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Abstract

The proposed approach is motivated by appli-
cations which allow user navigation and indi-
vidual viewpoint specification in shared virtual
environments with telepresence quality. In this
context, we present a synthesis method for
arbitrary virtual views in a multi-view camera
set-up. This method generates a close to real-
time, view adaptable reconstruction of a 3-
dimensional, (3D), object taken from at least
two cameras. In this method, we use the re-
cently developed Incomplete 3D, (IC3D),
technique, a disparity-based multiview repre-
sentation for a weakly convergent camera
setup in combination with the trilinear warp-
ing functions to describe new virtual camera
positions. Previously, only virtual views inside
the baseline could be described by IC3D.
Hence, user movement in virtual environments
(VE) was restricted. In order to create a virtual
camera position and orientation outside the
baseline we apply point correspondences
across the two reference images to a trilinear
tensor, built from the fundamental matrix be-
tween the reference views. The trilinearities
provide a general warping function from the
reference images to virtual view that is gov-
erned directly by the virtual camera parame-
ters.

1 Introduction

Currently, one can observe an increase of
R&D activities in the fields of applications

integrating seamlessly arbitrary-shaped natural
video objects into VEs. This development is
due to the promotion of new international
standards such as MPEG-4, and VRML and
the rapid growth of video communication, en-
tertainment, and multimedia systems willing to
exploit them. Against this background it would
be most desirable to model natural, arbitrarily
shaped, video objects as 3D objects. However
former investigations have shown that full 3D
modelling is too computationally expensive for
a process to allow realtime. In contrast, a sim-
ple texture mapping of video on a 2-
dimensional, (2D), node, as it is often used in
VE applications produces inconsistencies in
the view adaptation during navigation in the
scene. In fact, the 3D nature of a VE implies
scene navigation and therefore viewpoint ad-
aptation of these objects is crucial. Typical
examples of such applications are video con-
ferencing systems providing motion parallax
and immersive telepresence applications
[1][2][3].
To overcome these shortcomings, this paper
presents significant extensions of IC3D tech-
nique which is based on methods of intermedi-
ate view interpolation and which has recently
been proposed by HHI [12][13][14]. Section 2
briefly discusses the pro’s and con’s of the
conventional technique. Then, section 3 re-
views the original baseline IC3D approach and
section 4 explains some of its limitations with
respect to novel view synthesis. Afterwards,
section 5 describes the theory of trilinear warp-
ing and section 6 presents the IC3D extension
towards more flexibility in terms of synthesis
by combining it with trilinear warping. Finally



section 7 and 8 present experimental results
and some conclusions.

2 3D Representation of Video
Objects

The key problem of these applications is the
reconstruction of the 3D shape of natural ob-
jects from multi-viewpoint video signals. Two
commonly used approaches are:
- 3D Modeling: 3D models consist of deform-
able surface meshes or wireframes containing
a set of adjacent elementary planar patches and
are commonly used to describe surfaces with a
desired precision. This can be achieved in
principle as long as multiple camera views are
available and the respective camera positions
are known [4][5]. Resulting 3D wire-frame
representations of natural video objects can for
example be encoded by using 3D mesh struc-
tures as foreseen for MPEG-4 [6]. The flexibil-
ity of such models, their efficiency in comput-
ing, storage and coding are the most important
advantages of this triangulation-based surface
approximation. However three drawbacks are
associated with 3D models created from 2D
views from different perspectives:
• they are often incapable of properly reflect-

ing the physical surface characteristics of
the object, because the nodes and edges of
the mesh generally have no or only limited
physical significance;

• around surface areas of high local curva-
ture, a lot of small triangles are required to
approximate the surface to the desired ac-
curacy;

• most reported methods suffer from ex-
tremely large algorithmic complexity.

In most time critical applications the complex-
ity of generating 3D models generally over-
loads the realtime capability of the rendering
engine. To avoid these problems several au-
thors considered model-based methods tailored
for special situations, e.g., face and human
body models for videoconferencing applica-
tions [7]. These methods assume a priori
knowledge about the object to be modelled

[8][9]. Although model-based methods work
well for the specified objects these techniques
obviously reduces the visual realism as generic
representations are used for each participant.
- Intermediate Viewpoint Interpolation : In this
approach disparities are estimated from adja-
cent camera views, and an intermediate view is
generated by disparity-compensated interpola-
tion from the original views [10][11][12]. To
extract objects, it is sufficient to apply a con-
ventional 2D segmentation technique to the
separate camera views. In intermediate image
interpolation, it is generally necessary to en-
code all image views separately, or to sepa-
rately employ a technique exploiting the mul-
tiview redundancy, like the MPEG-2 mul-
tiview profile. However, disparity data derived
for optimum encoding are often not appropri-
ate for viewpoint interpolation [13].

