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ABSTRACT

In this paper, we propose a method for arbitrary view synthesis from uncalibrated
multiple camera system, targeting large space such as soccer stadium. In Projective
Grid Space (PGS), that is the three-dimensional space defined by epipolar geometry
between the two basis cameras in the camera system, we reconstruct three dimen-
sional shape models from the silhouette images. By using the three dimensional
shape model reconstructed in PGS, we can obtain the dense point correspondence
map between reference images. The obtained correspondence can synthesize the
image of arbitrary view between the reference images. We also propose the method
for merging the synthesized images with the virtual background scene in PGS. We
apply the proposed method to image sequences taken by the multiple camera sys-
tem, which is developed in a large space on a concert hall. The synthesized image
sequences of virtual camera have enough quality to demonstrate effectiveness of the
proposed method.

Keywords: Virtual view synthesis, Shape from multiple cameras, View interpola-

tion, Projective geometry, Fundamental matrix, Projective grid space

1 INTRODUCTION

The new view synthesis from images is
recently studied for enhancing the visual
entertaining effect of the movie. One
method for enhancing the visual effect is
virtual movement of viewpoint so that the
audience can virtually feel existence in the
target scene. The recent applications of
such effect are known as ”Matrix” of Hol-
lywood movie, EyeVision system in the
SuperBowl 2001 broadcast by CBS. Vir-
tualized Reality (TM) [4] is one of the

frontier project that realizes such virtual
viewpoint movement for dynamic scene
by the use of computer vision technol-
ogy. Although the "Matrix” and "EyeVi-
sion” are just a switching effect of multiple
camera real images, the computer vision-
based technology can synthesize arbitrary
viewpoint images for the virtual viewpoint
movement effect.

We aim to apply the virtualized reality
technology to actual sports events, etc.
The new view images are generated by



rendering pixel values of input images
in accordance with the geometry of the
new view and the 3D structure model
of the scene, which is reconstructed from
multiple-view images. The 3D shape re-
construction from multiple view requires
camera calibration that is used for relating
the camera geometry to the object space
geometry. For calibrating cameras, 3D po-
sition in FEuclidean space of several points
and 2D position on each view images of
those points must be measured precisely.
For this reason, when there are many cam-
eras, much effort is needed to calibrate
every camera. Especially, in the case of
large space, such as sports stadiums, it is
difficult to set many calibrating points of
which the position is precisely measured
throughout the large area.
ing such effort to obtain calibration data,
we have already proposed a new frame-
work for shape reconstruction from uncal-
ibrated multiple cameras in the "Projec-
tive Grid Space (PGS)” [6], in which the
coordinate is defined by epipolar geometry
between cameras.

For remov-

In this paper, we present a method
for generating arbitrary view movie from
multiple uncalibreated camera image se-
quence. In this method, the shape from
silhouette (SS) [2, 5] method is applied
for reconstructing the shape model in the
PGS. Then the dense corresponding rela-
tion between the images derived from the
shape model is used for synthesizing in-
termediate appearance view image. We
demonstrate the proposed framework by
showing several virtual image sequences
generated from multiple camera image se-
quences that are corrected in a large space
of 110m x 50m x 25m.

2 PROJECTIVE GRID SPACE

Reconstructing 3D shape model from mul-
tiple view images requires relationship be-
tween the 3D coordinate of the object

scene and the 2D coordinate of the cam-
era image plane. Projection matrices that
represent such relationship are estimated
by the measurement of 3D-2D correspon-
dences at some sample points. Since the
3D coordinate is defined independently
from cameras, the 3D position of the sam-
ple points must be measured indepen-
dently from the camera. This procedure
is camera calibration [9]. Calibrating all
the camera in the multiple camera system
requires much labor [4, 10].

In our method, 3D point is related to
2D image point without estimating the
projection matrices by ”Projective Grid
Space (PGS)[6]”, which can be deter-
mined by only fundamental matrices|[11]
representing the epipoler geometry be-
tween two basis cameras. Because the 3D
coordinate of PGS is dependently defined
by the camera image coordinates, 3D posi-
tion of any sample points does not have to
be measured. Therefore, the PGS enables
3D reconstruction from multiple images
without estimating the projection matri-
ces of each camera.

Figure 1 illustrates a scheme of PGS. PGS
is defined by camera coordinate of the two
basis cameras. Each pixel point (p,q) in
the first basis camera image defines one
grid line in the space. On the grid line,
grid node points are defined by horizon-
tal position r in the second image. Thus,
the coordinate P and Q) of PGS is decided
by the horizontal coordinate and the verti-
cal coordinate of the first basis image, and
the coordinate R of PGS is decided by the
horizontal coordinate. Since fundamental
matrix F'y; limits the position in the sec-
ond basis view on the epipolar line 1, r is
sufficient for defining the grid point. In
this way, the projective grid space can be
defined by two basis view images, of which
node points are represented by (p, g, 7).
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Figure 1: Definition of projective
grid. The point A(p,q,r) on the
projective grid space is projected to
ai(p,q) and ay(r, s) on the first and
second basis image.

