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1
METHOD OF AUTOMATIC SENSOR POSE
ESTIMATION

BACKGROUND OF THE INVENTION
1. Field of the Invention

This invention relates generally to object detection sen-
sors on vehicles and, more particularly, to a method for
automatically determining an object sensor’s pose—includ-
ing its position and mounting angle on a host vehicle—by
using vehicle dynamics data and detected static object data
in a recursive calculation.

2. Discussion of the Related Art

Many modern vehicles include object detection sensors,
which are used to enable collision warning or avoidance and
other active safety applications. The object detection sensors
may use any of a number of detection technologies—
including short range or long range radar, cameras with
image processing, laser or LIDAR, and ultrasound, for
example. The object detection sensors detect vehicles and
other objects in the path of the host vehicle, and the
application software uses the object detection information to
issue warnings or take actions as appropriate.

In order for the application software to perform optimally,
the object detection sensors must be aligned properly with
the vehicle. For example, if a sensor detects an object that is
actually in the path of the host vehicle but, due to sensor
misalignment, the sensor determines that the object is
slightly to the left of the path of the host vehicle, this can
have significant consequences for the application software.
Similarly, an object sensor’s true position on the host vehicle
is also important in object detection calculations. Even if
there are multiple object detection sensors on a vehicle, it is
important that their positions and alignments are known, so
as to minimize or eliminate conflicting or inaccurate sensor
readings.

In many vehicles, the object detection sensors are inte-
grated directly into the front or rear fascia of the vehicle.
This type of installation is simple, effective, and aestheti-
cally pleasing, but it has the disadvantage that there is no
practical way to physically adjust the position or alignment
of'the sensors. Thus, if a sensor becomes misaligned with the
vehicle’s true heading, due to damage to the fascia or age-
and weather-related warping, there has traditionally been no
way to correct the misalignment, other than to replace the
entire fascia assembly containing the sensors. In other
situations, an object sensor may be placed on a vehicle
without an accurate determination of the sensor’s location
and orientation, thus leading to uncertainty in object detec-
tion calculations.

SUMMARY OF THE INVENTION

In accordance with the teachings of the present invention,
a method and sensor system are disclosed for automatically
determining object sensor position and alignment on a
vehicle. A radar sensor detects objects surrounding a host
vehicle in normal operation. Static objects are identified as
those objects with ground speed approximately equal to
zero. Vehicle dynamics sensors provide vehicle longitudinal
and lateral velocity and yaw rate data. Measurement data for
the static objects—including azimuth angle, range and range
rate relative to the sensor—along with the vehicle dynamics
data, are used in a recursive geometric calculation which
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converges on actual values of the radar sensor’s two-dimen-
sional position and azimuth alignment angle on the host
vehicle.

Additional features of the present invention will become
apparent from the following description and appended
claims, taken in conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a top-view illustration of a vehicle, including
several object detection sensors, vehicle dynamics sensors
and a processor for communicating therebetween;

FIG. 2 is a top-view illustration of a host vehicle with a
radar sensor detecting a static object and showing the
geometric relationships used in a calculation of the radar
sensor’s pose on the host vehicle;

FIG. 3 is a schematic diagram of a smart sensor which,
given vehicle dynamics data as input, can learn its pose on
the host vehicle; and

FIG. 4 is a flowchart diagram of a method for automatic
estimation of a radar sensor’s pose on the host vehicle.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The following discussion of the embodiments of the
invention directed to automatic object sensor pose estima-
tion is merely exemplary in nature, and is in no way intended
to limit the invention or its applications or uses.

Object detection sensors have become commonplace in
modern vehicles. Such sensors are used to detect objects
which are in or near a vehicle’s driving path—forward,
rearward or to the side. Many vehicles now integrate object
detection sensors into exterior body trim panels in a way that
precludes mechanical adjustment of the sensors. A method
and system are disclosed herein for automatically calibrating
sensor position and alignment in software, thus ensuring
accurate sensor readings with no need for mechanical adjust-
ment of the sensors.

