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Abstract

The proposed algorithin diwides the scene space into
vozels and votes for the vozels using the 3D sight lines
of the camera. Thus vozels that correspond to feature
pownts on 3D objects have high voting scores. The
algorithin repeats the voting step while changing the
voxel size from coarse to fine until it achjeves a given
scene space resolution. In this process, only the voz-
els having high votes are divided wmto smaller vozels
and revoted. The algorithm is tested with real im-
ages. Three dimensional objects are successfully re-
constructed from complex scenes.

1 Introduction

Many new services could be created if three dimen-
sional objects could be accurately reconstructed from
image sequences. Previous algorithms using image
sequences consist of two steps[1, 3, 6].

The first step is to form the “Spatio-temporal im-
age” (images stacked along the time axis). The cam-
era is assumed to move with linear motion such that
the paths of feature points appear on the epipolar
plane as straight lines. The second step is to track
these lines and then decide the depth of feature points
from their slopes.

Existing algorithms have three problems.

1. Camera movement must be linear to constrain
the feature point paths on the epipolar plane.
This restricts the degree of [reedom for au-
tonomous robots and vehicles.

2. Since the paths of feature points are interrupted
by occlusions, the extraction of paths is very dif-
ficult if there are many occlusions in the scene.

3. The “Spatio-temporal image” must be taken at
small time intervals to keep the paths of feature
points continuous and also make their extraction
easy. Unfortunately, the volume of image data
is large and the computation cost is very high.
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To overcome problems 1 and 2, Hamano et al.
proposed a 3D voting algorithm for structure from
motion[5]. This algorithm divides the scene space
into voxels and votes for the voxels using the 3D sight
lines of the camera which are defined as the lines pass-
ing through both the optical center of camera and fea-
ture points on the image frames. This voting process
adds a weighted value to the voxels containing sight
lines. Thus voxels that correspond to feature points
on 3D objects will have high voting scores because
the sight lines often intersect at these voxels.

This paper extends Hamano's algorithm to over-
come the problem 3 described above. The proposed
algorithm repeats the voting step while changing the
voxel size from coarse to fine until it achieves a given
scene space resolution. The size of pixels on the im-
ages and the time interval of frames are also changed
to match the voxel size. In this process, only the vox-
els having high votes are divided into smaller voxels
and revoted. This algorithim has four advantages:

o It efficiently develops multi-resolution three di-
mensional descriptions of objects.

e The coarse to fine voting process reduces the
computation costs.

e There are no restrictions on the degrees of free-
dom if the path of the camera is known.

e The influence of occlusions is minimized because
it is unnecessary to track the paths of feature
points.

The algorithm was tested with real images cap-
tured at 30 frames/second by a camera moving with
non-linear motion. It successfully reconstructed three
dimensional objects from complex scenes and its per-
formance was also evaluated quantitatively.

2 Principle

2.1 Projection

The relationship between the optical center of the
camera, feature points on the image plane and voxels
in the scene space is shown in Fig.1(a).
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Figure 1: Projection of sight line of camera

At each camera location, sight lines passing
through both the optical center of the camera and
feature points on the image plane are projected into
the scene space. The sight lines (z,y,2) can be de-
cided by:
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Here (xp,yp, 2p) and (2,90, 2,) are the world co-
ordinates of the pixel and the optical center of the
camera.

The scene space coordinate (z,,4,,2,) is deter-
mined by giving the world coordinates (z;,4;, z;) and
(2,92, 22) of the origin and the farthest point from
the origin of the scene space coordinate system.
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Since the scene space is divided into voxels, the
scene space coordinate (z,,y,,z2,) determines the
voxels through the sight lines pass.

2.2 Voting Process

First, the values of voxels are set to zero. Next, the
sight lines are projected into the scene space. In this
projection, the intensity of the voxel through which a
sight line passes is incremented by the intensity i(r, ¢)
of the feature point on the image plane through which
the sight line also passes.

