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(54) Title: VISION SYSTEM AND METHOD FOR A MOTOR VEHICLE

(57) Abstract: A vision system (10) for a motor vehicle comprises a stereo imaging

apparatus (11) with imaging devices (12) adapted to capture images from a surround-
ing of'the motor vehicle, and a processing device (14) adapted to process images cap-

] i tured by said imaging devices (12) and to detect objects, and track detected objects

) LT bk

over several time frames, in the captured images. The processing device (14) is adapt-

I . ed to obtain an estimated value for the intrinsic yaw error of the imaging devices (12)

by solving a set of equations, belonging to one particular detected object (30), using

f . a non-linear equation solver method, where each equation corresponds to one time

frame and relates a frame time, a disparity value of the particular detected object, an
intrinsic yaw error and a kinematic variable of the ego vehicle.
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Vision system and method for a motor vehicle

The invention relates to a vision system for a motor vehicle,
comprising a stereoc imaging apparatus with imaging devices
adapted to capture images from a surrounding of the motor ve-
hicle, and a processing device adapted to process images cap-
tured by said imaging devices and to detect objects in said
images corresponding to real-world obijects in the surrounding
of the motor vehicle, and to track detected objects cover sev-
eral time frames in the captured images. The invention also

relates to a corresponding vision method.

The vaw angle, also known as squint angle, between the left
camera and the right camera in a stereo camera system, must be
determined with great accuracy, because an error in this angle
results in large distance estimation errors in the stereo cal-
culations. The distance error grows with the square of the
distance. For an automotive sterec camera the squint angle
will not be constant over the vehicle life time due to thermal
changes and the long life time of automotive systems. There-
fore, an online solution for estimating a squint angle error

is needed.

It is known to estimate the squint angle error using radar or
lidar distance information as a reference wvalue, which however

requires a radar or lidar reference system.

DE 10 2012 009 577 Al describes a method of calibrating the
squint angle between two stereoc cameras in a motor vehicle

from a comparison of a reference driven distance determined
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from odometric data to a stereoscopic driven distance deter-
mined by image processing. However, the external odometric
data needed to calculate the reference driven distance consti-
tute an additional systematic source of uncertainty for the

determination of the squint angle error.

DE 10 2013 224 502 Al discloses a method of calibrating a
stereo camera of a vehicle. The method involves separately de-
termining the optical flow of the images from both cameras.
From the optical flow and the estimated ego motion of the ve-
hicle, corresponding 3D environment data are calculated. From
a comparison of the 3D environment data of both cameras, a

calibration error is determined.

Both of the above mentioned methods require exact knowledge of

the movement of the ego vehicle given by some other sensor.

US 2014/0168377 Al discloses a method for aligning a stereo
camera of a vehicle mounted object detection system, wherein
an image from each camera at two different times is used to
determine an cbserved displacement of a stationary object,
like a traffic sign, relative to the vehicle. A predicted dis-
rlacement of the object relative to the vehicle is also deter-
mined‘using, for example, a difference of size of the object
in images taken at two different times. Determining a triangu-
lation correction based on a difference of the observed dis-
placement and the predicted displacement is used to correct

for misalignment of the cameras.

The object of the present invention is to provide a vision
system and a method of controlling a vision system which allow
for an accurate determination of a yaw angle error between the

stereo cameras during operation of a motor vehicle.
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The invention solves this object with the features of the in-
dependent claims. According to the invention, a set of equa-
tions is solved by using a non-linear equation solver method
in order to obtain an estimated value for the intrinsic yaw
error. Bach equation corresponds to one time frame and relates
a time of the time frame, a calculated disparity value of the
particular detected object, an intrinsic yaw error, and a kin-
ematic variable of the ego vehicle, by using a non-linear
equation solver method in order to obtain an estimated value
for the intrinsic yaw error. It has been found out that in
this manner, the yaw angle error between the stereo cameras
can be accurately determined during movement of the motor ve-
hicle, allowing for a corresponding yaw angle calibration of

the stereo cameras.

The estimated value for the intrinsic yaw error can advanta-
geously be used for calibrating the yaw angle between the im-

aging devices during driving.