3 MODEL RECONSTRUCTION

Under the framework of PGS, we re-
construct 3D shape model of the dy-
namic object by shape from silhouette
(SS) method. We assume that the silhou-
ette is previously extracted by background
subtraction.

In the conventional SS method, each voxel
in a certain FEuclidean space is projected
onto every silhouette image with projec-
tion matrices, which are calculated by
strong calibration of every camera [2, 5],
for checking if the voxel is included in
the object region. For applying the S5
method in the PGS, every point in PGS
must be projected onto each silhouette im-
age. As described in the previous section,
the PGS is defined by two basis views,
and the point in the PGS is represented as
A(p,q,r). The point A(p,q,r) is projected
onto ay(p, q) and ay(s,r) in the first basis
image and the second basis image, respec-
tively. The point a; is projected as the
epipolar line [ on the second basis view.
The point az on the projected line (figure
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Figure 2: Projection of point in
the space onto an image. The
point A(p,q,r) on the projective
grid space is projected to the cross
point of two epipolar lines in the im-
age of view 1.

1), is expressed as

3

l=F, (1)

—

where F'5; represents the fundamental
matrix between the first and second ba-
sis images.

The projected point in ith arbitrary real
image is determined two fundamental ma-
trices, F';1, F ;5 between two basis images
and ith image. Since A(p,q,r) is pro-
jected onto a1(p,q) in the first basis im-
age, the projected point in the ith image
must be on the epipolar line Iy of a1(p, q),
which is derived by the F';; as

p
LL=F;| q (2)
1

In the same way, the projected point in
the ith image must be on the epipolar line
5 of ay(r,s) in the basis image, which is
derived by the F';5 as

l2 = FZ'Q S (3)



The intersection point between the epipo-
lar line {; and I is the projected point
A(p, q,r) onto the ith image (figure2). In
this way, every projective grid point is pro-
jected onto every image, where the rela-
tionship can be represented by only the
fundamental matrices between the image
and two basis images.

Outline of the process for reconstructing
3D shape model is as follows. First of
all, two cameras are selected from as basis
cameras, and then coordinate of PGS is
determined. Every voxel in the certain re-
gion is projected onto each silhouette im-
age with proposed scheme as shown in fig-
ure 1, 2. The voxel that is projected onto
the object silhouette for all images is de-
cided as existent voxel, while others are
nonexistent. Thus the volume of the ob-
ject can be determined in the voxel repre-
sented in PGS. In this process, the order
of voxel existence checking is important
for reducing the computation, because the
cost for computing projection of voxel
onto images is not the same for the differ-
ent images in the proposed scheme. Since
the vertical and horizontal coordinate of
the first basis view image are equivalent
to P and Q coordinate of the PGS, any
calculation involving fundamental matrix
is not required to project each voxel onto
the first basis view image. In the second
basis view image, the projected point is
decided by calculating only one multipli-
cation of fundamental matrix for deter-
mining epipolar line. This implies that
projection calculation onto second basis
view becomes half compared with project-
ing the other images. Therefore, the order
of images on which each voxel is projected
should be basis view 1, basis view 2, and
the other view images.

After this existent voxel determination,
implicit surface of the voxel representation
of the object is extracted by ”Marching
Cubes”. Finally, the object model is re-
constructed as the surface representation

in the PGS.

4 VIRTUAL VIEW SYNTHESIS

There are two ways to generate the arbi-
trary view image from 3D shape model,
that is texture mapping on the 3D Shape
model [4, 10], and the morphing from the
point correspondence of some reference
images that is calculated by the model
[1, 3, 8, 7]. In the former procedure, the
texture of the images are projected onto
the 3D shape model, then re-projected
onto the image again. In this proce-
dure, however, the generated images are
likely to be suffered from rendering arti-
fact caused by the inaccuracy of 3D shape.
Therefore we apply the latter procedure to
generate arbitrary view images.
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Figure 3: Synthesis of desired view
from neighboring three view images.

4.1 Arbitrary View Synthesis

Arbitrary view image is synthesized as in-
termediate images of selected neighbor-
ing two or three reference real images. If
two reference images are selected, virtual
viewpoint can be taken on the line be-
tween two reference real viewpoints. In
case of three reference images, virtual
viewpoint can be taken inside of the trian-
gle that is formed by the three real view-
points. Therefore, if a number of cam-



eras are mounted on half spherical surface
around the target space and each cameras
formed triangle effectively, virtual view-
point can be moved freely all around the

half sphere.