FIG. 1 is a top-view illustration of a vehicle 10, including
several sensors which can be used for object detection, lane
keeping, and other active safety applications. The vehicle 10
includes a processor 12—which may be a dedicated object
detection processor, or a processor shared with other vehicle
systems and applications. The processor 12 is in communi-
cation with a vehicle dynamics module 20 and an object
detection module 30. The vehicle dynamics module 20
includes a plurality of vehicle dynamics sensors—such as
longitudinal and lateral accelerometers and a yaw rate
sensor—and receives data such as vehicle speed from a
communications bus. Using the vehicle dynamics sensors
and other available data, the vehicle dynamics module 20
continuously computes vehicle dynamics data—including,
at a minimum, vehicle longitudinal and lateral velocity, and
yaw rate.

The object detection module 30 communicates with one
or more object detection sensors. The vehicle 10 is shown
with a front center object sensor 32, a rear center object
sensor 34, front corner (L and R) object sensors 36 and rear
corner (L. and R) object sensors 38. The vehicle 10 may
include more or fewer object sensors—including additional
locations (not shown) such as left and right side sensors
(mounted in side view mirrors or door panels, for example).
Some or all of the object sensors 32-38 are commonly
integrated into a bumper fascia or other body panel of the



US 10,088,553 B2

3

vehicle 10. The functions of the object detection module 30
may be integrated with the processor 12.

The object sensors 32-38 may be used for detecting
objects which define lane or roadway boundaries—such as
curbs, guard rails and median walls. The object sensors
32-38 may also be used for detecting other static objects
surrounding the roadway—such as trees, light poles, mail
boxes and signs. In addition, the object sensors 32-38 are
used to detect moving objects in proximity to the vehicle
10—such as other vehicles, pedestrians, bicycles, wildlife,
etc. Many different types of object sensor technology are
used on modern vehicles—including radar, light detection
and ranging (LiDAR), ultrasound, etc. For the purposes of
the invention disclosed herein, the object sensors 32-38 can
be considered to be radar sensors or any other sensor
technology which provides both range and range rate of
target objects. The object sensors 32-38 may include long
range radar (LRR) and short range radar (SRR) sensors.

Control module, module, control, controller, control unit,
processor and similar terms mean any suitable one or
various combinations of one or more of Application Specific
Integrated Circuit(s) (ASIC), electronic circuit(s), central
processing unit(s) (preferably microprocessor(s)) and asso-
ciated memory and storage (read only, programmable read
only, random access, hard drive, etc.) executing one or more
software or firmware programs, combinatorial logic
circuit(s), input/output circuit(s) and devices, appropriate
signal conditioning and buffer circuitry, and other suitable
components to provide the described functionality. The
processor 12, the vehicle dynamics module 20 and the object
detection module 30—which may be separate devices or a
single device—are programmed with a set of computational
and control algorithms, including resident software program
instructions and calibrations stored in memory and executed
to provide the desired functions. The algorithms may be
executed during preset loop cycles, or in response to occur-
rence of an event. Algorithms are executed, such as by a
central processing unit, and are operable to monitor inputs
from sensing devices and other networked control modules,
execute diagnostic routines, and control operation of other
vehicle systems—such as steering, brakes, display and
warning devices, etc.

Regardless of how many object sensors are provided on
the vehicle 10, it is important that the pose (position and
azimuth orientation) of the sensors is accurately known.
Sensor position and orientation are important both for object
data used in lane keeping applications (such as curbs and
guard rails) and for object data used in collision avoidance
and other autonomous driving applications (such as other
vehicles). The invention discussed below provides a tech-
nique for automatically determining the position and orien-
tation of the object sensors 32-38 on the vehicle 10 using
data which is readily available.

