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Abstract This paper presents a new method for rendering a novel view of prerecorded images
taken from different locations. This method belongs to the family of work that employs 3D plenoptic
functions; however, unlike other works of this type, this particular method allows us to render a novel
view from an almost arbitrary point on the plane, on which images are taken, along a straight line.
Using an omni-directional camera makes the calculation far easier. One of the applications of this
method in the ITS domain is to make a driving simulator. We can generate any views on the road
from images taken by running along just one. In this paper, we describe the basic theory of a 3D
plenoptic function, and the applicable areas of the theory; in addition, we describe a complete working:
system, including the capture of images as an example. We also present rendered images of a real
scene.




1 Introduction

The computer graphics community has ex-
pended much effort to create virtual environ-
ments from real scenes. We can classify such
efforts into two main approaches: image based
modeling (IBM) and image based rendering
(IBR). An IBM approach analyzes the geometry
and surface attributes of the objects in the en-
vironment and, based on those analyses, creates
new views.

The IBM approach requires precise reflectance
model analysis and careful image acquisitions.
The IBM first captures a series of images for
the analysis to be completed a later stage. This
approach typically involves some combination
of precise camera positions, structured lighting,
and elaborate laboratory setup. By capturing
the geometry and material properties of objects
directly from the real world, we can create im-
ages of real objects and scenes using Computer
Graphics rendering software. This method, how-
ever, is still limited in its ability to create images
of relatively small objects in indoor scenes.

The IBR also captures a series of images.
However, this method does not analyze those im-
ages; rather, it creates new views by reassembling
or hacking those prerecorded images in a timely
manner. QuickTime VR is one of the represen-
tative systems based on the IBR. A series of cap-
tured environment images, pasted on a cylindri-
cal environment, allows a user to look around a
scene from fixed points in space.

One of the key concepts developed in the
IBR is the plenoptic function. Originally, a
7D plenoptic function was proposed to define
the intensity of light rays passing through the
camera center at every location, at every possi-
ble viewing angle, for every wavelength and at
any time. It has since been shown that light
source direction can also be incorporated into
the plenoptic function for describing illumination
environments. By ignoring time and wavelength,
McMillan and Bishop generated a continuous 5D
plenoptic function from a set of discrete samples.
The Lumigraph and Lightfield systems presented

a clever 4D parameterization of the plenoptic
function.

The study of plenoptic function has focussed
on maintaining the quality of rendered images
while requiring fewer dimensions. Namely, the
issue was how to reconstruct images from a view-
point in a wide space with less data.

This paper proposes a new method for ob-
taining a 3D plenoptic function. This method
first captures panoramic images through either
an omni-directional camera or a combination of
standard TV cameras that run along a straight
line. Those captured panoramic images repre-
sent a 3D plenoptic function, brightness of a ray
at any location (2D) and at any direction (1D).
By selecting and combining appropriate slits in
the panoramic images, we can render a novel
view.

This paper is organized as follows. In Section
3, we explain the basic method for obtaining the
3D plenoptic function, and discuss some of the
characteristics of the method. Section 4 presents
results of experiments using a real scene, and
Section 5 contains our conclusions regarding this.
method along with discussions of future work.

2 Reconstruct of Arbitrary View from
Panoramic Images
2.1 Capturing Pancramic Images

At each location, we construct a panoramic
image,which contains all rays from the capturing
location; we have a total horizontal viewing field
of 360 degrees at each capturing location.

The simplest and easiest method for capturing
panoramic images is to use an omni-directional
camera. This type of camera has an orthographic
lens that has a single effective viewpoint (see
Fig.1. From the sensed omni-directional image,
we can generate pure perspective images, and,
thus can make panoramic images from the omni-
directional image.

Using one omni-camera, we can take images
with 360 degrees in a horizontal direction; those
images cover the northern hemisphere of a view-
ing sphere. The images cover the upper di-
rections above the image plane of the omni-



directional camera. By placing two such cam-
eras back-to-back, thereby satisfying the single
viewpoint constraint, we can achieve a true om-
nidirectional sensor, 360 degree views in both
horizontal and vertical directions. Details of
the omni-directional camera with equations are
shown in the Appendix.