3 The Incomplete 3D Tech-
nique

IC3D is a disparity-based multiview data rep-
resentation that was developed here at HHI in
the context of MPEG-4. This incompleteness
is two-fold:
• the technique does not retain the full pixel

representation of all the views available,
thus resulting in higher compression;

• it does not perform full 3D modeling
analysis, with the advantage of a simplified
complexity.

The general concept is to limit the number of
pixels that have to be encoded, by analysis of
the correspondences between the particular
views available, such that for an object, each
area that is visible within more than one cam-
era view is encoded only once with the highest
possible resolution. If the disparity correspon-
dences are estimated from the original views, it
is straightforward to reconstruct all the areas
that were excluded from encoding by use of
disparity compensated projection, Fig. 1. A
synopsis of the theoretical background of
IC3D follows, further information can be
found in [14].



Fig. 1: Generation of primary and secondary
surfaces

Using a pinhole camera model, taking object
space to be 3D projective space Ƥ

3 and image
space to be 2D Ƥ

2, the projection of a point
P=(X, Y, Z,1) ε Ƥ

3 in a 3D world to a point
p=(x, y,1) ε Ƥ

2 in the camera's 2D image plane
is given by the central projection equation
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were F is the focal length of the camera, the
optical center is assumed to be at world coor-
dinate (0,0,0,1), and the image plane (x,y,1) is
parallel to the (X,Y)-plane with origin at
(0,0,F,1).
Assume that two points on the object's surface
P1 = (X1, Y1, Z1, 1) and P2 = (X2, Y2, Z2, 1) be-
come visible in the image plane of both of the
cameras at positions x1 and x2, Fig. 2. The dis-
tances between observed point positions x1 and
x2 will deviate between the different camera
image planes (we limit this analysis to the
horizontal distances, which is reasonable if the
cameras have parallel optical axis's).

Fig. 2: Correspondences in image planes using
two cameras

For example, in a stereoscopic pair of left, L,
and right, R, cameras we come to the following
relations:
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which leads to a gradient of disparities indicat-
ing the correspondences between this image
pair:
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were B is the baseline between the two cam-
eras. From (3), and assuming we are working
with convex only objects in the 3D world, we
can draw the following conclusions:
• If both points P1 and P2 have the same

depth position, Z, ∆d becomes zero, which
means at the same time, that the area be-
tween these points is equally visible in both
camera views;

• If ∆d is positive, ∆L > ∆R, which means
that the area is better visible in the left cam-
era view;



• If ∆d is negative, ∆R > ∆L, which means
that the area is better visible in the right
camera view.

Here, better visibility implies that more sam-
ples are available for the area between points
P1 and P2 in one of the camera's image planes.
It is obvious the disparity data can be used to
reconstruct other views, e.g. by performing
interpolation, extrapolation of the pixels from
the available views. It follows from (3), that
the disparity d is proportional to the baseline
distance B:

Z
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d = (4)

This implies, that it is possible to generate an
artificial camera viewpoint with an artificially
changed baseline position B', if a scaled
disparity value d' is used in the projection. We
obtain:

BBdd υυ == ´,´ (5)

were υ is the scaling factor. The effect is a
simulation of an alternative camera view,
which would lie anywhere on the line that in-
terconnects the two camera's optical centers
such that:
• the original area of width ∆L in the left

camera view is mapped to an area of width
∆L - ∆d' in the artificial camera view at
(0, 0, B',1);

• the original area of width ∆R in the right
camera view is mapped to an area of width
∆R + ∆d' in the artificial camera view at
(0, 0, B',1).

To generate the IC3D representation, one sin-
gle unwrapped texture of a video object's 3D
surface is extracted from the multiple camera
views. By analysis of the disparity gradient we
determine areas which are best visible from
particular camera positions. These areas are
called the areas of interest (AOI) of the indi-
vidual cameras. Examples of AOI are the areas
of the 'left view' and 'right view' that are com-
bined to create the 'primary surface' in Fig. 1.
The secondary surface is only an auxiliary

plane consisting of the transition between the
AOI at the stitching boarder (separation lines
in Fig. 1). The sizes ∆L and ∆R are left un-
changed in the left and right AOI, respectively.
In order to reconstruct different viewpoints for
the IC3D texture surface, disparity-controlled
projection is performed from the texture data
within the particular AOI, towards a view
plane with the virtual camera position at (0, 0,
B',1).