FIG. 2 is a top-view illustration of a host vehicle 50 with
a left front radar sensor 70 detecting a static object 90 and
showing the geometric relationships used in a calculation of
the radar sensor’s pose on the host vehicle 50. The host
vehicle 50 is representative of the vehicle 10 of FIG. 1, and
the radar sensor 70 is representative of the left front object
sensor 36 of FIG. 1. The calculations discussed below,
relative to FIG. 2, are equally applicable to any of the object
sensors shown on the vehicle 10, or an object sensor located
at any position and orientation on the vehicle 50—including
straight forward, straight rearward, directly to the left or
right side, or at any vehicle corner.

The vehicle 50 has a center of gravity 52 and a local
coordinate system 54 designated as (X',Y"). The vehicle 50
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has a longitudinal velocity V,, denoted by reference numeral
56, and a lateral velocity V,, denoted by reference numeral
58. The vehicle 50 also has a yaw rate o as shown. The
values of V,, V,, and o are determined and provided by the
vehicle dynamics module 20 as described relative to FIG. 1.

The radar sensor 70 is located at a position (a,b) on the
host vehicle 50, where a is the longitudinal distance forward
of the center of gravity 52, designated by reference numeral
72, and b is the lateral distance to the left of the center of
gravity 52, designated by reference numeral 74. The radar
sensor 70 has a local coordinate system defined by X-axis 76
and Y-axis 78, where the radar sensor has an azimuth
orientation angle . defined as a counterclockwise rotation of
the radar sensor’s reference frame relative to the host
vehicle’s local coordinate system 54. All directional con-
ventions described here are as viewed from above.

Only static objects are used in the pose estimation calcu-
lations described below. This is because moving objects,
such as other vehicles, have a ground speed which is
unknown to the host vehicle 50, and may be changing. Of
course, the ground speed of any detected object may be
calculated using data from the radar sensor 70, but this
object velocity calculation adds extra variables into the
computation. By using only static objects, the number of
unknowns involved in the sensor pose estimation calcula-
tions is reduced such that the pose (a,b,ct) of the radar sensor
70 can be determined through recursive computations over
a number of measurement cycles.

Before performing the ongoing recursive pose estimation
calculation using each new set of sensor measurement data,
an object filtering step is performed to identify the set of
static objects. The absolute velocity or ground speed of any
object detected by the radar sensor 70 is calculated, using
measurement data from the radar sensor 70 and nominal
position and orientation values for the radar sensor 70, as
would be understood by those skilled in the art. Static
objects are identified as those objects having a ground speed
of'zero or very close to zero, and only these static objects are
used in the sensor pose estimation calculations. Although
only one static object 90 is shown in FIG. 2 and discussed
in the calculations below, it is to be understood that the
fidelity of the calculations is improved by using several
static objects as would commonly be present in many
driving scenarios.

The static object 90 has a position defined by a range r
(denoted by reference numeral 92) and an azimuth angle 6,
both of which are measured by the radar sensor 70. The
angle 0 is defined as the angle between the positive X-axis
of the radar sensor’s local coordinate system and the vector
from the radar sensor 70 to the static object 90, as shown.
The static object 90 also has a range rate (denoted by
reference numeral 94), which is also measured by the radar
sensor 70. The range rate t can be resolved into a pair of
orthogonal vectors 96 and 98, where the vector 96 is the
apparent longitudinal velocity of the static object 90 relative
to the host vehicle 50 and the vector 98 is the apparent lateral
velocity of the static object 90 relative to the host vehicle 50.

Using basic geometry and kinematics, the velocity vector
96 can be written as:

Vos=V—bo (6]

and the velocity vector 98 can be written as:

Vog= Vy+a(o

@

where all variables in Equations (1) and (2) have been
defined above.



