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FOR AUTOMOTIVE APPLICATIONS
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ABSTRACT

We have been investigating a depth estimation method
for use in automotive applications. Many conventional
methods with not image sensor detect only one depth
value corresponding to one sensor. On the other hand, the
methods with image sensor can obtain many depth values
which are useful to traffic accident prevention and
automatic operation of the wvehicle. However, stereo
methods are too sensitive to slight variations of baseline
length due to vibration and temperature, and monocular
methods by focusing cannot provide a balance between
wide-area estimation and real-time estimation.
Therefore, for monitoring the circumstances around the
vehicle, we proposed to use a monocular method that
adopts tilted lens optic. In this method, the plane of sharp
focus (POF) lies, and the near limit of the depth of field
(DOF) is inclined to horizontal. Hence, texture of the
ground is focused and objects on the ground are blur.
Herewith, by the difference of the sharpness values, it can
be easy to detect the position of objects on the ground. In
this paper, we report our simple depth estimation method
for automotive application.

1. INTRODUCTION

In the recent automotive industry, it has come to be
realized that the importance of active safety technology
for preventing traffic accidents and automatic operation
of driverless vehicle. In these technologies, depth
estimation technique is central applicstions. In fact,
collision avoidance devices that utilize various sensors
have already started being used.

Various sensors have been used to monitor the positon
of the objects around a vehicle. Ultrasonic sensor which
is cheaper has been the most used [1]. However, it obtains
only one depth value corresponding to one sensor. Hence,
it is needed for human to judge circumstances
surrounding finally. Also, millimeter wave sensor which
has high accuracy more than supersonic sensor obtains
only one depth value. Moreover, it can detect only rigid
bodies such as cars, and cannot detect soft bodies like
human [2][3]. In recent studies, automatic operation by
the laser-ladder is often introduced. Actually, it has
sufficiently high accuracy for depth estimation. However,
it is expensive extremely. Therefore, it does not become
popular sensor soon.

While, various methods with image sensor are also
used to monitor circumstances around a vehicle. Imaging
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Fig.1 POF and DOF when using a conventional optics.
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Fig.2 POF and DOF when using a tilted optics.

methods are exemplified by the stereo vision method
[4][5][6]. When using this method, it is important to
maintain the relative relationship between optic axes.
Especially, the relationship in automotive applications is
easy to be broken by disturbances such as vibration from
tires, thermal expansion. Hence, the stereo method
requires a tough base mount and its drawback is that its
device size is larger in spite of small size camera.
Conversely, monocular vision methods, such as the
Depth-from-focus and the Depth-from-defocus methods,
require multi focus images that are obtained in extremely
short time by a mechanical device
[71[81[91[10][11][12][13]. Therefore, these methods have
a disadvantage of not obtaining satisfactory amount of



incident light. In addition, a change in the depth of field
that depends on the estimated depth reduces estimation
accuracy.

As stated above, it is not easy to monitor
circumstances around the vehicle by conventional
sensing methods. Hence, existing technology does not
satisfactorily answer the requirements of automotive
applications. In this paper, we propose a depth estimation
method which utilizes a monocular camera with tilted
lens. By using this method, it is possible to achieve depth
estimation that satisfies needs such as use in automotive
environments.

2. IMAGING BY TITLTED LENS

When normal optical units are used as shown in Fig.1, the
plane of the image sensor and the principal plane of the
lens are parallel, and the near DOF limit and far DOF
limits are also parallel to these planes. However, a
situation in which a tilted lens is used is different: both of
the DOF limits are shown by the dashed lines in Fig.2.

Moreover, we set the near DOF limit is inclined to
horizontal on the ground in our proposed method. Hence,
it can obtain an image in which the ground area is sharp
and object areas are blur, as shown in Fig.3 (hereafter
referred to as the ground-in-focus image).

2.1 POF with a tilted optics

Let us now consider the situation schematically depicted
in Fig.2: an image sensor that is placed on the left side of
a horizontal axis and an optical unit (lens) that has a tilted
angle, 6, with respect to the image sensor. Similarly, a
POF s tilted, which is different from normal optics
[14][15]. The point (L,, L) is the center of rotation for
the lens, H is the distance between the first principal
point and the center of rotation, and H' is the distance
between the second principal point and the center of
rotation. There are two light lines that reach the POF via
each focal point, and one light line that reaches the POF
via the two principal points. Hence, we can obtain a point
of intersection of these light lines on the POF; the z and
y coordinates are expressed with Y on the image sensor.
Furthermore, by eliminating the Y from each coordinate,
we can obtain the following POF expression:

L,cos6 — L, sin6d

y = ! (cosB—LL)Z— (1)

sin @ sin 8

At present, in order to simplify, we assumed that:
H=H =0. 2

Moreover, we have already considered the case in which
(2) is not satisfied [14][15]. However, this case is not
described in the present article. When (2) is satisfied, an
image sensor plane, a lens principal plane, and a POF all
intersect at the following point on the y-axis:

3
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Fig.3 Ground-in-focus image.

This condition shows that the POF can be tilted with
respect to the vertical axis by the angle 6 of the lens; our
method uses nearly horizontal POFs.

It is possible to set a tilted POF by using not only a
tilted lens, but also a tilted image sensor. However, in the
latter case, the image will be distorted. Hence, if the final
output of an application is a depth map image, the former
setting is better.