Another method for capturing panoramic im-
ages is to arrange a few cameras cylindrically as
shown in Fig.2 [7]. Those cameras’ optical axes
intersect at one point with rays around the center
of cameras. ’
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Figure 1: With om-
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tion of some cameras

2.2 System of Capturing Images

One application of the system is to build a
driving simulator. Here, we are mainly con-
cerned with the case where a camera runs along
a straight line. Namely, by running in a straight
line e.g., a lane on a road, we capture omni-
images with the position and direction of each
panoramic image. Here the positional informa-
tion is given by a GPS sensor.

We will denote the ground plane as the x-y
plane. As shown in Fig.3, by moving from Cj to
Cr, we capture images and record their positions.
Here we denote a panoramic image captured at
(24,9:) as Ci(z;,y;). We can pick up arbitrary
slits from each panoramic image for reconstruc-
tion purposes.

2.3 Reconstruct of Novel Views

Given a series of panoramic images on a

straight line, we can comnstruct a novel view from
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Figure 3: Capturing panoramic images

almost any arbitrary region. Consider the case
of rendering the novel image at the point P, as
illustrated in Fig.4. For constructing the view
from P, we need rays around P from R; to R,
as shown in the figure. By finding the slits corre-
sponding to the rays from stored panoramic im-
ages and collecting those slits, we can synthesize
a new view.

The calculation of this process are as fol-
lows. See Figh. To reconstruct a novel view at
P(2,,yp), we need all rays from 6 to §'. Here the
angle of the rays are denoted with respect to the
X axis. ‘

Now, we define vector ¢ = (1,0), and position
vectors as P = (zp,yp) Ci = (zi,¥i). The ray,
of which the angle is ¢, is given by a panoramic
image of C;(z;,y:) ; the equation is as follows.

_ (Ci—-F)-i
S Ry I
= arccos (e +(op) 1)

(@i — 2p)* + (3 — ¥p)?

Using this formula, we can render a novel view




synthesized novel view of P
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Figure 4: Reconstructing a novel view

at P.
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2.4 Region of Reconstruct

This section will discuss the areas where it is
possible to reconstruct novel views. Let us as-
sume that the camera moves on a straight line
for the interval from the position,Cp to the posi-
tion, Cy,. The reconstructable angle, in this case,
is shown in Fig.6. Namely, upon rendering the
view from the position P, the reconstructable re-
gion around P is the shaded area.

More importantly, we can enlarge the possible
region of shaded portion, as shown in Fig.6, by
running for a longer distance. The boundary line
moves following the arrows. By running on a
straight line for a infinitely long distance, we can
render a novel view at any point on the ground
plane. ‘

2.5 Singular direction

With respect to reconstruction, we can classify
a novel view into two cases: with or without a
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Figure 5: Calculation for rendering

singular direction. Here we define the singular di-
rection along the direction parallel to the running
direction. Namely, the first case includes the ray
parallel to the singular direction, while the sec-
ond case does not. When reconstructing a view
toward the moving direction from the driver ’ s
seat, we have to consider the first case, while for
a side view, we consider the second case.

First, we will discuss the case with a singu-
lar direction. In this case, as shown in Fig.7, we
put together some slits from two parts of non-
adjacent panoramic images. The right-hand side
of the image comes from those ahead of the point
A and the left-hand side of the image comes from
those in back of the point B. Due to this discon-
tinuity, there may be a distortion in the resulting
image across the singular direction.

In addition, a ray parallel along the singular
direction does not exist except moving for an in-
finite distance. We have to interpolate this ray
by using a morphing technique. However, usually
along the singular direction, no object or very far
objects exist in the ITS applications. Thus, the
distortion of any far objects is relatively small.

In the none singular case, a view to be ren-
dered does not include the ray parallel to the
singular direction. As shown Fig.8, in this case,
all necessary rays are contained in the series of
panoramic images. Moreover, the rays are in-



Figure 6: Reconstructable area

cluded in a continuous part; there is no distor-
tion in this case, as contrasted to the singular
case.

2.6 Vertical Distortion

Just as the concentric mosaics[6], this system
has the effect of the vertical distortion. We can
devise several methods to reduce this vertical dis-
tortion. If we know the distances between the
camera optical center and the points in the scene,
full perspective correction based on distances can
be done. A novel view is rendered using optical
flow. This method, however, requires acknowl-
edge of geometry in the real scenes.

