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Abstract

In this paper we propose a real-time system that ez-
tracts information from dense relative depth maps.
This method enables the integration of depth cues
on higher level processes including segmentation of
structures, object recognition, robot navigation or
any other task that requires a three-dimensional rep-
resentation of the physical environment.

Inertial sensors coupled to a vision system can pro-
vide important inertial cues for the ego-motion and
system pose. The sensed gravity provides a vertical
reference. Depth maps obtained from a stereo cam-
era system can be segmented using this vertical refer-
ence, identifying structures such as vertical features
and levelled planes.

In our work we explore the integration of inertial sen-
sor data in vision systems. Depth maps obtained by
vision systems, are very point of view dependant, pro-
viding diserete layers of detected depth aligned with
the camera. In this work we use inertial sensors to
recover camerg pose, and rectify the maps to a refer-
ence ground plane, enabling the segmentation of ver-
tical and horizontal geometric features.

The aim of this work is a fast real-time system, so
that it can be applied to aufonomous robotic systems
or to automated car driving systems, for modeiling
the road, identifying obstacles and roadside features
in real-time.

1 Introduction

One of the very important tasks in computer vision
is to extract depth information of the world. Stere-
oscopy is a technique to extract depth information
from two images of a scene taken from different view
points. This information can be integrated on a sin-
gle entity called dense depth map.

In humans and in animals the vestibular system in
the inner ear gives inertial information essential for
navigation, orientation, body posture control and
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equilibrium. In humans this sensorial system is cru-
cial for several visual tasks and head stabilisation. It
is well known that the information provided by the
vestibular system is used during the execution of vi-
sual movements such as gaze holding and tracking,
as described by Carpenter [1]. Neural interactions of
human vision and vestibular system occur at a very
early processing stage [2].

In this work we use the vertical reference provided
by the inertial sensors to perform a fast segmenta-
tion of depth maps obtained from a stereo real time
algorithm.

Nowadays micromachined low cost inertial sensors
can be easily incorporated in computer vision sys-
tems. These sensors can perform as an artificial
vestibular system, providing valuable data to the vi-
sion system. The motivation might be stronger in
applications such as walking or flying robots, but
in automobiles, due to suspension and system com-
pliance, it is also beneficial to have inertial sensors
coupled to the vision system cameras.

In our previous work on inertial sensor data integra-
tion in vision systems, the inertial data was directly
used with the image data [3][4][5]. In this work we
use the inertial data to perform a fast segmentation
of pre-computed depth maps obtained from the vi-
sion system.

1.1 Related Work

The aim of stereo systems is to achieve an adequate
throughput and precision to enable video-rate dense
depth mapping. The throughput of a stereo machine
can be measured by the product of the number of
depth measurements per second (pixel/sec) and the
range of disparity search (pixels); the former deter-
mines the density and speed of depth measurement
and the later the dynamic range distance measure-
ment [7], i8], [9], [10]. The group of T. Kanade
at CMU [11] succeeded in producing a video-rate
stereo machine based on the multi-baseline stereo al-
gorithm to generate a dense range map. SRI has



developed an efficient implementation of area corre-
lation stereo, the SRI Stereo Engine. The standard
development environment for the SRI Stereo Engine
is the Small Vision System (SVS), which runs on PCs
under Linux or MS Windows. The PC implementa-
tion is a efficient solution, with support for camera
calibration, 3D reconstruction, and effective filtering
[12}. We are using this system to obtain real-time
depth maps.

Viéville and Faugeras proposed the use of an inertial
system based on low cost sensors for mobile robots
{13] and studied the cooperation of the inertial and
visual systems in mobile robot navigation by using
the vertical cue taken from the inertial sensors [14]
[15] [16]. An inertial sensor integrated optical flow
technique was proposed by Bhanu et al. [17]. Pan-
erai and Sandini used a low cost gyroscope for gaze
stabilization of a rotating camera, and compared the
camera rotation estimate given by image optical flow
with the gyro output [18] [19]. Mukai and Ohnishi
studied the recovery of 3D shape from an image se-
quence using a video camera and a gyro sensor [20].

In our previous work we have explored the integra-
tion of inertial sensor data in vision systems. Using
the vertical reference provided by the inertial sensors,
the image horizon can be determined. Using just one
vanishing point we can recover the camera’s focal
-distance (3]. In a typical indoor corridor scene the

vanishing point can also provide an external bear-
" ing for the robots navigation frame. Knowing the
geometry of a stereo rig, and its pose from the iner-
tial sensors, the homography of level planes can be
recovered, providing enough restrictions to segment
and reconstruct vertical features [5] and levelled pla-
nar patches [4].

2 Depth Maps

In order to describe the tasks involved in depth map
construction, let us consider the following geometric
model, figure 1, of our stereo vision system (see fig-
ure 2). The diagram shows the top view of a stereo
system composed of two pinhole cameras. The left
and right image planes are coplanar and represented
by the segments I; and I, respectively. ) and C,
are the centers of projection. The optical axes are
parallel: for this reason, the fization point defined
as the point of intersection of the optical axes, lies
infinitely far from the cameras.