2.2 DOF with a tilted optics

When normal optical units are used, the plane of the
image sensor and the principal plane of the lens are
parallel, and the near DOF limit and far DOF limits are
also parallel to these planes. However, a situation in
which a tilted lens is used is different: both of the DOF
limits shown by the dashed lines in Fig.2 are as well. If
¢ is the angle of the POF with respect to the ground, the
gradient of the POF is:

tang = 1( 0 f) 4
ang = glcosb—7-). “4)

Strictly speaking, because the shape of the circle of
confusion is oval and its size changes as a function of the
distance between the lens and the POF, the depth of focus
becomes variable. However, because the variation is
slight, we approximate the depth of focus with a constant
value . Hence, the gradients of both the near and far DOF
limits are derived as follows:

er 1
tan<p_ = tango —]—c(m+tango) B

er 1
tan<p+ = tango +]—c(m+tan(p) .

Given that the DOF limits have gradients as in (5), the
DOF limits are:

)

_ f
y =tangp_ -z tand L, tanp_+1L,, ©

y =tang, -z — — L, -tangp, + L, .

tanf
As stated above, the DOF limits are approximated by
linear expression. Hence, it means that it can obtain a
ground-in-focus image by appropriate lens setting.



3. DEPTH ESTIMATION USING TILTED LENS

First, we obtain a sharpness map from a ground-in-focus
image by using the Local Contrast Prior (LCP) [16] as the
sharpness value as follows:

max|Laplacian(x,
LC(xy) = |Lap (x, ¥)I

max [(x,y) —minl(x,y)’ 7
Here, [ is the pixel’s intensity and (X, Yy) are the pixel
coordinates. Moreover, Laplacian(x, y) is different from
general Laplacian. Because of easy implementation on
the hardware chip, it is defined using only positive
numbers as follows:

Laplacian(x,y)
=[x -1,y) +1(x +1,y) = 2l(x,y)| (8
+HI,y =1+ 1x,y +1) = 2l(x,y)l.

Then, all pixels are classified in ground areas and object
areas by a threshold value.

Second, it finds the most bottom pixel y-coordinate in
object areas at each column. These pixels are located at a
border between objects and the ground. Additionally, the
relationships between the most bottom pixel y-coordinate
of objects and depth values are inverse proportion which
is provided by the camera calibration. Hence, it can
obtain depth values from the pixel y-coordinates at each
column.

4. EXPERIMENT

In this chapter, we explain our experiment details for
performance of our method.

4.1 Our experiment environment

To test our proposed method, we performed experiments
by using the camera system as shown in Fig.4. This
camera system has the function which can change the
position relationship between an image sensor and a lens.
Herewith, we obtained the grand-in-focus image through
tilted lens optics.

Our camera was set up using the following conditions.
The position of camera was set at 440 mm in height, lens
tilted angle was about 10 degrees, and interval between
an image sensor to a principal point of lens is about 90
mm. In addition, we used a lens for which the focal length
was f = 90 mm and aperture ratio (F-number) was 5.6.

Therefore, we set up that = 10°and L, = 90 mm in
(1) respectively. Moreover, the theoretical value the POF
angle ¢ was -5°.

4.2 Experimental results

In what follows, we described the results of using our
proposed method with the above experiment
environment.

The input image which was taken by the 8-bit
monochrome image is shown in Fig.5. We set the three
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Fig.4 Experimental equipment.
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Fig.6 Edge detected images.

target objects on the floor which placed at 143 mm, 201
mm and 332 mm. Furthermore, images obtained by using
the Laplacian and the LCP are shown in Fig.6. Our LCP
range is 5 x 3 pixels. In addition to, we adopted 32 as the
threshold of binarization for deciding bottom lines which
are borders between the ground and each object area. We
also utilized the closing and the opening process 16 times
respectively for noise reduction. The sizes of these
images are 864 x 1296 pixels.

As a result, we can got depth values for each object
as shown in Table.l. It is get from the inversely
proportional relationship between depth and y-pixel
coordinate which is obtained previously like the follows:



1

depth = .
P = 126106 xy + 18118 x 103

(€))

In addition to, the result of all depth values are rounded
off to the first decimal place.

By comparing the ground truth of depth obtained
with laser measuring, the estimation errors for each depth
are within 2 mm. Hence we confirmed that our proposed
method can yield about correct depth. Therefore, the
performance of our method is superior to the
performance of ultrasonic sensor which is the major
conventional surround monitoring sensors: its depth
resolution is about 10 mm. Moreover, it can obtain depth
values of each object simultaneously from one sensing
using only single image. Hence, it is suitable for
automotive  applications such as  monitoring
circumstances around the vehicle in real-time.

Our proposal method obtained excellent results at
the experiment. However, there are several conditions:
the ground is sufficient flat and has sufficient texture.
Additionally, it assumed that the positon of the bottom
line is the object position: the upper parts of object do not
protrude than a bottom line. Nevertheless, the outdoor
ground has sufficient texture generally, such as asphalt or
gravel of load and park area. Also, the assumption that
the bottom line is equals to the position of object is
correct in most cases. In the same way, many other
methods are effective only for specific height or specific
surface of object. Hence, in practical usage, it would be
best to use our method together other methods.

5. CONCLUSION

In this paper, we proposed a depth estimation method
using single image with tilted lens. Hence, our method is
suitable for monitoring circumstances around the vehicle
because it satisfies the requirements of these applications,
such as real-time processing and robust use in automotive
environments.

In the future, we plan to confirm the performance of
our method for estimation accuracy of real automotive
use. Furthermore, because our proposed method is very
simple, we would like to implement our method on the
hardware like the FPGA.

Table.1 Experiment results.

Object | Ground truth Proposed method Depth error
label | depth [mm] depth [mm] [mm]
(y-coordinate)
L 201 203 (y = 638) 2
C 332 330 (y = 214) 2
R 143 143 (y = 1051) 0
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