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Abstract

We present an approach to rendering stereo pairs of views
from a set of omnidirectional mosaic images allowing ar-
bitrary viewing direction and vergence angle of two eyes
of a viewer. Moreover, we allow the viewer to move his
head aside to see behind occluding objects. We propose a
representation of the scene in a set of omnidirectional mo-
saic images composed from a sequence of images acquired
by an omnidirectional camera equipped with a lens with a
field of view of183◦. The proposed representation allows
fast access to high resolution mosaic images and efficient
representation in the memory. The proposed method can be
applied in a representation of a real scene, where the viewer
is supposed to stand at one spot and look around.

1. Introduction
Suppose we want to create a virtual walk through a real
scene. In general, we have two options. Either we can cre-
ate a 3D model of the scene and render novel views using
that model and some rendering technique, or we can em-
ploy an image based rendering approach, which means that
we render novel views of a scene using a sequence of im-
ages without any model of the scene. We sample light rays
from the images and compose them into a novel image.

The first approach has the advantage that we are not lim-
ited by the viewpoint position, we can change the lighting,
augment a virtual object into the scene, etc. But we have to
recover an underlying 3D model of the scene. This might be
suitable for some simple scenes, but most of the real scenes
are too complex for this to be feasible.

The second approach (referred to asimage based ren-
dering, IBR) is therefore commonly used for virtual walk-
throughs in real scenes [6, 15, 14]. The main drawback of
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image based rendering is the tradeoff between the freedom
of movement and the amount of data required to represent
a scene. It is possible to capture a complete plenoptic func-
tion [1], however, since this function is five dimensional (if
we represent light rays by a point in the space and a di-
rection and ignore the time and the wavelength), the result-
ing amount of data is huge. Several approaches to reduc-
ing the dimensionality of the plenoptic function were pro-
posed [7, 8, 5, 4, 15, 14]. The reduction of the dimensional-
ity results in some restriction on the freedom of movement
of the viewer. For example in [6], only a panoramic image
(2D parameterization of the plenoptic function) is used and
therefore the viewer is only allowed to rotate his head.

We adopt a representation of the scene using the plenop-
tic function reduced into 3D. The reduced plenoptic func-
tion is called the ray space volumein this paper. Main
contribution of this paper is that it combines together im-
ages from an omnidirectional camera into a ray space vol-
ume consisting of high resolution omnidirectional mosaic
images covering360◦ × 180◦ field of view. There are
approaches using omnidirectional images for image based
rendering [13, 16]. Our method differs from them in gen-
erating omnidirectional mosaics apart from having omnidi-
rectional images as the input for the mosaic composition.
This allows rendering views from mosaics when looking in
all directions in the scene, see Figure 1. We are also able
to compose a stereo pair for arbitrary viewing direction be-
cause our camera was moved on a circular path while ac-
quiring of input images, unlike in [13, 16], where the cam-
era was moving on a line, and therefore no stereo views
could be rendered in the direction of movement. We also
discuss the topic of fast access to data and efficient represen-
tation in memory because high resolution of mosaics results
in a huge amount of data. We show how to create a stereo
pair of virtual views looking in arbitrary direction and how
to simulate a sideways motion of the viewer to see behind
the occluding objects.

In Section 2 we describe the creation of volumes and
their properties. In Section 3 we show how to create om-
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Figure 1: Synthesized images for a viewer looking down,
forward and up. All views were synthesized from one non-
central mosaic image. Images by courtesy of Branislav
Mi čǔśık.

nidirectional concentric mosaics. Section 4 describes the
concept of so called viewing windows, and Section 5 is de-
voted to the description of efficient data representation of a
ray space volume with respect to easy access to novel views.
Experimental results are listed in Section 6.

2. Ray space volumes
In this section we briefly describe the construction of ray
space volumes of images from a sequence captured by a ro-
tating camera. We choose rotation of the camera instead
of translation in order to acquire panoramas covering the
whole 360◦ around the viewer. We focus on the compo-
sition of the volume from omnidirectional images and on
the composition of360◦ × 180◦ mosaic images from these
volumes.