After the first voting round, voxels having high val-
ues are detected. Such voxels are divided into eight
subvoxels as shown in Fig.1(b). The voting process is
performed again. This process is repeated until the
voxel scale satisfies a given space resolution.

The given space resolution is changed from coarse
to fine to obtain a multi-scale structures of the ob-
jects.



2.3 False Feature Points

The voting process is very simple, however it pro-
duces false feature points because sight lines cross at
feature points as well as at non-feature points. This
problem has been solved by a weighted voting func-
tion of Hamano's method[5].

3 Image Resolution and Space
Resolution
Let (Au, Av) and (Ax, Ay) denote the horizontal and

vertical sizes of pixels and voxels in the camera coor-
dinate system respectively as shown in Fig.2.
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Figure 2: Image resolution and space resolution

The coordinate of voxel (x, %) is calculated from the
coordinate of pixel (u, v) by the following equation[2]:
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Here f is the focal length of camera and z is the
distance between the optical center of the camera and
the voxel in the camera coordinate system.

If Au and Av are much smaller than Ax and Ay re-
spectively, the sight lines passing through neighboring
fwo pixels are projected into one voxel. The weighted
voting function for deleting false feature points[s] de-
creases the voting score of this voxel.

If the distance from the optical center of the camera
to the scene space is d, this problem can be avoided
by setting the size of voxel (Ax, Ay) to satisfy the
following constraint.
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4 Experiment

A sequence of 90 image frames was taken by a non-
linearly moving camera at 30 frames/second video
rate. The image size is 360 x 252 pixels. First, we
detect feature points on the image sequence with a
Canny filter[4], and represent them as a binary image
sequence.” Next, they are transformed into a pyramid
image sequence by repeating under operation:
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where p, is pixel value at level n of the pyramid
and z=0,1,2,--,w—1; y=0,1,2,--- ,h = 1. "\’
denotes the logical sum. The coarsest image is 90 x
90 pixels. From constraint (4), a scene space of size
600 x 600 x 600 mm is at first divided into 60 x 60 x
60 voxels. The half of frames(images) are deleted to
make the sparse image sequence while each increase
in the level of the pyramid. Our method produces
3D representations with 240 x 240 x 240 voxels and
480 x 480 x 480 voxels as shown in Fig.3.
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Figure 3: Experimental results



5 Computation Cost

We compared the computation cost of our method
with that of Hamano’s. The scene space is divided
into r x r xr voxels at first. Each voting round divides
one voxel into eight subvoxels. The highest number
of voted voxels is given by equation (6):
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where Py is the number of feature points in the

input image sequence. n is the level of the pyramid.
Vitamano = V3 2"rP, is the number of voted voxels
according to Hamano's method.

Equation(6) appears to show that our computation
cost is higher than Hamano’s because we assume that
all voxels are revoted. This assumption is not true be-
cause the voxels without feature points are deleted in
the coarse to fine subdivision. We assume that the

voxel deletion ratio is — at each voting round. Fur-

thermore, the number of feature points is decreased
| i g

by — with the fine to coarse subdivision due to the

construction of the pyramid and the sparse image se-
quence. Therefore, the numbers of voted voxels is
given by equation (7):
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r and k are shown in Fig.4. Our computation cost is
lower than that of Hamano’s if the space resolution
is finer than 28 x 28 x 28 voxels. Furthermore, the

increase in our computation cost is quite small.

The numbers of voted voxels with

6 Conclusion

We have proposed a structure from motion scheme
that uses a coarse to fine 3D voting algorithm. This
algorithm not only reduces the computation cost but
also produce a coarse to fine representations of com-
plex scenes. These representations are very useful for
3D object recognition because the data quantity of
fine 3D structure is excessive and subject to corrup-
tion by noise. This algorithm still has two problems:
it is sensitive to position error in the optical center of
the camera caused by camera movement, and the im-
age quantization error caused when forming digital
images and pyramid images. We will address these
problems and their solutions in another paper.
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Figure 4: Computation cost
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