In many real scenes in the ITS application do-
main, it is reasonable to approximate that pix-
els along a vertical line have the same depth as
walls of buildings. In this case, we need to es-
timate only the depth value along each vertical
line. This can be done using the “dynamic EPI”
analysis [8]. This method is like a video game
technique in which the front object moves faster
and the background moves slowly. Usually EPI
analysis is done by static image analysis, but this
method uses the motion vector on the EPI plane.
By using both motion vectors and detected edges
on the EPI plane, we can easily segment the re-
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Figure 8: Without
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gions with same depth ( we assume that most
objects consist of a plane). And by restoring the
result to the video data, we can robustly retrieve
the depth value. Using this estimated value, we
can scale the whole line uniformly.

3 Results

We have implemented this system and created
many novel views from omni- directional images.
For real scenes, we have used a hyper Omni Cam-
era and reconstructed images on an SGI worksta-
tiomn.

Fig.10 is an image of our laboratory scene cap-
tured by the hyper omni-directional camera. It is
easy to change to perspective image, and Fig.11
is a part of perspective image which was made
from Fig.10. v

We have captured some panoramic images
moving on a straight line. Using this method,
we created some novel views without the singular
direction. The positions of some of them are de-
picted in Fig. 12.And Fig.13, Fig.14 and Fig.15
are those views at the locations A, B and C, re-
spectively. Their locations are not on the moving
line of camera. They are further away from the
line in order. Note the relation between black-
board and bookshelf behind the blackboard. In
Fig.13, the blackboard almost occludes the book-
shelf. In contrast, in Fig.14, which is further



away from the moving line than Fig.13, a par-
tial occlusion occurs. In Fig.15, the blackboard
and bookshelf are separated.

4 Conclusion and Future Work

This paper describes a new method for recon-
structing a novel view with mosaicing panoramic
images. We capture panoramic images running
along a straight line and record the capturing
position of each image.

It is important to note that we create a novel
view of an almost arbitrary point on a ground by
using a relatively simple method. We need only
select some suitable slits from stored panoramic
images, and reassemble them to generate an im-
age from a novel observation point. In other
words, once images are run and recorded along a
straight path, an arbitrary view around the path
can be constructed.

Compared with the concentric mosaics, this
system has more advantages. This method can
generate novel views from different locations cap-
tured. This method can also correctly render
occluded objects, and where they are located.
By cooperating with an omni-directional camera,
the method becomes very simple.

One of the most interesting extensions of this
work would be to study about intervals for cap-
turing panoramic images. Depending on the
compression method, we would be able to ren-
der images with less data.

The current resolution of omni-directional im-
age is not satisfactory for rendering novel views.
It will be necessary to explore the possible use of
super resolution for improving image resolution.
Another method to increase the resolution would
be to use several cameras so as to allow the opti-
cal axes of cameras to intersect at the center as
was shown in Fig. 2. By setting up this config-
uration of cameras on a data collection car with
a differential GPS and a speed meter, we plan
to capture panoramic images with indexed time
for rendering a novel view along a road for ITS
purposes.
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5 Appendix

5.1 Equations for HyperOmni Vision

- The following is equation for HyperOmni Vi-
sion. Fig.9 shows the structure of HyperOmni
Vision; there are two rotation hyperbolical sur-
faces and two focusses (in Fig.9,0m, Oc). These
focusses of the camera are set at Oc.

When we assume a 3D world coordinate, as
shown in Fig.9, the equation of the hyperbolical
mirror face is (3), and Om(focus of hyperboli-
cal mirror) is (0,0,4+¢) (¢ =+a? + %) and Oc

(center of camera lens) is (0,0, —c).

Z
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a = arctan
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an zenith between Om and P
an zenith between Os and p

=2 R o

an azimuth angle

Above all, the relation between point
P(X,Y,Z) and p(x,y,z) are follows (p on the om-
nidirectional image is projected to P in the 3D
world coordinates).

bz_cz
=Xxfx 0
’ f (bz+02)Z TRV, ern e ALl
b2~62
y:Yxfx

(b2 + ¢?)Z — 2bc\/X2+Y2+Z2( D

Namely, eq.10 and 11 do not included any
trigonometry. So, the cooedinates of point p can
be calculated from the coordinates of P, simply
and speedy.

®3)

(4)
(5)

(a,b,c are paramerter of hyperbolical mirror face)

All rays focused to Om come together at Oc
reflected by hyperbolical mirror surface.

VX24+Y2tana+c (6)




6 Images

Figure 10: omni-directical image
Figure 13: novel view at A

Figure 11: perspective image made from omunidorecti-
cal image

moving direction
of camera

Figure 14: novel view at B

i

Figure 12: configuration of rendering image

Figure 15: novel view at C



