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ABSTRACT

Image Cube Trajectory (ICT) analysis is a new and robust
method to estimate the 3D structure of a scene from a set of 2D
images. The motion of points in 3D space is represented by tra-
jectories in an image cube. The advantage of this method is that
the motion information of a single 3D point can be jointly repre-
sented and analyzed for all available views of an image sequence.
In this paper we will discuss the problem of 3D structure estima-
tion in the case of homogeneous image regions. We will present
a new approach for detection and compensation of depth artifacts
which is based on the construction of a particular search space.
Homogeneous regions in the image cube cause special patterns in
this space. They can be detected by standard image processing
methods. At the simple example of a linear moving camera we
demonstrate the efficiency of the proposed algorithm.

1. INTRODUCTION

The estimation of depth information from 2D images has received
much attention in the past decade. The basic problem of recover-
ing the 3D structure of a scene from a set of images is the corre-
spondence search [1]. Given a single point in one of the images
its correspondences in the other images need to be detected. De-
pending on the algorithm two or more point correspondences as
well as the camera geometry are used to estimate the depth of that
point [2]. However, for complex real scenes the correspondence
problem is still not fully solved. Especially in the case of homoge-
neous regions, occlusions, or noise, it still faces many difficulties.
It is now generally recognized that using more than two images
can dramatically improve the quality of reconstruction.

One method for the simultaneous consideration of all available
views is Epipolar Image (EPI) analysis [3]. An Epipolar Image can
be thought of being a horizontal slice (or plane) in the so called im-
age cube [1, 4] that can be constructed by collating all images of
a sequence (see fig. 1 for an example). It is defined for a linear
equidistant camera movement parallel to the horizontal axis of the
image plane. In this case projections of 3D object points become
a straight line called EPI-line. The principle of EPI analysis is
the detection of all EPI-lines in all available EPIs. From the EPI-
line parameters (slope and offset) either the related 3D point or
corresponding depth can be evaluated. The advantage is the joint
detection of point correspondences for all available views. Occlu-
sions can be handled efficiently [4]. The big disadvantage of the
algorithm is its restriction to linear equidistant camera movements.

Fig. 1. Image cube representation of the *Bridge’ sequence, left)
time slices (constant t) represent images, right), horizontal slices
(constant Y') represent Epipolar Images

2. IMAGE CUBE TRAJECTORY ANALYSIS

For non-linear parameterized camera movements 3D points are
represented by more general trajectories in the 3D image cube.
The EPI-line approach cannot be applied for this case. In [5, 6], we
have proposed a new concept called Image Cube Trajectory (ICT)
analysis that overcomes the restriction of EPI analysis and is able
to jointly exploit all available views for more general camera con-
figurations. The basic approach is inverse to the conventional way
of EPI analysis where in a first step the EPI lines are detected by
standard segmentation algorithms (edge detection filters etc., see
[3, 7]) and structure information is computed afterwards from the
line parameters. In contrast, we choose a hypothetical 3D point
first and project it into the image cube space where it is repre-
sented by its trajectory. This hypothesis is checked in a second
step by evaluating color constancy along the entire trajectory [5].
The best matching ICTs are considered to belong to the object sur-
face. This inverse approach allows the consideration of arbitrary
camera movements but requires the decision about a 3D search
strategy. This problem was addressed in [8]. The authors derived
a non-uniform sampling that minimizes the number of ICT eval-
uations for a given camera resolution while maintaining optimal
image resolution.

At this point, it is important to consider the occlusion compat-
ible ordering of the point trajectories. It is described in [4] for the
case of a linearly moving camera . 3D points which are closer to
the cameras 'move’ faster (i.e. have larger disparities in the cam-



Fig. 2. ’Bridge’ sequence, left) sample image, middle) EPI of line
Y=69, trajectories with higher slope are detected first and masked
out for subsequent analysis right) EPI of line Y=37, problem of
homogeneous regions, due to occlusion compatible search order
the trajectories will be detected in the illustrated order

era image planes) than those which are further away. Therefore,
an ICT of a point with a small depth will have a larger slope than
that of a more distant point. Because closer 3D points always hide
those which are further away, the ICTs with larger slopes always
hide those with smaller slopes. Fig.2 middle illustrates this at the
example of the ’Bridge’ sequence. Due to the occlusion ordering
the ICTs with the largest slope need to be detected first. Success-
fully detected ICTs are masked out and excluded from subsequent
analysis steps. In this way, the algorithm is able to detect 3D points
in the scene scanning it from front to back. 3D points at the same
depth but different horizontal and vertical positions do not occlude
each other. They can be detected in arbitrary order.