By volumewe mean images stacked into a 3D matrix,
as it was proposed in [11]. Ideally, we work with images,
where columns correspond to light rays lying in one plane
that contains the optical center of the camera and is parallel
to the rotation axis, see Figure 2(a). However, since the
optics of the camera may introduce nonlinear distortion and
the camera can be tilted, all these phenomena have to be
compensated for so that the correspondence between angles
and columns holds. In the following text we suppose that
the images in the sequence are calibrated [2, 9] and that
columns really correspond to the angleθ as it is depicted in
Figure 2(a).
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Figure 2: (a) Angleθ corresponds to the columnc in the
image. (b) Ray space volume composed of stacked images.

Ray space volumes consist of images stacked into one
huge three dimensional matrix so that each image lies in a
plane parallel with thexy plane. The images are stacked
along thez axis, see Figure 2(b). Sometimes, thez axis
corresponds to time. In our case, thez axis determines the
rotational position in which the image was acquired, hence
the term ray space volume instead of space time volume
in [15]. Thex andy axis determine the image column and
row respectively. Thex axis also corresponds to the angle
θ between a plane containing the central column with the
camera center and the plane containing thex-th column and
the camera center, see Figure 2(a). Note that the central
column contains the image center, but it does not have to be
the middle column of the image.

If we cut the volume by a plane parallel to theyz plane,
that means that thex value is fixed, we get a mosaic com-
posed of x-th columns of each image as it is depicted in Fig-
ure 3. By changing the value ofx, we can create different
mosaics corresponding to different angles.

We can also cut the volume by a plane parallel to thexz
plane. We do not obtain an epi image [3] except for the cut
by the plane containing the circle of rotation, since there is
in general no epipolar plane except for the plane containing
the circle of rotation. Instead, we get a planar cut through
epipolar hyperboloids. Each row of the image corresponds
to one row in a mosaic image. This row corresponds to
one ruling in a stereo correspondence surface, in this case a
single sheeted hyperboloid [10].

If we want to compose the volume from omnidirec-
tional images, we have to calibrate the omnidirectional sen-
sor [2, 9] in order to create an image, where columns corre-
spond to light rays in a plane holding certain angleθ with
the optical axis, as it is depicted in Figure 2(a). We can
then rearrange pixels corresponding to the rays into a col-
umn and stack these columns into the volume images, see
Figure 4. Then we can access the volume in the same way
as described above for classical cameras. We use a lens in-
stead of a mirror in our realization of the omnidirectional
sensor, because a mirror always obscures part of images.
The lens gives us an unobscured image in the whole field of
view.

3. Omnidirectional concentric mosaics

Concentric mosaics [12] can be created from a sequence of
images captured by a perspective camera rotating on a cir-
cular path with radiusR. From each image in the sequence,
we select one column (the same for all images) and paste it
into the mosaic. The resulting mosaic image can be consid-
ered as an image captured by some mosaic camera, which
does not have to have a single center of projection. Instead,
the light rays are tangent to a cylinder and they all intersect
the circle of rotation. Recall Figure 2(a), where each col-
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Figure 3: A cut through a volume parallel to theyz plane results in a mosaic image. By cutting the volume by a plane parallel
to thexz plane we obtain en EPI like image. Symmetric concentric mosaics do not have epipolar geometry consisting of
planes, but of a single sheet hyperboloids.

umn in the image corresponds to some angleθ. The value
of θ determines the radiusr = R sin(θ) of the cylinder to
which are the light rays tangent, see Figure 5. Ifθ equals
0◦, all the light rays intersect the axis of rotation. In case
of θ equals90◦, the light rays are tangent to the circle of
rotation.

The angleθ corresponds to thex position of the plane
parallel to the planeyz by which we cut the volume. Since
we can create the volume from omnidirectional images, we
can also compose omnidirectional concentric mosaics from
the volume in a straightforward way. The resulting omni-
directional concentric mosaics then can cover360◦ × 180◦

field of view, thus capturing all light rays emanating from
the circle of rotation. The respective noncentral camera cre-
ating the mosaics then observes everything except the inner
part of the cylinder created by lifting the viewing circle in
the direction of the axis of rotation.

Figure 4: Omnidirectional images have to be preprocessed
before creating a volume.