The way in which stereo determines the position-of
Pz ,y.2) in space is by triangulation, that is by inter-
secting the rays defined by the centers of projection
and the images of P, p; and p,. Using the left camera
as reference and solving for (x,y, ) gives:
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Figure 1: Geometry of front-parallel stereo setup.
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The classical approach to estimate disparities uses
two techniques: feature matching and correlation. In
a feature-based algorithm, a set of complex tokens is
extracted from each left and right images, and then
combined according to some constraints. The second
technique uses a measure of similarity, correlation
for example, to find matching points in two images
composing the stereo pair. For each point of the
reference image, the corresponding point is selected
in the other image by searching for a maximum in
similarity measure.

(1)

Many stereo camera configurations have vergence
and do not comply with the front-parallel geometric
model. In that case the disparity measurement can
be related with the horopter. Coombs [21] charac-
terizes horopter as being the surface in three dimen-
sional space defined by the points that stimulates ex-
actly corresponding points (i.e., that has zero stereo
disparity) in two cameras. Small disparities corre-

spond to small deviation in depth from horopter.
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Such disparities can be measured by simple local
neighbourhood operators, to build up a dense surface
map of the environment near the horopter [22}(23].
A stereo configuration with vergence angle can be
considerably simplified when the images of interest
have been rectified, i.e., replaced by two projectively
equivalent pictures with a common image plane par-
allel to the haseline joining the two optical centers,
and equivalent to a front-parallel system. The rec-
tification process can be implemented by projecting
the original pictures onto the new image plane [24].
With an appropriate choice of coordinate system, the
rectified images have scanlines parallel to the base-
line and the front-paraliel geometry of figure 1 can
be applied. : -



Figure 2: Cameras with Inertiel Measurement Unit
based on low cost sensors.

2.1 SRI Stereo Engine and the Small Vision
Systems (SVS)

In order to compute range from stereo images we are
using the SRI Stereo Engine [12]. It implements an
area correlation algorithm for computing range from
stereo images and it supports camera calibration, 3D
reconstruction, and effective filtering. We are run-
ning an implementation of Stereo Engine for Linux
" Small Vision System (SVS) (version svs23c). SVS
consists of a set of library functions, in C+4, im-
plementing the stereo algorithms optimized for PC’s
using MMX instruction. It can receive input stereo
images from standard cameras and video capture de-
vices., On this particular work we are using a small
and compact stereo head developed by Videre De-
sign [12] (see figure 2), the STH-V3. This analog
vision head can also send a single video signal with
the interlaced stereo image pair. STH-V3 consists of
two synchronized CMOS cameras modules mounted
on a baseboard with 320x240 pixels (NTSC) each
one. The software is running on a Linux RH7.1 box
{PII 350Mhz) with a Pinnacle Studio PCTV (Bt878-
based) card as framegrabber. With a frame size of
160x120, searching 16 disparities and a search win-
dow size of 5 x 5 we achieved a frame rate of 30 Hz.

3 Inertial Data

An inertial measurement unit (IMU) coupled to a
camera can provide valuable data about camera pose
and movement. Figure 2 shows an inertial system
prototype built at our lab [6] that was coupled to
a stereo camera rig to perform the tests. Camera
calibration was performed using a fixed target and
moving the system, recovering the cameras’ intrinsic
parameters, as well as the target positions relative to
the cameras.

By moving the cameras instead of the target, the
cameras’ position is determined relative to the fixed
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Figure 8: Camera and IMU referentials.

target. Since-the IMU is rigidly connected to the
camera, R and ¢ shown in figure 3 can be determined
from the set of camera positions obtained from the
calibration and the corresponding data from the in-
ertial sensors. By performing a trajectory with the
target always in view, the camera calibration can re-
construct the camera pose and position, providing
an error measure for the INS data.

If both IMU and cameras are perfectly aligned, we
have a simple translation change of axis, and

0 0 1 0

-1 0 0 2
“Team=1|7, _| ¢ é (2)

0 0 0 1

where b is the baseline, {C.AM} the camera refer-
ential and {C} the camera system referencial, with
origin at the center of the baseline.

Having determined the rigid transformation between
the camera and the IMU, the sensed acceleration and
rotation are mapped to the camera system referen-
tial.

3.1 Gravity Vector

The measurements @ taken by the inertial unit’s
accelerometers include the sensed gravity vector g
summed with the body’s acceleration a,:

()

Assuming the system is motionless, then a; = 0 and
the measured acceleration a = g gives the gravity
vector in the system’s referential. So, with a;,a, and
a, being the accelerometer filtered measurements
along each axis, the vertical unit vector will be given
by

a=g+ay
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This vertical reference, given in the systems frame of
reference, will be used in segmenting the depth maps
obtained from the stereo algorithm.

Consider a point given in the camera system referen-
tial € P that belongs to the ground plane. The plane
equation is given by
CalP+d=0 (5)
where d is the distance from the origin to the ground
plane, i.e., the system height. In some applications
it can be known or imposed by the physical mount.