US 10,088,553 B2

5

From the geometric relationships defined in Equations (1)
and (2), a pair of calculations can be performed recursively
upon arrival of each new set of sensor measurement data. In
the first calculation, the azimuth orientation angle o is
assumed to be known (from a default setting, or from a
previous cycle of the recursive calculation), and the position
values a and b are calculated. In the second calculation, the
position values a and b are assumed to be known (from a
default setting, or from a previous cycle of the recursive
calculation), and the azimuth orientation angle a is calcu-
lated. Over a period of time (nominally one minute to a few
minutes), with measurement data arriving several times per
second, these calculations converge to yield the actual
values of the sensor pose (a,b,a).

The first calculation, where the azimuth orientation angle
a is assumed to be known and the position values a and b
are calculated, can be set up as follows. Equations (1) and
(2) and their geometric relationship to the range rate vector
t yield the following:

—F=(V,~bw)-cos(0+a)+(V +aw)-sin(6+a) 3)
where all variables in Equation (3) have been defined above.
Equation (3) can be rewritten as:

)

7+ Vi rcos(@ + ) + V), -sin(f + @) = w[—sin(f + @) cos(d + )]

)

where all variables in Equation (4) have been defined above,
and only the position values a and b are unknown. Equation
(4) is advantageously written to separate the unknowns a and
b into a vector which can be obtained using regression
calculations over a number of measurement cycles.

To set up the regression calculation, it is helpful to define
the following:

®

Fp+ Ve-cos(f + @) + V,, -sin(6; + @)

where f, and 0, are values of range rate and azimuth angle of
the static object 90 for a sensor measurement cycle i, Y is a
vector of length n, and n is the number of sensor measure-
ment cycles used in the calculation. The value of n can be
chosen as appropriate to achieve convergence of the calcu-
lation, while not being so large as to make the computations
overly complex. The value of n may be in the thousands,
covering 10-20 minutes (more or less) of object sensor data,
and in one embodiment a value of n=6000 (10 minutes at 10
sensor measurements per second) was shown to yield good
results. The value of n is a configurable parameter which can
be selected to achieve the best results in a given implemen-
tation. The sensor measurements for each cycle i are stored
in a fixed-length buffer (of length n), such that the oldest
measurement cycle (the one that is, say, 10 minutes old)
drops out of the buffer when a new measurement cycle is
received.

Just as Equation (5) defines a vector for the left-hand side
of Equation (4), the right-hand side of Equation (4) can be
defined as:

—w sin(f; + @) w cos(f; + )

(6)
X =

and
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-continued
)

where 0, is again the value of the azimuth angle of the static
object 90 for a measurement cycle 1, and X is a matrix of'size
2xn, where the two columns of X are as shown in Equation
(6) and n is the number of sensor measurement cycles used
in the calculation.

Substituting Equations (5)-(7) into Equation (4) yields:

®)

Equation (8) can be iteratively solved in a regression
calculation using static object measurements over a period
of time. It should be remembered that, in Equation (8), all of
the data in X and Y are known values—a. is given, and all
other values come from sensor measurements or from
vehicle dynamics. Thus, only the vector [} containing the
position values a and b is unknown, and can be solved for.

The second calculation, where the position values a and b
are assumed to be known and the azimuth orientation angle
a is to be determined, can be set up as follows. First,
Equation (3) can be rewritten as:

Xp=¥

—i=[(V,~bw)cos 8+(V +aw)sin 0] cos a+
[-(V,—bw)sin 6+(V,+aw)cos 6] sin o

©

To {facilitate solving for the orientation angle a, the
following definitions can be established:

(Vy —bw) cos 8 + —(Vy —bw) sin 6 +

(Vy +aw) cos 6;

10

(Vy, —aw) sin 6;
A=

(V, —bw) cos 8, + —(V,—bw) sin 6, +

(Vy —aw) sin 6, (Vy +aw) cos 6,

[cos w} (11
x=| .
sin

(12

Substituting Equations (10)-(12) into Equation (9), the x
vector can be solved through quadratic constrained least
squares as follows:

min,||4x—c|P

(13)
subject to the constraint:

llvl=1 (14)

In the same manner as described above, A and ¢ are
populated with known values at each sensor measurement
cycle, and the recursive least squares calculation converges
on the value of x, yielding the azimuth orientation angle a.