4. Viewing window
One possible application of IBR is displaying stereo pairs of
images to a viewer wearing a head mounted display (HMD).
HMDs have two small displays with a certain limited field
of view. Therefore we want to synthesize two views from
two mosaics, one for each eye, covering a smaller part of the
scene. We realize that by a so calledviewing windowwhich

θ

θ

Figure 5: Values ofθ angle of the light rays determine radii
of circles to which are the light rays tangent. Forθ = 0◦,
the light rays intersect the axis of rotation, forθ = 90◦, they
are tangent to the circle of rotation.

can be slid on the mosaic images to simulate change in the
viewing direction, see Figure 6. Therefore, if the viewer is
not allowed to change his position but just to rotate his head,
we need only two mosaic images to represent the scene.
Since our mosaic images are omnidirectional, the viewer
can also turn his head up and down.

Figure 6: Viewing window simulates the limited field of
view of the eyes of the viewer. Image of the HMD is from
Kaiser Electro-Optics, Inc.

The field of view and the number of pixels in both di-
rections of the viewing window determine the number of
pixels of the two mosaics. If the viewing window covers
ϕv degrees in the vertical direction andϕh in the horizontal
direction with respective number of pixelsrv andrh, then
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the mosaics should have

mrv =
180◦

ϕv
rv,mrh =

360◦

ϕh
rh (1)

pixels in the vertical and horizontal direction respectively.
The mosaics are composed so that we sample the light

rays constantly and paste pixels from the images into the
mosaic images so that a constant increment in angles results
in a constant increment in pixels, in both directions. Due to
this mosaic composition, depicted in Figure 7, objects in
the mosaic images are significantly distorted. Prior to ren-
dering images in the viewing window, we have to undistort
them. We cannot undistort the whole mosaic since it can be
mapped on a sphere but not on a plane. However, smaller
parts of the image can be mapped on a plane. This can be
done in a very efficient way by a rendering hardware.

Figure 7: Light rays are mapped from a sphere to a cylinder
and then the cylinder is unrolled onto a plane resulting in
a mosaic image. Note that the bold curve and lines respec-
tively denote light rays in one plane.

We map the mosaic on a sphere and then the viewing
window is realized by a virtual camera placed in the cen-
ter of the sphere, with fields of view identical to the simu-
lated fields of view of the viewer, see Figure 6. The view-
ing direction of the viewer also corresponds to the viewing
direction of the camera. We can use, (e. g.), OpenGL to
do the mapping in real time using a hardware acceleration.
Note that the viewing window contains only a subset of the
columns of the mosaic image. These columns correspond
to a subset of camera positions in the original sequence, see
Figure 8(a). We can use this fact to reduce the number of
images which have to be stored in the memory. This con-
cept will be discussed later in this paper.

For a stereo sensation, we need to create two mosaics
with disparity. We can realize that by creating two mosaics
with different angleθ, as it is depicted in Figure 8(b). Note
that as in the case of human eyes, which can be focused on
close or distant objects, the disparity of the objects in the
scene can be adjusted here by changing the vergence angle.

We also do not have to limit the location of the viewer
to just a single point. Imagine that there is an object in
the scene occluding a view of something interesting behind
it. It is natural just to move one’s head a little so that the
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Figure 8: (a) Only a subset of the images contributes to an
image in a viewing window. (b) For a stereo sensation, we
need to create two mosaics, each for different eye position.

occlusions change, without moving the whole body, i. e.
without changing dramatically the position of the viewer.
It has been shown that such a change in occlusion can be
simulated by using a set of concentric mosaics [12, 14]. We
investigate this approach in the next section focusing on a
fast access to the respective views in the volume.

5. Data representation of ray space
volumes

The images that the viewer can see by moving the viewing
window are not central [10]. The light rays composing one
mosaic are tangent to a cylinder. Light rays in the viewing
window are tangent only to a section of the cylinder and the
size of this section is determined by the horizontal FOVα
of the ’eye’ of the viewer, see Figure 9(b). From now on,
we will refer to this section of the cylinder as to the eye of
the viewer. Since the objects are typically in a distance from
the center of rotationO that is much higher than the radius
of the circle of rotationr, the stereo sensation is almost the
same as from central images.