Preferably, all equations in the set have the same form. In
particular, all equations in the set are preferably obtained
by equalizing the current distance to the particular detected
object as obtained from vehicle kinematics, to the current
distance as obtained from the disparity value. Herein, the
current distance as obtained from the disparity value may be
expressed as x = £ + b / (d + g), where £ is the focal length
of the imaging devices in the baseline direction, b is the
baseline, i.e. the distance between the imaging devices, d is
the current disparity value, and €& i1s the intrinsic yaw error.
In many cases, the baseline direction is horizontal. However,

the baseline direction may also have a significant vertical
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component, for example if the stereo imaging devices are lo-
cated far away from each other, like in the front bumper and
behind the wind screen of the vehicle. In such cases, the

baseline and focal length direction are measured in the non-

horizontal direction between the imaging devices.

In the ideal case, where €=0, the above equation gives the

well-known relation between the distance x and the disparity d

of a detected object. In the real case, where £#0, the above

equation 1s used with the additional advantageous feature of

expressing the yaw error € as a simple shift to the disparity

value d. In other words, the calculated disparity d and the

vaw error & are related to each other by addition or subtrac-

tion in the equation. In other words, the ideal disparity D is

expressed by adding (or subtracting) the vyaw error £ to or from

the calculated disparity d. This inventive approach is accu-
rate because of the small angle approximation: the yaw angle g
is very small, such that sin e~g. An example of an unaccepta-

ble error ¢ is 0.05 degrees.

In order to improve the accuracy in the yaw error estimation,
the number of equations used in the set of equations is pref-
erably larger than the unknown variables, preferably by a fac-
tor of at least 1.5, more preferably by a factor of at least
2, even more preferably by a factor of at least 3. Preferably
the number of equations used in the set is at least three,
preferably at least five, more preferably at least ten. Gener-
ally speaking, the higher the number of equations used, the

higher the precision of the unknown variables determined.

Preferably, the set of equations is based on the assumption of

an essentially constant ego vehicle speed v, simplifying the
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equations for the yaw error calculation and thus reducing the
computational effort. In particular, the above mentioned cur-
rent distance x to the particular detected object as obtained
from vehicle kinematics can be simply expressed by the equa-
tion x = (t0 - t) . v, where t{0 is the (unknown) time when the
particular detected object is at x = 0, i.e. on the straight
line connecting the imaging devices, t is the frame time of
the current time frame, such that t0 - t is the time to colli-
sion TTC, and the kinematic variable v is the ego vehicle
speed, 1i.e. the longitudinal speed of the ego vehicle, gener-
ally relative to the particular detected object, or in case of
a stationary detected object, is the absolute ego vehicle

speed (relative to ground).

Summarizing the above, a practically preferred general form of

equation to be used in the yaw error estimation is

(t0 - t) - (d+¢g) -~ £ b/ v=20

Preferably, the vision system 1is adapted to determine whether
a detected object is stationary or near-stationary, and to
discard a detected object which is not fulfilling this condi-
tion, i.e., which is moving. This can be done by determining
the speed of a detected object and discarding the object in
case 1t has non-zero speed, or a speed exceeding a predeter-
mined threshold. The speed of a detected object 1s preferably
estimated by a tracker in said processing device adapted to
track detected objects or object candidates over time. Other
ways of determining the speed of a detected object are possi-
ble. Also, other ways of determining whether a detected object
is stationary or near-stationary are possible, for example by
using a classifier in the image processing of detected ob-

jects, and only taking account of classified objects which are
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known to be stationary, like poles, traffic signs, lamp posts,

trees, zebra crossings, dashed lane markings etc.

In the case of a stationary detected object, the above men-
tioned condition of an essentially constant ego vehicle speed
relative to the detected object reduces to an essentially con-
stant absolute ego vehicle speed (relative to ground). Conse-
quently, the vision system is preferably adapted to determine
whether the ego vehicle speed is essentially constant, and to
discard in said yaw error estimation image frames not ful-
filling this condition. The condition of essentially constant
ego vehicle speed can be easily evaluated for example by moni-
toring the ego vehicle speed available on a vehicle data bus,
namely the ego vehicle speed measured by an angular velocity
sensor arranged in a measuring relationship to a rotating part
in the powertrain of the ego vehicle, like the crankshaft,
which velocity is proportional to the wheel speed and is dis-
played by the cockpit speedometer. Other ways of evaluating
the condition of an essentially constant ego vehicle speed are
possible, for example by monitoring the more exact speed value
provided by a satellite navigation system (GPS) receiver of
the motor vehicle; or by evaluating the signal from a longitu-

dinal acceleration sensor, which should be zero or near-zero.

