. The image-based mod-
eling in [18] belongs to 3D reconstruction category and it
is a model-based reconstruction scheme, i.e., a concrete 3D
object is built before a teleconference using a camera cali-
bration technique. The camera calibration is known to be a
time-consuming process. There are other methods that do
not involve camera calibration such as: triangulation [10]
depth map [3, 15, 20], and parameterized mesh model [17,
13]. Image-based 3D modeling is usually accompanied with
pose tracking technique in the context of virtual teleconfer-
encing [18, 16, 13]. Pose tracking is another time-consuming
process and may involve severe accumulation error.



The technique we are going to use in IFT is called 3D
reprojection which provides a model-free and tracking-free
scheme. Once the parameters for a view adjustment are
pre-computed, a teleconferencing system always reprojects
a real frame captured by a stationary camera from the cam-
era’s view point to a virtual view point by the pre-computed
parameters. Three-view epipolar geometry is the underly-
ing theory for 3D reprojection. Many works have been done
on three-view epipolar geometry [21, 11, 7]. Most of these
works only considered reprojection of feature/corner points
in an image rather than dense reprojection. Avidan and
Shashua [1] studied dense reprojection via an optical flow
between a source view and a reference view where the base-
line between the source and reference view is assumed to be
tiny. Theoretically, optical flow is the optimal method for
dense reprojection. However, computing optical flow com-
putation itself is an ill-posed problem which is very sensitive
to image noise and is also a time-consuming process.

The goal of this paper is to propose a framework of tele-
conferencing which has low network communication cost by
reducing the number of cameras for each participant while
still preserves individual pose of each participant (so that
he/she can easily tell whom he/she is talking with) via an
efficient 3D reprojection technique. The rest of this pa-
per is organized as follows: Section 2 proposes a frame-
work of individually-focused teleconferencing (IFT). Section
3 presents an efficient dense 3D reprojection technique by
introducing a mirror reference view in three-view epipolar
geometry. The experiments in Section 4 show the accuracy
and efficiency of our 3D reprojection technique. Finally,
Section 5 gives our conclusions and future work.

2. EFFICIENTIFT

A straightforward but inefficient solution for IFT is to
arrange cameras in each participant’s office spatially corre-
sponding to the other participants. For n participants this
requires n — 1 cameras per participants.

We aim to achieve IFT with fewer than n — 1 cameras in
each participant’s office by simulating the geometry of the
teleconference, using reprojection to simulate camera angles.
Fig. 1 (a) shows the network architecture that we assume
for teleconferences and (b) shows the associated design of
the virtual conference table. In the scenario described in
Fig. 1 (a), there are 6 participants. A and B are a group
sharing LAN1; C is an individual using LAN2; D, E are a
group sharing LAN3; F is an individual using LAN4; We
use the principle that participants in the same LAN
are seated close to each other at the virtual table —
yielding a geometry like that of Fig. 1 (b).

Since A and B “sit” close to each other, there should only
be slight difference between the views of F being watched
by A and B. Therefore, it is reasonable to send only one
view to the group of participants A and B. We call this
view a “master view” for the group. An IFT system has the
responsibility of generating two individual views from the
master view after it reaches LAN1 so that A and B each see
an individually-focused view. To capture one master view,
we need one real camera. So in the scenario in Fig. 1, there
are three cameras in F’s office to capture all the master views
of F.

But the number of cameras in A’s office is not exactly the
same as F’s because A is not the unique participant who
is using LAN1. Besides providing three master views to
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Figure 1: (a) Communication architecture of a tele-
conference; (b) A virtual conference table for nine
participants in four LANSs; the same LAN implies
physical proximity.

three LANSs, the IFT system still needs to provide a master
view to the group member B. If the number of its group
members increases, the IFT system will assign the same in-
creasing number of master views for all group members. In
other words, assuming a low traffic in a given LAN, the IFT
system of some participants do not involve any reprojec-
tion/synthesis process of views for the participants in the
same LAN. This is because the bandwidth of a LAN is high
enough to tolerate many images.

The deployment of IFT system in the site (office) of a
participant is showed in Fig. 2. The major equipment of
an IFT system include a projector, a laptop/desktop and
multiple video cameras. The wall of a participant’s office is
the screen for an IFT system.

o LAN]

<

Laptop

Cam3

to LAN3

Figure 2: A scenario of deployment of an efficient
IFT system including a projector, a laptop/desktop
and three video cameras. The image captured by
i-th camera is only sent to i-th LAN. The images of
other participants are displayed in the wall of partic-
ipant F's office after an associated pose adjustment
by the 3D reprojection technique.