The pose estimation techniques described above have
been implemented on vehicles, tested in real world driving
conditions, and demonstrated to be effective. These tests
included purposely changing the azimuth orientation angle
a by several degrees, driving the vehicle, and observing the
calculations converge on the correct value of the new
orientation angle a.. Similarly, radar sensors were positioned
at corner locations on a vehicle (front and rear, left and
right), where actual values of a and b were on the order of
1-2 meters, but the initial default values of a and b were set
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equal to zero. Again, through normal driving, the calcula-
tions converged on the correct values of the sensor position
(a,b).

The tests described above demonstrate that the disclosed
sensor pose estimation technique can not only adaptively
learn of any change in position and orientation, but the
technique can also be used to automatically learn a sensor’s
position and orientation following vehicle assembly or
repair, with no extra measurement or calibration steps
required. And again, it is emphasized that these pose esti-
mation calculations are performed using vehicle and object
data that is already available. Furthermore, although the
sensor measurement buffer may be sized for statistical
robustness to contain (for example) 10 minutes’ worth of
measurement data, the tests demonstrated convergence on
the actual pose (a,b,at) in just 3-4 minutes, even when the
actual pose was dramatically different than the initial default
values.

FIG. 3 is a schematic diagram of a smart sensor 100
which, given vehicle dynamics data as input, can automati-
cally and continuously estimate its pose on the vehicle 10 or
the host vehicle 50. The smart sensor 100 includes a sensor
measurement core 102, which transmits radar signals and
receives radar returns to identify objects in the host vehicle’s
vicinity. The smart sensor 100 also includes a mounting pose
estimator 104, which automatically and continuously com-
putes the mounting pose (a,b,c) of the smart sensor 100. The
mounting pose estimator 104 uses static object data from the
sensor measurement core 102, along with vehicle dynamics
data, in the sensor pose calculations—as described in detail
above. The vehicle dynamics data is provided to the smart
sensor 100 on line 112 from a module 110, which may be the
vehicle dynamics module 20 shown on FIG. 1 and discussed
previously.

The measurement core 102 provides object azimuth angle
(0), range (r) and range rate () on line 106—for each
detected object—which are corrected to the actual sensor
pose. In this way, the smart sensor 100 delivers automati-
cally calibrated object data, without requiring any re-pro-
gramming of a central object detection module such as the
object detection module 30. The smart sensor also outputs,
on line 108, the sensor’s mounting pose parameters (a,b,
a)—for use in any other required calculations, reports or
advisories. For example, the pose parameters may be com-
pared to nominal ranges for each sensor, and out-of-range
values may result in a driver notification or service advisory.

The smart sensor 100 of FIG. 3 is one embodiment of the
disclosed invention. Another embodiment of the disclosed
invention is as shown in FIG. 1, where the processor 12 or
the object detection module 30 automatically and continu-
ously estimates the pose of all of the sensors 32-38 on the
vehicle 10. It should be clear, to one skilled in the art, how
the processor 12 or the object detection module 30 can
calculate each sensor’s pose based on the available data
from the vehicle dynamics module 20 and each sensor’s
measurement of static objects, using the techniques
described in detail above.

FIG. 4 is a flowchart diagram 200 of a method for
automatic estimation of a radar sensor’s pose on a host
vehicle. The method of the flowchart diagram could be
programmed as an algorithm on the processor 12 or the
object detection module 30 (and applied to all of the
vehicle’s radar sensors), or programmed in the mounting
pose estimator 104 of the smart sensor 100.
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Table 1 is provided as a key associated with the flowchart
diagram 200 described with reference to FIG. 4, wherein the
numerically labeled boxes and the corresponding functions
are set forth as follows.