For synthesizing arbitrary view image, in-
termediate image are synthesized by in-
terpolating two or three reference images.
The interpolation is based on the related
concepts of view interpolation [3]. At ref-
erence views, depth in PGS are rendered
at the reference views with z-buffer algo-
rithm. To apply the z-buffer algorithm
to render the 3D model at the reference
views, the surface of 3D model that re-
flect on the input views is decided. In
the z-buffer of each pixel, the distance be-
tween the viewpoint and the closest sur-
face point is stored, and the stored dis-
tances. Then these rendered depth im-
ages generate the correspondence maps
between the reference images. For the
correspondence points between the refer-
ence images, the following equations are
applied to the interpolation:

[(P) = wllz(Pz) + wglj(P]‘) + wglk(Pk)
(5)

P; , P; and Py are the position of the
corresponding points in the three refer-
ence images (Figure3), I(P;) , I;(P;) and
I (Py) are the colors of the corresponding
points, and P and [(P) are the interpo-
lated position and color. The interpola-
tion weighting factors are represented by
wy , wy and wy (wy +wy+ws =1, 0<
wy, wq, w3 < 1). Changing the weighting
ratio, virtual viewpoint can move inside of
the triangle.

However, there is the case that some
points in one image cannot be seen in an-
other image. In this case, the position on

the interpolating image of such point is
calculated by equation 4, and the color
is decided on the value of visible point.
Therefore, even if certain region is oc-
cluded on the one image, the region can
be synthesized on the novel image, as long
as the region is not occluded on the other
images.

5 EXPERIMENTAL RESULTS

We constructed multi-camera movie cap-
turing system in large concert hall, ”B-
con Plaza hall”, located in Beppu City,
Oita, Japan. The concert hall is 110 me-
ters (L) x 50 meters (W) x 25 meters (H).
We mounted 16 cameras on the wall and
2 cameras on the ceiling, capturing PC
were connected every neighboring 2 cam-
eras, and all of the PC could be controlled
by system control PC. All of those cam-
eras are fully synchronized with a common
signal, all the video signals could be digi-
tized and captured as color image (640 x
480 BMP format) sequence at full video
rate (30 frame per second).

= 1l

Figure 4: The B-con Plaza hall

The inside of the concert hall is shown fig-
ure 4, and the outline of the each camera
position of the camera system is shown fig-
ure 5.
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Figure 5: Outline of camera place-
ment of our system.

We applied our method to image sequence
taken by the cameras system. 3D shape
models were reconstructed each frame,
and arbitrary view images were synthe-
sized as interpolated image between any
three or two images.

Figure 6: The example of input real
images.

The example of original real images are
shown figure 6. The silhouette images
were generated background subtraction,
and 3D shape model was reconstructed in
the PGS by the proposal method. The 3D
shape model in the representation of or-
thographic grid space, which is seen from
the arbitrary view, are shown figure 7.

Figure 8 shows synthesized image of a
scene to which two men are doing lifting.
Three images of the vertex of the triangle
are the selected reference images of the

Figure 7: Reconstructed projective
shape in the representation of ortho-
graphic grid space.

same frame. Arbitrary view images are
synthesized from those images by chang-
ing the weighting ratio. The images on
the line are interpolated from two refer-
ence images of both ends, and center of
the image is interpolated from three refer-
ence images.

Figure 9 shows the sequence of synthesized
virtual moving camera. This is the ex-
ample to apply our method to image se-
quence synthesized by interpolating 4 ref-
erence views.

6 CONCLUSION

We proposed a method for reconstruct-
ing the 3D shape model in the projec-
tive grid space and synthesizing the ar-
bitrary view image from the multiple im-
age sequences taken with uncalibrated
cameras. The projective grid space can
be defined with two basis views, whose
relationship is represented by a funda-
mental matrix. The grid points in the
space are related to an arbitrary image by
fundamental matrices between the image
and the two basis views. In the projec-
tive grid space, the shape from silhouette



(SS) method is applied for reconstruct-
ing the shape model, which provides dense
corresponding points between the images
for synthesizing intermediate appearance
view image. We demonstrated the pro-
posed framework by showing several vir-
tual image sequences generated from mul-
tiple camera image sequences that are cor-
rected in a large space of 110m x 50m x

25m.
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Figure 8: Synthesized intermediate view images among three images.
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Figure 9: Image sequence at virtually moving view points for the object with synthe-
sized lawn floor. Since the shape model is reconstructed in the PGS, the relationship
of the occlusion is correctly detected.