It is worth to point out that the one-to-many camera-
participant property in an efficient IFT exactly matches the
one-to-many package delivery scheme of multicast address-
ing. Actually, it is multicast addressing that provides net-
work support for an IFT system. However, to concentrate on
the geometry framework of an efficient IFT system (which
is the kernel and attractive problem in designing an efficient



IFT system), we are not going to introduce how to establish
an IFT system on multicast enabled networks. It will be
sufficient for a reader to get the sense of the efficiency of our
IFT system by keeping in mind that there is only one, rather
than multiple images, of a participant to be sent to another
LAN where there can be multiple participants located. The
readers who are interested in multicast addressing can refer
to [4, 14].

Up to this point, the accuracy and efficiency of a 3D re-
projection algorithm are the only two important factors for
the performance of an IFT system. The accuracy of a 3D
reprojection algorithm indicates the visual validity of the
synthesized image according to the pre-assigned geometry,
and its efficiency indicates the real-time execution of 3D re-
projection algorithm in order to provide continuous display
of synthesized image sequences. '

It is not difficult to see that the online reprojection algo-
rithm should be executed at the receiver sites rather than
the sender sites. Otherwise, the IFT system can only save
on the number of cameras, not the transmission bandwidth.

3. ANEFFICIENT 3D REPROJECTION TECH-

NIQUE

Fig. 3 shows a special three-view epipolar geometry where
the reference view is the opposite view of source view (The
object is a 3D surface). A straightforward implication of
this special three-view epipolar geometry is to use the mir-
ror image of the source image to approximate the opposite
view. Because the correspondence between mirror image
and source image is a trivial problem (by relation (y,z) +—
{y, cols — z)), the 3D reprojection algorithm is fairly easy to
implement by mapping an image point in source view to
an epiline in a target view and mapping its mirror point to
another epiline in the same target view.

Now we consider the problem of how well this approxi-
mation technique can work. Fig. 4 explains that this ap-
proximation will not work well if the depth range of a 3D
surface is large relative to the distance between its center
and optical center of a camera. The 3D surface showed in
Fig. 4 is a folded plane. P and @ are two 3D points in a
folded plane and their projected points in image plane 1 and
2 are p1, 1 and p2, ¢2 respectively. In the mirror image of
image 1, the points corresponding to p: and ¢ are p’ and
¢ respectively which do not approximate the true projected
point p» and g2 very well. However when the depth range
of 3D surface is small relative to the distance between its
center and optical center of a camera, we can observe that
the mirror points p’ and ¢’ will approximate to their true
points respectively. This shows that our 3D reprojection is
an approximation scheme.

A 3D reprojection algorithm in the context of teleconfer-
encing has two parts: an offline part and an online part. The
offline part is to compute fundamental matrices' from model
images and store them before a teleconference. Online part
is to apply these fundamental matrices to synthesize new
views from the real-time captured images in a teleconfer-
ence. The following is an outline of our mirror-image-based
3D reprojection algorithm:

e Offline part

!The normalized eight-point algorithm is used to compute
fundamental matrices in our implementation. More details
on the normalized eight-point algorithm can be found in [12].

o0

reference

Figure 3: A special three-view epipolar geometry in
which a connecting line of two optical center passes
through the center of a circle. 0;,0; and O3 are op-
tical centers of three cameras. P is a 3D point. P, O
and O; consist of the first epipolar plane and P, O3
and O: consist of the second epipolar plane. c¢; and
ch are two epipoles in target plane corresponding to
the first epipolar geometry and the second epipolar
geometry respectively. pz is a prd jection of 3D point
P in target plane. The epiline ¢2p2 is contributed by

‘the first epipolar geometry, and the epiline c;p; is

953

contributed by the second epipoélar geometry.
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Figure 4: A mirror image is an approximation view
of an opposite view. P and @ are two 3D points in
a folded plane and their projected points in image
plane 1 and 2 are p;, q1 and p,, g2 respectively. In the
mirror image of image 1, the points corresponding
to p; and ¢ are p' and ¢ respectively which do not
approximate the true projected point p; and ¢; very
well.



— Compute the fundamental matrix F from a source
view to a target view

— Compute the fundamental matrix F' from the
mirror view of the source view to the target view.

e Online part

— For any image point? p = (y,z,1) in the source
view, and p' = (y,cols — z,1) in the mirror im-
age, where cols is the number of columns of an
image. Compute the intersection of two epilines
Fp and F'p’ (i.e., their cross product) and render
this intersection by the color of the point p.

This is a forward rendering algorithm with which some im-
age points in target view may not get rendering. In practice,
we usually use the backward rendering. Since their ideas are
similar (even though backward rendering seems to be a lit-
tle tricky), we present the backward rendering algorithm in
Appendix.