TABLE 1

BOX # BOX DESCRIPTION/FUNCTION

202 Start

204 Has new object sensor measurement data arrived?

206 Provide vehicle longitudinal and lateral velocities and yaw rate
208 Identify static objects from object data

210 Learn sensor’s mounting position values (a, b)

212 Learn sensor’s azimuth orientation angle (c)

214 Recalculate location of objects detected by the sensor

The method begins at start box 202. At decision diamond
204, it is determined whether new object sensor measure-
ment data has arrived. If not, the process loops back above
the decision diamond 204 and waits until new data arrival.
When new object sensor data arrives, at box 206 the
vehicle’s velocities (longitudinal V, and lateral V) and yaw
rate w are provided. As discussed above, V,, V and w are
calculated by the vehicle dynamics module 20 based on data
provided by the vehicle dynamics sensors and other vehicle
state data available on a communications bus.

At box 208, object data from the radar sensor 70 of FIG.
2 (or the sensors 32-38 of FIG. 1) is acquired, and static
objects are determined based on a zero or near-zero ground
speed. An object ground speed substantially equal to zero,
indicative of a static object, is defined as a ground speed
below a threshold, such as 0.05 meters/second. At box 210,
the sensor’s mounting position values (a,b) are estimated
using the recursive learning calculations of Equations (5)-
(8). At box 212, the sensor’s azimuth orientation angle (ct)
is estimated using the recursive learning calculations of
Equations (10)-(14). At box 214, the updated values of the
sensor’s pose (a,b,a) are stored for usage in the next
iteration of the recursive calculation, and the sensor position
and orientation values are also used to recalculate the
location of objects detected by the sensor (misalignment
compensation). Sensor pose values which are significantly
outside of expected ranges may also be flagged as a diag-
nostic trouble code (DTC), communicated to the driver as an
alert, transmitted via a telematics system to a repair facility
for follow-up, etc.

Following the sensor pose data storage and misalignment
compensation at the box 214, the method returns to the
decision diamond 204 to await the next sensor data arrival.
As discussed in detail previously, the method of the flow-
chart diagram 200 runs continuously during vehicle opera-
tion, producing ever more refined values of each sensor’s
pose. Even if vehicle damage causes a sudden change in
sensor position and/or orientation, or if a new sensor is
installed with default pose values, the recursive calculation
technique will converge on accurate sensor position and
orientation values within just a few minutes of vehicle
operation, thus ensuring the accuracy of object detection
data used in downstream applications.

The automatic sensor pose estimation method described
herein provides a simple and effective way to determine the
position and alignment of object detection sensors, including
those which have no means of physical adjustment, thus
improving the performance of applications which use the
sensor data. The pose estimation technique also avoids the
expensive replacement of an otherwise usable fascia com-
ponent in the event of fascia damage resulting in sensor
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displacement, and avoids the need for a vehicle service visit
to reposition or recalibrate sensors which have been dis-
placed.

The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One
skilled in the art will readily recognize from such discussion
and from the accompanying drawings and claims that vari-
ous changes, modifications and variations can be made
therein without departing from the spirit and scope of the
invention as defined in the following claims.

What is claimed is:
1. A method for estimating a pose of an object detection
sensor on a host vehicle, said method comprising:
providing vehicle dynamics data from a vehicle dynamics
module on the host vehicle to a processor, where the
vehicle dynamics data includes a longitudinal velocity,
a lateral velocity and a yaw rate of the host vehicle;

providing object data from an object sensor to the pro-
cessor, where the object data includes a range, a range
rate and an azimuth angle of each detected object
relative to the object sensor;

identifying, using the processor, static objects from the

object data;
calculating, using the processor, a longitudinal position
and a lateral position of the object sensor on the host
vehicle based on a recursive calculation using position
and motion of the static objects relative to the object
sensor;
calculating an azimuth orientation of the object sensor on
the host vehicle based on a recursive calculation using
position and motion of the static objects relative to the
object sensor, including using an equation defining the
range rate of each static object in terms of a longitu-
dinal component and a lateral component, writing the
equation in a form which isolates the sine and cosine of
the azimuth orientation of the sensor in an unknown
vector, and solving for the unknown vector in a qua-
dratic constrained least squares calculation using static
object measurements over a period of time; and

compensating for the calculated position and azimuth
orientation of the object sensor before using the object
data in other applications on the host vehicle.

