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Abstract. SSSD-based linear multibaseline stereo is an efficient imple-
mentation of multi-camera stereo vision system. This efficiency, however,
vitally relies on the ideal configuration of all cameras. For dealing with
non-ideal configurations, conventional stereo rectification algorithms can
be used, but the performances are often still not satisfactory. This paper
proposes a new algorithm to process non-ideally configured multibaseline
stereo system, which not only avoids the rectification procedure but also
remains the efficiency of SSSD at the same time. This is fulfilled by using
the idea of tensor transfer used in image-based-rendering area. In partic-
ular, the multibaseline stereo is reformulated as a novel-view-synthesis
problem. We propose a new concept of tensor-transfer to generate novel
views as well as compute the depth map.

1 Introduction

It is well recognized that using more than two cameras can significantly improve
the performance of stereo vision system, thanks to the redundant information
contained in the multiple images [1][4].

In a multibaseline stereovision system, the multiple cameras can be arranged
in different ways. This paper focuses on the linear multibaseline system
proposed originally by Okutumi and Kanade[1]. For such system, the ideal con-
figuration is shown in figure-1(a), where N cameras are arranged in such a way
that all camera centers are collinear and all optical axes are in parallel. For
such ideal configuration a very simple SSSD (sum of sum of squared differences)
computation, based on the fact that the corresponding pixels in multiple views
have a same inverse depth 1

Z , is used to obtain the depth map. The computa-
tion is rather efficient, but effectively improves the stereo matching qualities. For
this reason it has been popularly applied by many realtime stereo applications,
particularly in mobile robot navigation fields[4][2][7]. Another practical reason
is that: such linear configuration is easier to be mounted on the roof of an au-
tonomous vehicle than other configurations (e.g., a L-shaped) which are more
space consuming.

The efficiency of this SSSD computation, in fact, comes from the ideal config-
urations of the multiple cameras. Only when the N camera centers are collinear
and their optical axes in parallel can we simply sum the SSD curves up. However,

F. Roli and S. Vitulano (Eds.): ICIAP 2005, LNCS 3617, pp. 810–817, 2005.
c© Springer-Verlag Berlin Heidelberg 2005



Rectification-Free Multibaseline Stereo for Non-ideal Configurations 811

Fig. 1. Linear Multibaseline Stereo System: (a)ideal configurations; (b) non-ideal con-
figurations

in many practical situations it is rather hard to build or maintain the ideality of
the configurations. The insufficient precision in mechanization and assembly is
one major reason. For example, it is rather hard to simultaneously adjust multi-
ple cameras to make the optical centers precisely collinear and the optical axes
parallel. Vibrations during the running of the system also affect the ideality of
the camera configurations.

For dealing with generally configured multibaseline stereo, one may use tra-
ditional rectification algorithms[3][10][9]. However, the performances of these
traditional rectification algorithms, when applying to the linear multibaseline sys-
tem, are not satisfactory. Firstly, the computational efficiency is lost, since every
camera needs to be rectified at least twice; Secondly, the matching performance
is degraded significantly. The reason is that: every rectification involves image re-
sampling and pixel interpolation, the introduced distortions will successively ac-
cumulate across images, which subsequently compromises the matching accuracy.

This paper proposes a new method to deal with the non-ideal linear multi-
baseline stereo (Figure-1(b)). Our method does not need a rectification process-
ing. We borrow the idea of image transfer from image based rendering (IBR)
area. By this idea, we re-formulate the multibaseline stereo matching problem
as a typical novel-view-synthesis problem. We propose a new concept of inverse
trifocal tensor by which a corresponding pixel-chain across multiple views is
efficiently established.

Our method can be also used as a new novel-view-synthesis algorithm. Com-
pared with existing methods, our method is featured by that it generates a
very realistic novel-view image without resorting to any pre-computed precise
depth map.

2 Previous Work

Most rectification algorithms were devised for binocular stereo[16][3]. So far,
there exists only a very few papers that intently deal with multi-baseline rec-
tification problem. Although it is commonly thought that one could trivially
apply traditional binocular rectification algorithms to multi-baseline stereo in a
pairwise manner, as we mentioned before this is not an efficient solution.

Mulligan and Daniilidis[4] proposed a method for processing non-parallel
trinocular stereo. In their method, the image corresponding to the central cam-
era is rectified twice. A large look-up-table is used to establish the correspond-
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ing pixel link across multiple images. The computational overhead will become
more serious when more cameras are used. Kimura and Kanade et.al introduced
a rectification method also for three cameras[7]. There the three cameras are all
rectified so that they are in an ideal orthogonal configuration. A transformation
relationship is computed from the intersection points of mutual epipolar lines.
However, their method does not work properly for multiple linearly configured
cameras, because such configuration is a degenerate case of the epipolar re-
lationship. Furthermore, the method can not be extended to more than three
cameras. Paper[5] suggested a rectification method for general multibaseline con-
figurations, but it requires prior knowledge of 3D positions of a set of feature
points, which is therefore not suitable for many practical applications such as
robot navigation.