In summary, we build fundamental matrices before a tele-
conference, and apply these parameters to adjust real views
of participants during teleconference. All computations only
involve the basic algebraic operations and the computation
complexity is of the image size, therefore, it is a simple and
efficient 3D reprojection technique.

4. EXPERIMENTS ON THE 3D REPROJEC-
TION SCHEME

In this section, we will first test the accuracy of our 3D
reprojection technique on model images of Santa’s face cap-
tured by Panasonic PVDV 400 camcorder by evaluating the
r.n.s. error, and its efficiency by the computation time.
Then we apply the parameters (i.e., two fundamental ma-
trices) acquired from Santa images to a real face image cap-
tured by a web camera and get an adjusted virtual view.
The image size is 320 x 240. Our computer is IBM laptop,
T21 CPU 800, MEM 128M.

Fig. 5 (a) and (b) show a source view and a target view of
Santa face respectively. The physical distance between the
center of Santa’s face and the optical center of our camera
is around 30cm, and the depth range of the face is around
5cm. Fig.5 (¢) shows the synthesized Santa by our 3D repro-
jection technique. We can see that visually the pose of the
synthesized face looks very close to the target image. The
r.m.s reprojection error is around 2.0 pixels. The reprojec-
tion speed is around 0.5 second to synthesize one image. A
reference result is from [2] where 5 seconds is needed to syn-
thesize an image in the context of SGI Indy computer and
260 x 480 image size. There are two ways to further improve
the reprojection speed to meet the real-time displaying re-
quirement. The first way is to use subsampling, and the
second one is to embed this algorithm into a circuit.

With parameters computed from the source and target
images of Santa face, we now apply the online algorithm
of the 3D reprojection algorithm to a view of a real face
which is captured by a web camera. A unique requirement
on the deployment of the web camera is that the cross angle
between the orientations of the web camera and the real face
should be roughly equal to the one between the camcorder

*We use the homogeneous coordinates of image points in
the context of epipolar geometry computation.
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(b)

Figure 5: Synthesized view of Santa face is very
similar to the target view of Santa face. (a) A source
view; (b) A target view; (c) A synthesized view.

and Santa face (We can easily achieve this requirement by
manually deploying the web camera). Fig. 6 shows a real
view of a student in University of Delaware and its adjusted
view. We observe that this view adjustment matches pretty
well with the view change from the source view to the target
view of Santa face.

(b)

Figure 6: View adjustments of a real face by the
epipolar geometry computed from the images of
Santa’s face. (a) A real view captured by a web
camera; (b) An adjusted view;

S. CONCLUSIONS AND FUTURE WORK

In this paper, we propose a theoretical framework of our
IFT system supported by an efficient 3D reprojection tech-
nique. An IFT system contains many important factors such
as the deployment of equipment, the accuracy and efficiency
of 3D reprojection algorithm, and network addressing. We
focus on the first two factors and design an IFT system de-
ployment scheme, and propose an efficient 3D reprojection
algorithm which overcomes the limitation of traditional 3D
reconstruction schemes and some other current reprojection
techniques by introducing a mirror image (of a source/target
image in the forward/backward algorithm) as a reference
view in a three-view epipolar geometry.

Since our 3D reprojection technique is based on basic al-
gebraic operations without having to invoke any other com-
puter vision or image processing routines, it is extremely
viable to design a circuit that stores geometry information
represented by a family of fundamental matrices. The per-
formance of an IFT system thus depends on the accuracy
and completeness of the geometry information obtained via
the fundamental matrices. Our future work involves com-
puting “arbitrary” view adjustment for a more practical IFT
system on a multicast enabled networks.
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APPENDIX

A. 3DREPROJECTIONIN BACKWARD REN-
DERING SCHEME

Fig. 7 shows a new design of three-view epipolar geometry
where the opposite view of a target view (rather than source
view) is introduced. And now we consider the intersection
of epilines in the source image plane rather than the target
image plane.

reference

source
3

Figure 7: A three-view epipolar geometry for back-
ward rendering.

Backward rendering scheme is a little tricky since it starts
from a target view which seems to be unknown for us. But
note that each reprojection algorithm is always divided into
an offline part and online part, and the offline part is to ac-
quire fundamental matrices from model images whose target
views are completely known to us. So a 3D reprojection in
backward rendering scheme can be summarized as follows:

e Offline part
— Compute the fundamental matrix F from a target
view to a source view
—~ Compute the fundamental matrix F’ from the mir-
ror view of the target view to the source view.
e Online part
— For any image point p = (y,,1) in a target view,
assume p' = (y,cols — z,1). Compute the intersec-

tion of two epilines Fp and F'p' and render point
p by the color of the intersection of two epilines.



