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Abstract

We present an original approach to build rapidly and reliably a 3D
description of the environment of a mobile robot by means of passive
stereovision using three cameras.

This technique has been successfully applied to many indoor scenes
and has proved faster than a previously developed binocular stereo
technique, while providing more reliable and more accurate results.
Moreover, the algorithm is highly parallelizable and has indeed been
parallelized, thus highly increasing its speed.

Results showing the construction of the 3D visual map of a complex
indoor scene are included.

1 Introduction

Stereovision is a technique to build a three dimensional description
of a scene observed from several viewpoints. It is quoted as passive
if no additional lighting of the scene, for instance by a laser beam, is
required. So defined, passive stereovision happens to be very attractive
for many applications in robotics, including 3D object recognition and
localization as well as 3D navigation of mobile robots.

Most of the research on passive stereovision has been devoted to
binocular vision for which two cameras are observing the same scene
from two slightly different viewpoints (see (1] [2] and included refer-
ences). Presently, following Yachida [3], an increasing number of stud-
ies are now concerned with trinocular vision in which a third camera is
used to simplify the stereovision problem. Detailed references can be
found in (4].

We introduce in this article an original method for trinocular stere-
ovision which has the following attractive features:

e Flexibility: it allows for arbitrary positions of three different cam-
eras. Calibration is obtained by a simple automatic procedure.

Speed: 200 line segments (corresponding to approximatively 3000
image points) are matched in ahout 2s

Reliability: typically less than 2 percent of the found matches
are erroneous. Moreover noise or occluding boundaries which are
often mismatched by conventional binocular systems, are reliably
checked by trinocular systems, providing safer reconstruction re-
sults.

Accuracy: the use of a third camera provides an additional mea-
surement which increases the reconstruction accuracy of each 3D
segment.

The scheme of the method is the following:

e Preprocessing: a graph based description of a polygonal approx-
imation of the contours is extracted from each image and the
images are rectified so that the epipolar geometry, becoming sim-
pler, less computations are needed.

*This work was partially supported by Esprit Project P940

826 PERCEPTION

e Hypotheses Prediction: triplets of potential matches are derived
from the previously constructed graphs by simple geometric ver-
ifications.

e Hypotheses Validation: local consistency checks are performed
to remove erroneous matches.

2 Geometry of Trinocular Stereovision

Figure 1 shows the geometry of trinocular stereovision. We have three
cameras, modelled by an optical center C; and an image plane P;.
Given a physical point A, its image on camera i is defined as the in-
tersection of the straight line AC; with the image plane Pi. Let us
denote a;, i =1,2,3 the image of A on camera 1. a,,a;,a3 are called
homologous image points.
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Figure 1: Geometry of trinocular stereovision

Given a pair (t, ) of cameras and a physical point A, the epipolar
plane P, is defined by the triplet of points (C;, A, C;). The intersection
of this epipolar plane with camera 1 is the epipolar line L;;, while its
intersection with camera j is the epipolar line Lj;. L;; and Lj; are
called conjugated epipolar lines. Any point a; on L;; (resp. a, on Lj;)
has its homologous image point a; on Lj; (resp.a; on L;;). Therefore,
using two cameras, the search for homologous image points is a search
along conjugated epipolar lines.

Any triplet (a,,az,a3) of homologous image points is such that
a; lies at the intersection of the epipolar lines L2 and L3 defined
by the two other image points a; and az. Therefore the search for
homologous image points between two images can now be reduced to a
simple verification at a precise location in the third image. For instance
checking that (a;,az) form a pair of homologous image points consists
in verifying the presence of a3 at the intersection of Ly, and Lj;.



3 Calibration and Reprojection

Faugeras and Toscani [5] have defined a calibration procedure through
which the parameters of the perspective transformations attached to
cach camera are automatically obtained by looking at a reference pat-
tern in a sequence of known positions. From the knowledge of these
transformations, it is straightforward to compute the epipolar line of
any point of a given retine onto another retina (see appendix of [2] for
more details).