We have mentioned theposition of the viewer. It repre-
sents a location of the two eyes for which we create virtual
images. Those eyes have a field of view which determines
the viewing window size. When the viewer is positioned in
the center of the circle of rotation, the eyes have the same
distance from this center, see Figure 8(b). Note that the
light rays composing the images for both eyes are tangent
to the same cylinder. If the viewer turns his head, the eyes
are rotated, but the tangent cylinder does not change. If the
viewer is moving sideways, the light rays start to be tangent
to two different cylinders, one for each eye, as it is depicted
in Figure 9(a).

There is a relation between the position of the viewer
and the angleθ. By increasing the radius of the cylinder, to
which the light rays are tangent, and thus changing the angle
θ, we move the viewer closer to the circle of rotation. There
is a clear limiting case, the maximal value of the angleθ.
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In our case this value is90◦, so the limiting position is ex-
actly the circle of rotation. Also note that the position of the
viewer can be moved only sideways because the light rays
are always tangent to some cylinder, see Figure 9(a). For
a forward motion, we would need to employ X-slit cam-
eras [15] or rendering from concentric mosaics [12].
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Figure 9: (a) Concentric mosaics for different radii of the
tangent cylinder can be used to simulate different positions
of the eyes of the viewer. (b) Even when considering the
viewing window, the concentric mosaic does not produce a
central image.

The main reason for using just the concentric mosaics
and not rendering novel views from them using either ap-
proach proposed in [12] or from images as in [15] is the
speed and memory requirements. We can simulate the
movement of the head of the viewer sideways so that he
can see behind occluding objects and focusing on close or
distant objects just by selecting different pairs of concentric
mosaics without any additional computations.

The proposed approach to the representation of real
scenes is as follows. We capture a sequence of omnidirec-
tional images by a camera rotated on a circular path. Then
we create a ray space volume from the images. Next we
process the volume to obtain a set of omnidirectional mo-
saic images, which can be still considered as a ray space
volume. The viewer has some initial orientation and ver-
gence which corresponds to a pair of omnidirectional con-
centric mosaics. We load into the memory not only this
pair, but also several adjacent pairs to allow a change of the
vergence angle and sideways movement. When the viewer
moves his head in one direction, we load more mosaics from
the volume while discarding the mosaics corresponding to
the opposite direction of the movement. This allows us to
have a set of high resolution mosaics, uncompressed and
ready to map via hardware, in the memory.

The images can be accessed in a different way as well,
making use of the fact, that the viewing window determines
a small subset of images which contribute to the view pre-
sented to the viewer. We can load only this subset into the
memory plus some adjacent images into a cache. Then we
will not be able to create the whole mosaic, but only its part

contributing to the viewing window. When the viewer turns
his head, more images will be required to be loaded into the
memory, while the sideways movement may be simulated
from the images which are already in the memory or in the
cache. This is an opposite situation to the case described
in the previous paragraph. If the looking around is the pre-
ferred scenario, the first method should be used. Otherwise,
the second method is better.

6. Experimental results

Our experimental setup consisted of a Nikon FC-E8 lens
mounted on a Pixelink high resolution color camera.The
camera was rotated on a closed circular path with a radius of
30cm. We captured two types of sequences, one in our lab
and the other one in a botanical garden. Images provided
by the camera have resolution of1200 × 1024 pixels and
their number was chosen so that the composed mosaics had
unit aspect ratio. In our case, we captured≈ 2800 images
in order to able to compose the mosaics from single image
columns only. We can use smaller number of images and
compose the mosaic not from columns, but from stripes of
columns from volume images.

Figure 10 illustrates simulated sideways movement of
the viewer. Note dramatic change in occlusions and in the
pose of the head of the figurine. Figure 11 depicts different
vergence angles, the while lines help to visualize the dispar-
ity. The top row contains a pair of virtual views, for the left
and the right eye respectively, with eyes focused on distant
objects. Note the disparity of the railing, which is too big
and the viewer is not able to perceive depth. The bottom
row shows views of the same part of the scene with differ-
ent vergence angle. Note smaller disparity change for the
railing in foreground. This effect can be used to simulate
verging of the viewer’s eyes on a closer or a distant object.

7. Conclusion

We have shown how to create ray space volumes from om-
nidirectional images and how to create omnidirectional con-
centric mosaics from these volumes. With the help of these
mosaics we are able to simulate different vergence of eyes
of a viewer and his sideways movement. We also proposed
how to organize high resolution mosaics so that they can be
easily accessed and stored in the memory.
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