3. HOMOGENEOUS REGIONS

One of the remaining problems is the detection of homogeneous
regions. In the image cube such regions cause tubes of nearly con-
stant color which occur as stripes in the EPI [4]. Fig. 2, right
demonstrates this problem. The two marked regions belong to
parts in the background of the scene with nearly constant color.
The proposed conventional ICT search algorithm [5] cannot dif-
ferentiate between the set of possible ICTs inside such stripes. Ap-
plying the above mentioned occlusion compatible search scheme
the ICTs will be detected in the illustrated order of fig.2, right. The
first detected ICT will be that with the highest slope inside the re-
gion. It is followed by the ICT with the next smaller slope etc.
In this way the detected trajectories differ from the original scene
geometry. This causes artifacts in the reconstructed depth or 3D
structure.

A straight forward approach to handle this problem is shown
in [3]. The authors consider the EPI as a set of regions which are
analyzed by standard segmentation tools, such as edge detection
filters etc. This introduces the problem of over or under segmen-
tation which requires very precise parameter adjustments. In this
way it is very difficult to obtain suitable results for more complex
scenes, for example in natural environments containing multiple
occlusions etc. Further, this technique is restricted to linear cam-
era movement.

In this paper we will introduce a more generalized new method
for handling of homogeneous regions. It is based on the construc-
tion of a special trajectory parameter space representation which
we call search space. The advantages of the search space rep-
resentation are its special properties. Such homogeneous regions

Fig. 3. Sample of the virtual scene *Boxes’ containing highly ho-
mogeneous regions, left) image cube representation, right) sample
image

have well defined patterns. Further, the point trajectory representa-
tion has dual properties to the EPI. This introduces the possibility
to develop and apply new and efficient algorithms. To introduce
the basic principle of the proposed method we will restrict our dis-
cussion in this paper to the case of a linear moving camera. Note,
that this is done without loss of generality. The basic principle can
be applied to any other parameterized camera movement too.

4. ICT SEARCH SPACE REPRESENTATION

To analyze the problem of homogeneous regions for the ICT analy-
sis method we use the special virtual scene shown in fig. 3, right. It
contains many highly homogeneous regions at different depth lev-
els and orientations. The EPIs are created from horizontal slices
in the image cube (fig. 3,left). As shown in the figure the homoge-
neous regions of the scene occur as stripes in the EPI.

To generate the proposed search space we are looking at the
parameters of all theoretically possible ICTs in the EPI. In order
to measure the probability of the existence of a particular ICT we
define the so called ICTs normalized color constancy (NCC). It
describes the normalized variation of the ICTs color components
within the image cube. We have introduced this synonym due to
the large number of existing approaches for the determination of
the color variation for a set of samples. For our experiments we
have used the inverse of the pixels variance in the RGB color space
straight away. Other approaches are possible.

As outlined in [5] the ICT of an existing 3D point represents
its projection into all available camera planes. Such, assuming
diffuse surfaces the color of the ICT is constant. In practice, this
theoretical assumption does not hold. Further, distortions are intro-
duced due to camera noise, aliasing etc. For this kind of problems
the NCC gives a confidence value about the probability of the ex-
istence of a 3D point for a given ICT in the EPI. The proposed
search space can be thought of being a probability or confidence
map for all theoretically possible ICTs in an EPI. For each of these
ICTs it represents the NCC in dependency of the ICT parameters.
In the case of a linearly moving camera the ICTs are straight lines
which may be described by the parameters slope s and the offset
b. For other camera movements different ICT parameterizations
could be used. For example, in case of a circular camera move-
ment the search space could be parameterized by the ICT parame-
ters amplitude and phase shift (see [5] for more information). As
mentioned before, within this paper we will restrict our discussion
to the linear case.

Fig. 4, right shows an example for the search space of the
’Boxes’ sequence. Note, that bright regions stand for a high NCC
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Fig. 4. ’Boxes’ sequence, left) EPI, red lines illustrate possible
wrong ICT matches, right) related search space, example for auto-
matic pattern detection (yellow: NCC of 90%, pink: NCC of 70%).
The overlapping border segments (red) correspond to points/lines
B and D in fig. 6
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Fig. 5. Normalized color constancy for the case of homogeneous
regions, left) 2D representation, right) 3D representation

value and vice versa. The search space is related to the EPI on
the left-hand side of the figure. It can be seen that homogeneous
stripes in the EPI cause particular patterns in the search space.
These patterns can be detected by simple algorithms automatically.
The figure shows the result of a threshold based border detection
for those regions. The two colors yellow and pink stand for the
different NCC values of 70% and 90%.

In order to benefit from the results of the pattern detection it
is necessary to analyze the properties of the search space for the
case of homogeneous regions. This problem is illustrated in fig. 6.
The lines [ g and [ p in the left-hand side represent the borders of a
homogeneous stripe in the EPI. They are represented as points Pg
and Pp in the search space (right-hand figure) and define the min-
imum and maximum offset for any ICT within the region. Similar,
the lines [ 4 and [¢ mark the maximum and minimum ICT slope.
They correspond to the points P4 and Pc in the search space.