2. The method of claim 1 wherein the static objects are
identified as detected objects with a ground speed substan-
tially equal to zero, where a substantially zero ground speed
is defined as a ground speed below a predetermined thresh-
old.

3. The method of claim 1 wherein calculating a longitu-
dinal position and a lateral position of the object sensor
includes using an equation defining the range rate of each
static object in terms of a longitudinal component and a
lateral component, writing the equation in a form which
isolates the longitudinal position and the lateral position of
the sensor in an unknown vector, and solving for the
unknown vector in a regression calculation using static
object measurements over a period of time.

4. The method of claim 3 wherein the equation is:

—F=(V,~bw)-cos(0+a)+(V +aw)-sin(6+a)

where i is the range rate of the static object, V_ is the
longitudinal velocity of the host vehicle, V,, is the lateral
velocity of the host vehicle, m is the yaw rate of the host
vehicle, 0 is the azimuth angle of the static object, o is the
azimuth orientation of the sensor on the host vehicle, a is the
longitudinal position of the sensor on the host vehicle and b
is the lateral position of the sensor on the host vehicle.
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5. The method of claim 1 wherein the equation is:

—i=[(V,~bw)cos 6+(V, +am)sin 6] cos a+[-(V,—bw)
sin 6+(V +aw)cos 6] sin a
where i is the range rate of the static object, V. is the
longitudinal velocity of the host vehicle, V,, is the lateral
velocity of the host vehicle, m is the yaw rate of the host
vehicle, 0 is the azimuth angle of the static object, o is the
azimuth orientation of the sensor on the host vehicle, a is the
longitudinal position of the sensor on the host vehicle and b
is the lateral position of the sensor on the host vehicle.

6. The method of claim 1 wherein the object sensor is a
short-range or long-range radar sensor.

7. The method of claim 1 further comprising providing a
notification to a vehicle driver or a service center if the
calculated position or azimuth orientation of the object
sensor is outside of an acceptable pose range.

8. A system for estimating a pose of an object detection
sensor on a host vehicle, said system comprising:

a vehicle dynamics module which receives data from a
plurality of vehicle dynamics sensors and a vehicle data
bus, said vehicle dynamics model providing vehicle
dynamics data for the host vehicle;

one or more object sensors mounted to the host vehicle,
where the object sensors detect objects in a vicinity
around the host vehicle; and

a processor in communication with the vehicle dynamics
module and the one or more object sensors, said
processor being configured to learn a position and
azimuth orientation of the one or more object sensors
on the host vehicle using a calculation based on posi-
tion and motion of static objects detected by the object
sensors and the vehicle dynamics data, wherein the
processor is configured with an algorithm performing,
for each of the one or more object sensors, steps of:

receiving the vehicle dynamics data from the vehicle
dynamics module, where the vehicle dynamics data
includes a longitudinal velocity, a lateral velocity and a
yaw rate of the host vehicle;

receiving object data from the object sensor, where the
object data includes a range, a range rate and an
azimuth angle of each detected object relative to the
object sensor;

identifying static objects from the object data;

calculating a longitudinal position and a lateral position of
the object sensor on the host vehicle based on a
recursive calculation using position and motion of the
static objects relative to the object sensor;

calculating an azimuth orientation of the object sensor on
the host vehicle based on a recursive calculation using
position and motion of the static objects relative to the
object sensor, including using an equation defining the
range rate of each static object in terms of a longitu-
dinal component and a lateral component, writing the
equation in a form which isolates the sine and cosine of
the azimuth orientation of the sensor in an unknown
vector, and solving for the unknown vector in a qua-
dratic constrained least squares calculation using static
object measurements over a period of time; and

compensating for the learned position and azimuth ori-
entation of the object sensor before using the object
data in other applications on the host vehicle.