As mentioned above, the kinematic variable may in particular
be the longitudinal vehicle speed. However, the kinematic var-
iable may also be for example the integrated longitudinal ve-
hicle speed, or the longitudinal acceleration of the ego vehi-
cle. In case of longitudinal vehicle speed, there are differ-
ent ways of handling the speed variable in the set of equa-
tions. In a preferred embodiment, the speed variable v is re-
garded as known, i.e. the ego vehicle speed v provided by a

speed sensor and/or a satellite navigation system receiver of
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the motor vehicle is inserted into the equations. This has the
advantage that by reducing the number of unknown variables by
one, the accuracy in the determination of the other unknown
variables, including the yaw error, can be improved. On the
other hand, the speed variable v may be regarded as un-known,
and the ego vehicle speed v can be derived by solving the set
of equations by using the non-linear equation solver method,
just in the same manner as deriving other unknowns such as the
intrinsic yaw error. In this application, the invention deliv-
ers an ego vehicle speed value independent of the speed value
related to the wheel speed and displayed by the cockpit speed-
ometer, which may be used for calibrating the ego vehicle

speed.

Preferably, the set of equations is based on the assumption of
the ego vehicle essentially moves straight. This allows for
simplification of the eguations, and for using the vehicle
speed as the longitudinal velocity in the equations, since the
lateral speed component is zero cor near zero. In this regard,
the vision system preferably is adapted to monitor a condition
of an essentially straight moving ego vehicle, and to discard
image frames not fulfilling said condition. Herein, the condi-
tion of an essentially straight moving ego vehicle can be mon-
itored on the basis of a signal from a yaw rate sensor and/or

a steering wheel angle sensor of the motor vehicle.

In the following the invention shall be illustrated on the ba-
sis of preferred embodiments with reference to the accompany-

ing drawings, wherein:

Fig. 1 shows a vision system for a motor vehicle according

to an embodiment of the invention.
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The vision system 10 is mounted in a motor vehicle and com-
prises an imaging apparatus 11 for acquiring images of a re-
gicon surrounding the motor vehicle, for example a region in
front of the motor vehicle. The imaging apparatus 11 comprises
a plurality of optical imaging devices 12, in particular cam-
eras, forming a stereo imaging apparatus 11 and operating in
the visible and/or infrared wavelength range, where infrared
covers near IR with wavelengths below 5 microns and/or far IR

with wavelengths beyond 5 microns.

The imaging apparatus 11 is coupled to a data processing de-
vice 14 adapted to process the image data received from the
imaging apparatus 11. The data processing device 14 may com-
prise a pre-processing section 13 adapted to control the cap-
ture of images by the imaging apparatus 11, receive the signal
containing the image information from the imaging apparatus
11, rectify or warp pairs of left/right images into alignment
and/or create disparity or depth images, which per se is known
in the art. The image pre-processing section 13 may be real-
ized by a dedicated hardware circuit, for example a Field Pro-
grammable Gate Array (FPGA) or an Application Specific Inte-
grated Circuit (ASIC). Alternatively the pre-processing sec-
tion 13, or part of its functions, can be realized by software
in a microprocessor or in a System-On-Chip (SoC) device com-
prising, for example, FPGA, DSP, ARM and/or microprocessor

functionality.

Further image and data processing carried out in the pro-
cessing device 14 by corresponding software advantageously
comprises identifying and preferably also classifying possible
objects in front of the motor vehicle, such as pedestrians,
other vehicles, bicyclists and/or large animals, by a classi-

fier, tracking over time the position of object candidates



10

15

20

25

30

WO 2017/207669 PCT/EP2017/063229

identified in the captured images by a tracker, and activating
or controlling at least one driver assistance device 18 de-
pending on an estimation performed with respect to a tracked
object, for example an estimated collision probability. The
driver assistance device 18 may in particular comprise a dis-
play device to display information relating to a detected ob-
ject. However, the invention is not limited to a display de-
vice. The driver assistance device 18 may in addition or al-
ternatively comprise a warning device adapted to provide a
collision warning to the driver by suitable optical, acousti-
cal and/or haptic warning signals; one or more restraint sys-
tems such as occupant airbags or safety belt tensioners, pe-
destrian airbags, hood lifters and the like; and/or dynamic
vehicle control systems such as brake or steering control de-

vices.