At this point it should be mentioned that the geometrical prop-
erties of the EPI and the search space representation are dual to
each other. Similar to other dual space approaches (see [9] for an
example) lines in the EPI map to points in the search space and
vice versa. Fig. 6 demonstrates this behavior. The intersection
of the lines [4 and [p defines a point p in the EPI (not shown in
the figure). This point can be thought of being the intersection of
all ICTs with the same constant offset. It is represented by the
line P4 Pp in the search space. Vice versa, the point P4 in the
search space is defined by the intersection of the lines P4 Pg and
PaPp and corresponds to the line /4 in the EPIL. In this way, all
lines intersecting P4 in the search space correspond to points in
the EPI lying on the line [ 4. Note, that the duality of both spaces
implies the possibility of dualizing the conventional ICT analysis
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Fig. 6. Dual properties of left) the EPI and right) the search space,
lines I 4— p in the EPI are represented as points P4 p in the search
space
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Fig. 7. Occlusion compatible search order (gray arrows) left) in
the EPI, right) in the search space

algorithms to obtain new algorithms.

For the moment we restrict our analysis to the detection of
homogeneous regions in the dual search space. Fig. 5 shows the
simulation of a typical search space pattern caused by a homoge-
neous region in dependency of the NCC value. It can be seen that
for a NCC value of 100% (red color) the 2D shape of the region
is the same as shown in figures 4 and 6. To reconstruct the width
of the stripe in the EPI the points Pg and Pp need to be detected.
In a first approach we are using a simple threshold based pattern
detection algorithm at different constant NCC levels. Assuming a
4-connectivity we determine the borders of the detected patterns
as a closed region. The points Pg and Pp can be determined by
the mean value of the overlapping parts of the region borders for
different NCC levels. Fig. 4 illustrates the result of this opera-
tion (red points). Having the parameters of the points Pp, Pp the
borders of the homogeneous region are defined in the EPI by the
corresponding ICT lines /g, Ip (see fig. 6). Finally, the missing
ICTs inside the homogeneous region can be interpolated from the
two border ICTs.

As a last step, an occlusion compatible search scheme needs
to be defined for the search space analysis. As shown in fig. 7, it
can be derived from the EPI straight away. As outlined in [5] the
ICT search in the EPI starts with the maximum slope varying the
ICTs offset (gray arrows in fig. 7, left). This process is repeated for
decreasing slopes. Such, an occlusion compatible pattern detection
in the search space needs to be performed on horizontal scan lines
starting with the maximum slope and decreasing this value step by



Fig. 8. Reconstructed depth map of the Boxes’ sequence, left)
conventional ICT search algorithm, right), the proposed method

Fig. 9. ’Bridge’ sequence, left) sample frame, right) reconstructed
depth map using the proposed method

step (gray arrows in fig. 7, right).

5. EXPERIMENTAL RESULTS

For the final ICT analysis algorithm we have implemented an it-
erative method. In a first step only highly accurate detected ICTs
(high NCC values) are accepted as valid results. For subsequent
steps they are masked out from the source images. The process
will be repeated by decreasing the overall reconstruction accuracy
(i.e. the NCC value). For each new step the relating search space
is recalculated. The iteration stops if the content of the whole EPI
is detected successfully. The drawback of this method is that it
increases the computational costs drastically. The main advantage
is that the accuracy of the results is adapted automatically to the
scene content. No careful interactive threshold adaption needs to
be performed before the algorithm starts. The quality of the final
result does not depend on the experience of the user. The algo-
rithm runs fully automatically adapting itself to the complexity of
the scene content. Practical tests have shown that for many cases
8 or 10 iterations are required. If the complexity of the analyzed
scene becomes higher this number can increase up to 30 or 40 it-
erations.

One of the drawbacks of the proposed straight forward ap-
proach for the region detection in the search space is its restriction
to a minimum region size of the homogeneous patterns. In practi-
cal tests we have evaluated that for stable results the region should
contain at least 8-10 pixels to avoid artifacts. Otherwise we switch
to the conventional ICT analysis algorithm.

The efficiency of the proposed algorithm for the detection of
homogeneous regions is demonstrated in fig. 8. For the Boxes’ se-
quence it shows the reconstructed depth map of a single frame for
the conventional ICT analysis method (left-hand side) and the pro-
posed algorithm (right-hand side). From the figure it can be seen

that the artifacts inside the homogeneous regions in the left-hand
image could be removed completely using the proposed method .
The resulting reconstructed depth map on the right-hand side
has a uniform and smooth structure (see labeled parts A,B). Note,
that in order to demonstrate the output of the algorithm no post
processing was applied to fill the holes. Finally, fig. 9 shows the
result of the reconstructed depth map for the natural ’Bridge’ se-
quence. The demonstrated results illustrate that the problem of
homogeneous region detection was solved successfully.

6. CONCLUSIONS AND FUTURE WORK

In this paper we have presented a new approach for the detec-
tion and handling of homogeneous regions for the ICT analysis
method. We have introduced a new search space representation of
the EPI which has dual properties to the original EPI. The advan-
tage of this method is that homogeneous regions have well defined
patterns within this search space which can be detected by stan-
dard image processing tools. One of the most promising features
of the proposed search space representation format is that there are
no restrictions to the camera movement.
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