Novel-View-Synthesis(NVS). The proposed multibaseline algorithm is based
on the idea of Novel view synthesis. Using a small set of real input images to
generate some novel images as if there were observed at some novel viewing po-
sitions, such is the process of novel-view-synthesis, an important application of
computer vision. Methods of NVS can be roughly classified as two categories:
3D-reconstruction-based method, and image-based-rendering (IBR) method. Re-
cently, the IBR methods have received more attentions than the reconstruction
method, because they avoid much unnecessary and sometimes unstable explicit
3D reconstruction procedure, thus are more efficient.

3 Inverse Tensor Transfer

Trifocal tensor to three views is the same as fundamental matrix to two views.
Here the tensor is a 3x3x3 data volume, just as the fundamental matrix is a 3x3
data array. Trifocal tensor encapsulates all projective geometric relationships
among the three images.

For three images, denoted by image-1, image-2, and image-3, whose camera
matrices are P1,P2 and P3, respectively. We denote the Pi

k for the i-th row of
Pk matrix, and ∼ Pi

k denote a sub-matrix of Pk by cancelling out the i-th row,
then the trifocal tensor is computed as:

T qr
i 〈123〉 = (−1)i+1 det

⎡
⎣
∼ P1

i

P2
q

P3
r

⎤
⎦ , (1)

where the subscriptions of T is called covariant index, the two superscriptions
are called contra-variant indices, and the 〈123〉 are camera indices.

For NVS application, the task is to synthesize a novel virtual image (denoted
by image-0) from two given real image (for example, image-1 and image-2).
Conventionally, the tensor transfer method is used to transfer a matched real
pixel from image-1 (or image-2) to the virtual image-0. This is the traditional
way of doing tensor transfer, where the tensor is computed from two real input
images to the third virtual image. We call such tensor an direct-tensor, in order
to distinguish it from our newly proposed inverse-tensor.
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For three cameras, there are in total twelve linearly independent trilinear re-
lations. However, only three independent trifocal tensors can be identified. The
three tensors are distinguished by different choices of the first image. For exam-
ple, for image-0, image-1 and image-2, totally there are only three independent
tensors can be obtained, say, T 〈012〉, T 〈120〉 and T 〈210〉.

We give the definitions of inverse tensor transfer as: an inverse trifocal
tensor is a trifocal tensor transfer relationship T 〈ijk〉 where the third camera
index k is a real camera. While, in contrast, the conventional direct trifocal
tensor is the transfer relationship from two real cameras to a third virtual cam-
era. Although there is no new geometric relationship introduced by this inverse
tensor transfer, the motivation of especially conceptualize this is that it provides
a simple mechanism to establish pixel correspondences across multiple real input
images.

There are different ways of doing trifocal tensor transfer, which are distin-
guished by employing different incident relations. These incident relations in-
clude for example the point-line-line, point-line-point or point-point-point[11].
We use the point-line-point relation here in this paper, mainly for its computa-
tional simplicity.

4 Rectification-Free Multibaseline Algorithm

Our rectification-free multibaseline stereo algorithm proceeds step-by-step as
follows:

1. First we specify the location of the virtual right-eye camera (image-0)
with respect to the reference image (image-1) and compute the inverse tensors
of T 〈10k〉, k = 2, 3, 4, · · · , N from the relative position of the cameras. (The
two reference cameras’ relative position is obtained from any relative orientation
algorithm.)

2. We then apply the traditional window-based SSD (sum of square differ-
ence) stereo matching algorithm for the ideal stereo pair of image-1 and image-0,
as if they are real images. The searching is limited within the disparity range
of [Dmin, Dmax]. We assume that all the SSD values are zero, because actually
there is no pixel values in the virtual image. Note that no actual pixel-similarity
matching is performed here.

3. At every hypothesized disparity, we can determine the positions of cur-
rently matched pixels at all of the other real images, i.e., image-2, image-3,· · ·,
using the corresponding inverse tensors, i.e., T 〈102〉, T 〈103〉,· · ·. The actual
transferring scheme we use is the point-line-point formula which is given by:
For xi ↔ x

′
j , and l

′
j passing through x

′
j , we have

x
′′k = x̂i · l′j · T

jk
i 〈102〉 (2)

where the line is chosen to be the vertical line passing through the pixel of the
virtual image. In fact, since image-1 and image-0 are in ideal stereo configuration,
this line gives the optimal transfer relationship. In addition, the computational
overhead is minimized.
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4. Now for every disparity hypothesis, we have established a chain of matched
pixels. Then we compute the conventional SSSD curve, by the formula:

SSSD(d) =
N∑

i=1

∑
(x,y)∈w

Φ(Ii
l (x + d, y) − Ii

r(x, y)) (3)

where Φ is a robust-estimation kernel function to handle occlusions, w is SSSD
window. Some candidates for the robust kernel Φ are:

Φ(s) = |s|,
Φ(s) = k2

2 log(1 + (s/k)2)
(4)

5. Choosing the minimal position as the resulting disparity, and output.

The inverse tensor plays a critical role in this algorithm because it offers a
natural and simply way of relating N real corresponding pixels. The relations
are guaranteed to be geometrically-valid since they are derived from the trifocal
tensor. For continuous video sequence application or real-time robot navigation,
the inverse tensor transfer relations need to be computed only once, and can
be used later by making a look-up-table. So the computational overhead is not
significant.