Though very simple (6 multiplications and 4 additions), this com-
putation of the epipolar lines and the subsequent intersection compu-
tations that are needed during the matching phase are done so many
times that it is a substantial saving in computational cost to have the
simplest possible epipolar geometry: parallel epipolar lines, horizontal
if possible. This can be obtained without loss of generality by re-
projecting the segments of each image onto a plane parallel to the plane
containing the three optical centers. Figure 2 illustrates the principle
of reprojection. In this plane, we can furthermore choose the three co-
ordinate systems of the retinas: if we choose the coordinate systems of
figure 3, the epipolar. line of point M(zy, yo) is y = yo in image 2 and it
is a horizontal line (though a little more difficult to compute) in image
3 (cf figure 3). This simple transformation divided the computing time
by a factor of 2.

M

Figure 2: Reprojection
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Figure 3: Choice of the coordinate systems on the reprojection plane

4 Structuring the image

Another operation worth optimizing is accessing the segments lying
within a given region of the image and having a given orientation. We
therefore compute buckets, i-e we superimpose a virtual grid composed
of square windows on the image and compute, for each window, the list
of segments iutersecting it. This structure is computed in linear time
with respect to the number of segments. Moreover, at the expense of
a unique preliminary sorting of the segments orientations (done with
algorithmic complexity O(nLogn)), buckets are actually filled with seg-
ments sorted by increasing orientation.

Accessing a segment in a given region of the image and having a
certain orientation is then reduced to a dichotomy search in each bucket

of the region.

5 Matching of homologous segments
The algorithm works as follows:

for each segment S, of image 1 do

consider the segments S of image 2 intersecting the epipo-
lar line Lz, corresponding to the middle a; of S, within a
given disparity interval
if S;’s features (angle, length, gradient) are compatible
with S,’s then do

compute the intersection a3 of the epipolar lines

L3, and Ljz of a; and a in image 3, and compute

the predicted orientation of a matching segment;

if a segment S; lying within a given neighbour-

hood of ag whose orientation is compatible with

the predicted orientation and whoses features are

compatible with S, and S; then

keep (S, S2,53) as a potential matching

triplet;
S
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Figure 4: Matching of homologous segments

Discussion of the constraints enforced on each segment feature and
of the meaning of neighborhood, as well as a description of the valida-
tion procedure can be found in [4].

6 Experimental results and discussion

This stereo-matching technique has been tested on a number of indoor
scenes. We only present the following typical results.

Three images of a room are taken simultaneously with our pre-
viously calibrated three camera system. Two triplets are shown in
figures 5 and 6. From these 512x512 pixels images, edge points are ex-
tracted and chains of connected edge points are built and approximated
by a set of linear segments, oriented with respect to the contrast sign
across the segment. This preprocessing is independent of the stereo-
matching program, and we believe that it could be done in a fraction
of a second on dedicated hardware.

The computing times are shown in the captions. To compare with
point matching algorithms, a matched segment corresponds to an av-
erage of 15 matched points. These times do not include the validation
phase: at the present time, this phase takes about the same time as
the matching process but we have serious hopes to be able to shorten
that time.

In general the number of errors is less than 2 percent of the total
number of matches. Figures 5 and 6 show the stereo-matching results.

The algorithm is highly parallel: preprocessing can be done in-
dependently over each of the three images and the outer loop of the
matching algorithm can be split in whatever number of processors we
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can get. We implemented the algorithm on a Sequent decaprocessor
machine, so that we were able to split it straightforwardly over 9 pro-
cessors and divide the computing time almost by 9 with respect to the
sequential version.

camera 1 camera 3

camera 2
Figure 5: Triplet of the calibration grid, angular position 0 : about
600 segments per image, preprocessing 0.35s per image, 580 matched
segments in 6.7s

Finally, 3D segments are reconstructed using the technique developed
in |6] to reconstruct a 3D line from its projections on several retinas.
Figure 7 shows the view from above of the reconstructed room (ob-
tained from a panoramic view including figures 5 and 6, but notice the
horizontal line correponding to the projection of the grid of figure 5 on
the right-hand side of figure 7 and the room corner of figure 6 on the
left-hand side of figure 7).
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Figure 6: Triplet at angular position 75 : about 350 segments per
image, preprocessing 0.25s per image, 200 matched segments in 2s
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Figure 7: 3D map of the room: view from above