4 IC3D Restrictions

Inherent to the IC3D process is a parallel cam-
era setup. This setup allows us to express the
geometric relationship between the two camera
coordinate systems by a simple translation
along the baseline, as indicated in (4). This
relationship is based on point correspondences
along the x-axis. The synthesis was restricted
to positions on the baseline, resulting in fast
algorithms and providing high quality synthe-
sis results. Hence, integration of the IC3D al-
gorithm into a VE causes user navigation re-
strictions, meaning arbitrary multi-view syn-
thesis is not possible.
However convergent camera set-up’s are re-
quired for advanced applications such as video
conferencing scenarios due to the small dis-
tance of the object related to the camera sys-
tem. This leads to a general disparity estima-
tion method using the epipolar constraint, im-
plying that the simple translation along the
baseline can no longer be used and a new syn-
thesis procedure is required.
In general virtual view synthesis is possible
using epipolar constraints, [15], however the
view synthesis is subject to epipolar singulari-
ties under certain camera motions, i.e. when
the virtual camera center is collinear with the
reference cameras the epipolar lines do not
intersect. While singularities can be controlled
using depth maps, the generation of reliable
maps for non-synthetic objects is subjective. In
order to overcome these shortcomings we con-
centrate instead on the use of concatenating
trilinear warping functions to provide view
synthesis from arbitrary virtual viewpoints.



5 Trilinear Warping

It has been shown in [16] that any three per-
spective views of a scene satisfy a pair of tri-
linear functions of image co-ordinates. Using
the trilinear result one can manipulate views of
an object to synthesise images that are far
away from the viewing positions of the sample
reference images without 3D reconstruction.
The following is an explanation of how the
trilinear functions of the image coordinates
across three views are obtained.
We assume two image views ψ1 and ψ2 and an
arbitrary point P εƤ

3 with corresponding im-
age points p = (x, y, 1) and p' = (x', y', 1),
where p ε ψ1 and p' ε ψ2. Let A be a 3 x 3
homography mapping of ψ1 → ψ2 due to some
plane π. A is scaled to satisfy p'o ≅ A po + v',
where po ε ψ1 and p'o ε ψ2; both points com-
ing from an arbitrary point Po which is not on
π; and ≅ means equal up to a scale factor.
Then, every corresponding pair p ε ψ1 and
p' ε ψ2 obeys (6), where v' represents a con-
stant vector depending on the epipole of ψ1 in
ψ2 as well as the distance and orientation of
plane π:

νλ ′+≅′ App (6)

The scalar λ is the ‘relative affine invariant’
mentioned in [16], here we will not discuss
how λ is recovered.
We now introduce a third view ψ3, such that
p'' ε ψ3, and v'' ε ψ3 is a constant vector
depending on plane π and the epipole between
ψ1 and ψ3. Since (6) holds for any plane we
choose some plane π, and let A, B be the ho-
mographies ψ1 → ψ2 and ψ1 → ψ3 respectively.
Then for every point p ε ψ1 with correspond-
ing points p' ε ψ2, p'' ε ψ3 there exists a sca-
lar λ such that p' ≅ Ap + λv' and p'' ≅ B p +
λv''. If we solve for λ and equate the results we
obtain the trilinear functions of the image co-
ordinates across three views. Nine such func-
tions exist, implying at most 27 distinct coeffi-
cients. In [16] it is shown that at most four of
these trilinearities are linearly independent:

011313313 =−′+′′′−′′ ppxpxxpx TTTT αααα (7)

012323313 =−′+′′′−′′ ppxpxypy TTTT αααα (8)

021313323 =−′+′′′−′′ ppypyxpx TTTT αααα (9)

022323323 =−′+′′′−′′ ppypyypy TTTT αααα (10)

Where αij = v'ibj - v''jaI and b1,b2,b3 and a1,a2,a3

are the row vectors of A and B and v = (v1, v2,
v3). These trilinearities allow us to generate a
new view, ψ3, consisting of points (x'', y''), by
using the correspondences p, p' across the two
image views ψ1 and ψ2. In [17] Hartley encap-
sulates these 27 coefficients into a trilinear
tensor. In [18] this tensor is used as an opera-
tor that describes the transformation from a
given tensor of three views to a novel tensor of
a new configuration of three views.

6 IC3D Extension

The IC3D algorithm has point correspon-
dences between two views and no initial third
view, yet the trilinear warping functions build
a relationship of points across three views.
Hence, in order to obtain an initial correspon-
dence for our setup we specify our initial vir-
tual view to coincide with one of the reference
images. We then build a trilinear relationship,
the trilinear tensor, across these views.
Shashua calls this tensor a seed tensor and
explains how it can be calculated using the
fundamental matrix in the case of only having
two reference images; interested readers are
referred to [18].
Since an IC3D extension can be applied to
both strongly and weakly calibrated systems
we can either compute or estimate the funda-
mental matrix between the two reference im-
ages. As described in [18] we use this funda-
mental matrix to build the seed tensor between
three views, in which views two and three co-
incide. While the rank of this tensor is 2 in
comparison to rank of 4 for a tensor of three
distinct views all other properties remain the
same. Further details can be found in [19].
Once this initial relationship is calculated it
can be modified in order to describe a new