Our method also presents several contributions to the image based rendering
area: Firstly, it alleviates a hidden problem which hinders most transfer based
IBR methods, namely, the dense correspondence problem. Our method does not
need any pre-computed depth map. We simply test for every possible disparity
hypothesis whether all the matched pixels display a consistent color. In this re-
gard, our method looks similar to the voxel-coloring algorithm[6] or image-based
photo-hull methods. However, their methods perform in 3D scene domain, while
ours fully performs in the image-domain, therefore is more efficient. Secondly,
since we avoid dense correspondence, our method also frees from many trouble-
some problems that associate with the correspondence algorithms, for example,
the aperture problem, highlight, and textless regions problem.

5 Experimental Results

Figure-2(1) gives the experimental setup of our multibaseline stereo system
mounted on a prototype autonomous vehicles. The five cameras are arranged
approximately linearly with optical axes in parallel. The central camera, which
is chosen to be the reference camera, is also used as a time-base-synchronizer to
ensure that all five cameras capture images at precisely the same time. The vir-
tual camera is located to the right of the reference camera with a virtual baseline
of 10×focal length. Applying our new multibaseline algorithm, we obtained sat-
isfactory 3D depth map and terrain reconstruction results. Figure-2(2) shows one
example image, and figure-2(3) the obtained disparity map displayed in pseudo
colors. Figure-2(4) is another example image, and figure-2(5) the corresponding
terrain map. To compare the obtained depth map with the ground-truth depth
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Fig. 2. A Multibaseline stereo system(read from left to right: (1)the camera system;(2)
a sample image;(3) the computed depth map by our algorithm (4) another sample image
(5) the computed terrain height map by our algorithm.)

Fig. 3. Stereo correspondence results (read from left to right: (1) ground truth depth
map; (2) result by conventional two-view SSD method; (3) result by our new multi-
baseline method.)

map, we performed experiments on the Tsukuba stereo images. Prior to our
algorithm, we intently introduce some arbitrary homographies to the original
Tsukuba images (i.e., to make them to be un-rectified) in order to demonstrate
our algorithm. The obtained depth map by our algorithm is shown in figure-
3(3). For comparison purpose, figure-3(1) and 3(2) display the ground-truth
depth map and the depth map obtained by a simple two-view SSD algorithm.
It is seen that our algorithm produces good result at fairly efficient computa-
tion. We test our algorithm on more complex imageries. The camera is basically
moving forward with a left side pan. So the images are in very general configu-
rations, say, neither collinear nor parallel. In our experiments we do not use any
calibration information. Even from the image contents itself, it is also a rather
complex scenario for stereo matching: the white-wall and most part of the floor
are all texture-less, and the ceiling light causes some intensity saturations at the
right corner of the images. We have tested our algorithm on this sequence. The
SSSD window size was set to 11x11. Figure-4(1) shows the obtained depth-map
corresponding to frame-1. Though there contain some matching errors, the es-
sential 3D scene structure is revealed. Remember that we actually started from
a sequence which does not have any real stereo pair.

More interesting result is that: when we use this algorithm to generate novel
views, even when the computed depth map is not so accurate, the synthesized
image still looks very photo-realistic. Note the texture-less regions and highlight
regions in the original image, which would destroy most conventional stereo
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Fig. 4. The results by our virtual stereoscopic generation algorithm(read from left to
right: (1) the obtained depth map;(2)the original input reference image; (3) the gen-
erated virtual right-eye image;(4) display the images of (2) and (3) using stereoscopic
red-blue anaglyph.)

algorithms. Figure-4(2) and 4(3) show the generated stereo pair, where the left
image is the reference image and the right image is the virtual right-eye image.
We display them again in the red-blue anaglyph format in figure-4(4), from which
the computed stereo disparities can be easily verified.

6 Conclusions

The purpose of stereo rectification is no other than establishing a simple indexing
mechanism for stereo matching. This paper proposes an alternative method to
accomplish this goal. Our method makes use of a new inverse tensor transfer
technique. Although geometrically this inverse tensor follows the same idea of
conventional direct trifocal tensor, it does provide a natural and easier way to
retrieval corresponding pixels across multiple views.

Our currently SSSD computation is justified by the popularity of the ap-
proximate linear multi-baseline configurations. For more general configurations
where for example the visual occlusions and projective distortions are apparent,
we consider incorporating some recent techniques of wide-baseline matching or
affine invariant matching( eg, SIFT, or [22][21]to improve the performance.
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