4 Depth Maps in Inertial Reference
Frame

In our experimental setup, the stereo algorithm pro-
vides depth maps in the left camera frame of refer-
ence. Using the vertical reference provided by the
inertial sensors, i, the depth maps can be rotated
and aligned with the horizontal plane. The points
obtained in the camera referential, {C}, can be con-
verted to a world frame of reference {W}. The verti-
cal unit vector 7i and system heigh d can be used to
define {W}, by choosing " to be coplanar with &
and %7 in order to keep the same heading, we have

WPp="T. P (6)
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System height d can be known gprieri or inferred
from the subsequent segmentation process, using an
initial null value.

If a heading reference is available, then {W} should
not be restricted to having & coplanar with “&
and €@, but use the known heading reference. Using
a heading reference given by the unit vector
{mz, my,m;) we get

Mgy Ty, —NyMy Ny —Nigd
CTW _ | ™y nemz—ngm. ny ) (8)
M, Ny ~NyMg N, —Nad
0 0 0 1

We are therefor able to have {W} coherent with the
inertial vertical and the available scene heading. The
gyros included in the inertial measurement unit can
be used to keep a heading without external refer-
ences, but they accumulate drift over time. Visual
land marks or a magretic compass provide an exter-
nal heading reference to reset the drift. In scenes
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of man made environments image vanishing points
from detected edge lines can also provide a head-
ing reference. The segmented depth maps can also
be used, by identifying features such as walls in the
points mapped to the inertial reference frame and
above the ground plane.

5 Segmented Depth Maps

Using the vertical reference, the depth maps can be
segmented to identify horizontal and vertical fea-
tures. The aim in on having a simple algorithm suit-
able for a realtime implementation. Since we are
able to map the points to an inertial reference frame,
planar levelled patches will have the same depth z,
and vertical features the same zy, allowing simple
feature segmentation using histogram local peak de-
tection. Figure 4 summarizes the proposed depth
map segmentation method.

Using the stereo depth algorithm we obtain a set of
points “4MP; in the left camera referential. Using
the previous equations we can map them to the world
referential as

w Wm C CAM
Py =" Te " Team. P

(9)
In order to detect the ground plane point, an his-
togram is performed for point depth.

histo(n) = Y (P | floor(zp,) = n)

The histogram’s lower local peak zgng is used as the
reference depth for the ground plane. The detected
points can than be parsed and segmented as being a
ground plane point, or some feature above ground.
Points bellow the ground plane can be ignored or
not, depending on the application.

Pgnd = P:' | Zgnd ~9 < flOOT‘(ZP,-) < Zgnd +‘5 (11)
FPobove = Fi l f!OOT(zPi) = Zgnd + 6 (12)

(10)

were ¢ is the allowed tolerance. The points above
ground can be projected in the XY plane, and fur-

_ther segmentation performed to identify vertical fea-
tures.

0

histogram \
along z-plans\ ground plane

vertical reference |

Figure 4: Summeary of implemented method.



6 Results

A simple indoor scene was used to test our method.
The stereo pair seen in figure 6 was obtained with
the experimental setup shown in figure 5. Figure
7 shows the disparity image and reconstructed 3D
points obtained with the SVS package [12].

Using the vertical reference provided by the inertial
sensors, in this case n = (—0.456, —0.022, 0.890), the
3D points were transformed to a world aligned frame
of reference as previously described.

Figure 5: Ezperimental setup with inertial sensors
and vision system, and scene used for the test.

Figure 6: Stereo rectified image pair obtained with
SVS [13] system. :

Figure 7: Disparity image obtained with SVS [12],
and reconstructed 3D points

In order to detect the ground plane, an histogram
was done for all depths, and the peak used as a ref-
erence value, as seen in figure 8. The points were
than parsed and segmented as ground plane points
and points above ground.

Figure 9 shows the graphical front-end of the im-
plemented system working realtime at 10 frames per
second. On the left the height histogram is shown,
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Figure 8: Depth histogram with detected peok;
Ground plane points; Points above the floor, walls
or obstacles.

Figure 9: Graphical front-end with height histogram
and segmented depth map.



A linear line fit was done using the points above
ground from the data set in figure 8, ignoring their
depth, to reconstruct the wall orientation in the test
scene. Figure 10 shows the result. More complex
scenes require a previous point clustering stage, so
that a simplified world model can be built, but this
only has to be done in 2D.

¥ bk T i

S b k¥ o8 . 3 8 DB R

£ w0 im0 1ec om0 im0
Vomsrcam

Figure 10: Top view of all points above the floor,
and line fit for wall orientation.
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7 Conclusions

Depth maps obtained from a stereo camera system
were segmented using a vertical reference provided
by inertial sensors, identifying structures such as ver-
tical features and level planes. Rectifying the maps
to a reference ground plane enables the segmentation
of vertical and horizontal geometric features. Prelim-
inary results were presented that show the validity of
the method.

The aim of this work is a fast real-time system, avoid-
ing 3D point clustering methods that are not suit-
able for real-time implementations. It can be applied
to an automated car driving system, modelling the
road, identifying obstacles and roadside features.
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