The data processing device 14 is preferably a digital device
which is programmed or programmable and preferably comprises a
microprocessor, micro-controller, digital signal processor
(DSP) or a System-On-Chip (SoC) device. The data processing
device 14, pre-processing section 13 and the memory device 25
are preferably realised in an on-board electronic control unit
(ECU) and may be connected to the imaging apparatus 11 via a
separate cable or a vehicle data bus. In another embodiment
the ECU and one or more of the imaging devices 12 can be inte-
grated into a single unit, where a one box solution including
the ECU and all imaging devices 12 can be preferred. All steps
from imaging, image pre-processing, 1image processing to possi-
ble activation or control of driver assistance device 18 are
performed automatically and continuously during driving in

real time.
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The processing device 14 has access to information obtained
from other vehicle sensors 19, like velocity sensor 21, vyaw
rate sensor 22, steering wheel sensor 23 etc. in the motor ve-
hicle via a digital data bus 20, for example a CAN bus. The
velocity sensor 21 may be an angular velocity sensor arranged
in a measuring relationship to a rotating part in the power-
train of the ego vehicle, like the crankshaft or driveshaft,
between the transmission and the wheels. The yaw rate sensor
22 may for example be an acceleration sensor measuring the

lateral acceleration of the vehicle.

In the following, the invention is described by way of example
as shown in Figure 1, namely through detecting and tracking a
pole 30 in the images captured by the imaging system 11. The
pole 30 is detected by an object detection section and tracked
by a tracker in the image processing device 14. It may be as-
sumed that the pole 30 is detected in time frame tyx and found
in subsequent in the images corresponding to subsequent time
frames ty+1, tk+z, ... For each frame, the corresponding dispar-
ity dk, dk+1, dx+2, .. is calculated in the processing means 14 in
the usual manner as the baseline distance in pixels between
the detected object, here the pole 30, in the left and right

stereo images.

The vision system permanently monitors the ego vehicle speed
provided by the vehicle speed sensor 21. It shall be assumed
that the vehicle moves with constant velocity on the road 40.
Furthermore, the processing device 14 determines that the ve-
hicle is moving straight on the road, based on the signal from
the yaw rate sensor 22, or alternatively from the steering
wheel sensor 23. Based on information from the tracker in the
image processing section of the data processing device, the

pole 30 1is correctly estimated to be stationary. Since all
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conditions are met, therefore, the object 30 in the time
frames ty, tk+1, tk+2, .. is regarded admissible by the processing
device 14. The processing device 14 then sets up the following

set of equations for the pole 30:

(t0 — tx) + (de + 8) - £ - b/ v =20
(t0 - tys1) +» (dxksr +8) - £ - b/ v =20
(t0 = Tys2) » (dys2 + 8) - £ b / v =20

etc., where it is understood that at least three equations is
sufficient to estimate a value of the yaw angle error, and
preferably more than three equations, for example at least ten
equations, are used in order to achieve a sufficient accuracy
in the yaw error estimation. It can be seen that all equations
have the same form, and differ in the value of the frame time

t and the disparity d, only.

In the above equations, the values for tx, tk+i, Lx+2, .. and the
corresponding disparity values dyx, dx+1, dx+z, .. for the pole 30
are inserted, together with the known values for f, b and v.
This gives a set of equations with two unknowns, namely the
collision time t0 (where the pole is on a line connecting the
camera devices 12) and the yaw error g. The set of equations
forms a non-linear least squares problem and may be easily
solved for t0 and € using a non-linear equation solver method

like the Gauss-Newton algorithm,

The yaw angle error € calculated from a single other object,
here the pole 30, could be further filtered over time to im-
prove the accuracy. Also a suited average of g values over a

plurality of other objects could be formed.
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The resulting value of & has been found to be a sufficiently
accurate measure of the yaw angle error, which can be advanta-
geously used in a yaw angle error calibration during driving

of the motor vehicle.

Constant ego vehicle speed is not a strict requirement for re-

alizing the invention. For example, an alternative to the

equation x=(t0-t)-v used above would be the equation

Xi = O - ftiov(t)dt

letting the ego vehicle speed v(t) be variable, where i is a
frame index and o is a multiplicative error of the vehicle
speed. The error of the vehicle speed can be regarded multi-
plicative as the speed can be expressed as wheel-radius = o -
wheel-radius(set) and v = a - v(wheel-speed). It may also be

possible to set a=1 in the above equation.