configuration of the three views. We only want
to modify one of the three camera positions,
our virtual view. By repeatedly applying vir-
tual camera transformations on the seed tensor
we obtain a chain of warping functions which
can be applied to the reference images to cre-
ate the desired virtual images. Since the tensor
operator is based on the set of trilinearites de-
scribed in the previous section we do not go
into a detailed explanation of tensors, the rele-
vant information can be found in [18].
Each of the four trilinear equations describe a
matching between the point p in ψ1, some line
passing through the matching point p' in ψ2 and
some line passing through p'' in ψ3. In 3D
space this corresponds to an intersection be-
tween a ray and two planes. Under ideal intrin-
sic camera parameters in the two reference
cameras this intersection would be at one
point. However, due to imperfections in digital
image sampling the pixel image positions of P
do not always correspond to the expected posi-
tion of the 3D space point. These discrepancies
lead to differences in the location of the inter-
section. In order to obtain the most accurate
pixel position of p'' the choice of the position
of the aforementioned lines through p' and p''
is critical.

Fig. 3: L1 and L2 are the horizontal and vertical
planes respectively, e is epipolar line.

We specify two coincident lines, horizontal,
L1, and vertical, L2. By examining the slope, n,
of the epipolar line, e, of p in ψ2 we decide
which choice of planes to take, Fig. 3. Using
the following rule:

n < 45° : p'' defined by vertical planes
n > 45° : p'' defined by horizontal planes

In Fig. 3 the point of intersection of L1 with e
provides a better estimation of p' than that of
L2 so vertical lines and hence planes are cho-
sen. The problem of forward mapping in the
virtual view is overcome by dividing the refer-
ence images into rectangles whose corners are
mapped using perspective transformations
onto quadrilaterals in the virtual images; then
computing a backward map for all the pixels in
this quadrilateral [20].

7 Experimental Results

In the following figures we present the results
of our extension of IC3D on image pairs cap-
tured using both strongly and weakly conver-
gent camera setups. The examples CLAUDE,
Fig. 4, and DOLL, Fig. 5, are CCIR images
captured using two cameras and a strongly
calibrated setup.

Fig. 4: CLAUDE – original images.

Fig. 5: DOLL – Original images.

CLAUDE is a weakly convergent camera setup
of 8 degrees with a baseline of 0.3 meters,
while DOLL is a strongly convergent setup of
16 degrees and a baseline of 0.2 meters. The
first step in the process is to find point corre-
spondences through a disparity estimation
process. Then, as stated in the previous sec-
tion, a seed tensor, initially based on the fun-
damental matrix between the camera pair, is

2

L1

p'

ψ2

e



created. This tensor assumes that the initial
virtual view coincides with one of the refer-
ence cameras. Since the cameras are stationary
the seed tensor need only be computed once
for each pair. Using the trilinearity functions,
the point correspondences, and a user specified
virtual camera transformation we calculate the
reprojected virtual view.

(a) (b)

(c) (d)

(e) (f)

Fig. 6: CLAUDE and DOLL synthesised
images.

The results in Fig. 6 show navigation of the
virtual camera outside the baseline from left to
right. Fig. 6 (c) and (d) show head on synthe-
sised views of CLAUDE and DOLL respec-
tively. Fig. 6 (a) and (e) show CLAUDE at a
position of 18 degrees around the y-axis and 6
around the x-axis either side of the middle
view; while Fig. 6 (b) and (f) show DOLL at a
position of 16 degrees around the y-axis and 3
around the x-axis either side of the middle
view.
The presented synthesis result demonstrates
the efficiency of the proposed method.

8 Conclusion

We have discussed the challenges of virtual
view synthesis in relation to the integration of
natural, arbitrarily shaped, video objects in
virtual environments. Using the IC3D ap-
proach we have shown how an efficient mul-
tiview data representation can be created; and
described how the current synthesis method
limits the virtual view to the baseline and
hence restricts user navigation in the VE. We
then identified how trilinear warping functions
can be used to solve point correspondences
across three arbitrarily positioned views. Re-
covering the fundamental matrix between the
reference images we created an initial trilinear
relationship across the two reference images
and a virtual view which initially coincides
with one of the reference images. This initial
relationship is used as an operator to build new
virtual views. Transformations of the virtual
camera combined with this operator and the
reference image point correspondences can be
used to create a new virtual view. Concatenat-
ing the results of these warping functions one
can manipulate views of an object to synthe-
sise virtual views that are far outside the base-
line of the sample reference images. Finally we
presented results of this new extension to
IC3D on images of CCIR size, for both weakly
and strongly convergent camera systems, for
arbitrary virtual camera positions outside the
baseline.
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