As mentioned above, the invention allows to estimate £ - b /

v. Therefore, if f and b are known, v and o can be estimated.

: . , to ,
Also, if v, or an integrated v, i.e. [. v(t)dt, is known from

ti
other sources, like a satellite navigation receiver, f could
be regarded unknown and thereby estimated online. On the other
hand, if f is considered known, baseline b, which slightly

varies over temperature, can be estimated.
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Claims:

Vision system (10) for a motor vehicle, comprising a ste-
reo imaging apparatus (11) with imaging devices ({12)
adapted to capture images from a surrounding of the motor
vehicle, and a processing device (14) adapted to process
images captured by said imaging devices (12) and to de-
tect objects, and track detected objects over several
time frames, in the captured images, characterized in
that said processing device (14) is adapted to obtain an
estimated value for the intrinsic yaw error of the imag-
ing devices (12) by sclving a set of equations, belonging
to one particular detected object (30), using a non-lin-
ear equation solver method, where each equation corre-
sponds to one time frame and relates a frame time, a dis-
parity value of the particular detected object, an in-
trinsic yaw error and a kinematic variable of the ego ve-

hicle.

Vision system as claimed in claim 1, characterized in that
the kinematic variable of the ego vehicle is the wvehicle

speed.

Vision system as claimed in any one of the preceding
claims, characterized in that the set of equations is
based on the assumption of an essentially constant ego

vehicle speed.

Vision system as claimed in any one of the preceding
claims, characterized in that said vision system (10) is

adapted to determine whether the ego vehicle speed is es-
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10.

sentially constant, and to discard in said yaw error es-

timation image frames not fulfilling this condition.

Vision system as claimed in any one of the preceding
claims, characterized in that said vision system (10) is
adapted to determine whether a detected object is sta-
tionary or near-stationary, and to discard in said yaw
error estimation a detected object not being stationary

or near-stationary.

Vision system as claimed in claim 5, characterized in that
said vision system (10) is adapted to determine the speed
of a detected object, in particular by using a tracker in
said processing device (14) adapted to track detected ob-

jects over time.

Vision system as claimed in any one of the preceding
claims, characterized in that said vision system (10) in-
serts into said set of equations the known ego vehicle

speed available on a data bus (20) of the motor vehicle.

Vision system as claimed in any one of the preceding
claims, characterized in that the ego vehicle speed is
derived by solving said set of equations by using said

non-linear equation solver method.

Vision system as claimed in any one of the preceding
claims, characterized in that the set of equations is
based on the assumption of the ego vehicle essentially

moves straight.

Vision system as claimed in any one of the preceding

claims, characterized in that said vision system (10) is
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11.

12.

13.

14.

15.

adapted to determine whether the ego vehicle essentially
moves straight, and to discard image frames not fulfil-

ling this condition.

Vision system as claimed in claim 10, characterized in
that whether the ego vehicle essentially moves straight
is determined on the basis of a signal from a yaw rate
sensor (22) and/or a steering wheel angle sensor (23) of

the motor vehicle.

Vision system as claimed in any one of the preceding
claims, characterized in that the set of eguations ful-
fills one or more of the following properties:

- all equations have the same form;

- all equations are obtained by equalizing the current
distance to the particular detected object (30) as ob-
tained from vehicle kinematics, to the current distance
as obtained from the disparity wvalue;

- the yaw error 1is expressed as a shift to the disparity

value.

Vision system as claimed in any one of the preceding
claims, characterized in that the estimated value for the
intrinsic yvaw error 1s used for calibrating the yaw angle

between the imaging devices (12).

Vision system as claimed in any one of the preceding
claims, characterized in that at least three, preferably
at least five equations are used in said set of equa-

tions.

Vision method for a motor vehicle, comprising capturing

images from a surrounding of the motor vehicle using a
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stereo imaging apparatus (1l1) with stereo imaging devices
(12), processing images captured by said imaging devices
(12), detecting objects, and tracking detected objects
over several time frames, in the captured images, charac-
terized by obtaining an estimated value for the intrinsic
yaw error of the imaging devices (12) by solving a set of
equations, belonging to one particular detected object
(30), using a non-linear equation solver method, where
each equation corresponds to one time frame and relates a
frame time, a disparity value of the particular detected

object, an intrinsic yaw error and a kinematic variable

of the ego vehicle.
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