9. The system of claim 8 wherein the static objects are
identified as detected objects with a ground speed substan-
tially equal to zero, where a substantially zero ground speed
is defined as a ground speed below a predetermined thresh-
old.
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10. The system of claim 8 wherein calculating a longitu-
dinal position and a lateral position of the object sensor
includes using an equation defining the range rate of each
static object in terms of a longitudinal component and a
lateral component, writing the equation in a form which
isolates the longitudinal position and the lateral position of
the sensor in an unknown vector, and solving for the
unknown vector in a regression calculation using static
object measurements over a period of time.

11. The system of claim 10 wherein the equation is:

—#=(V,~bw)-cos(0+a)+(V +aw)-sin(6+a)

where i is the range rate of the static object, V. is the
longitudinal velocity of the host vehicle, V, is the lateral
velocity of the host vehicle, m is the yaw rate of the host
vehicle, 0 is the azimuth angle of the static object, o is the
azimuth orientation of the sensor on the host vehicle, a is the
longitudinal position of the sensor on the host vehicle and b
is the lateral position of the sensor on the host vehicle.
12. The system of claim 8 wherein the equation is:

—i=[(V,=bw)cos 6+(V +am)sin 6] cos a+[-(V,—bw)
sin 6+(V,+aw)cos 6] sin o
where i is the range rate of the static object, V. is the
longitudinal velocity of the host vehicle, V, is the lateral
velocity of the host vehicle, m is the yaw rate of the host
vehicle, 0 is the azimuth angle of the static object, o is the
azimuth orientation of the sensor on the host vehicle, a is the
longitudinal position of the sensor on the host vehicle and b
is the lateral position of the sensor on the host vehicle.
13. The system of claim 8 wherein the one or more object
sensors are short-range or long-range radar sensors.
14. A smart sensor which continuously learns its pose on
a host vehicle while detecting objects, said smart sensor
comprising:
a measurement core including a radar transceiver which
detects objects in a vicinity around the host vehicle; and
a mounting pose estimator including a processor in com-
munication with the measurement core and a vehicle
dynamics module on the host vehicle, said processor
being configured to learn a position and azimuth ori-
entation of the smart sensor on the host vehicle using a
calculation based on position and motion of static
objects detected by the measurement core and vehicle
dynamics data from the vehicle dynamics module,
wherein the processor is configured with an algorithm
performing steps of:
receiving the vehicle dynamics data from the vehicle
dynamics module, where the vehicle dynamics data
includes a longitudinal velocity, a lateral velocity and a
yaw rate of the host vehicle;
receiving object data from the measurement core, where
the object data includes a range, a range rate and an
azimuth angle of each detected object relative to the
smart sensor;
identifying static objects from the object data;
calculating a longitudinal position and a lateral position of
the smart sensor on the host vehicle based on a recur-
sive calculation using position and motion of the static
objects relative to the smart sensor;
calculating an azimuth orientation of the smart sensor on
the host vehicle based on a recursive calculation using
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position and motion of the static objects relative to the
smart sensor, including using an equation defining the
range rate of each static object in terms of a longitu-
dinal component and a lateral component, writing the
equation in a form which isolates the sine and cosine of
the azimuth orientation of the smart sensor in an
unknown vector, and solving for the unknown vector in
a quadratic constrained least squares calculation using
static object measurements over a period of time; and
compensating for the learned position and azimuth ori-
entation of the smart sensor before providing the object
data for use in other applications on the host vehicle.
15. The smart sensor of claim 14 wherein calculating a
longitudinal position and a lateral position of the smart
sensor includes using an equation defining the range rate of
each static object in terms of a longitudinal component and
a lateral component, writing the equation in a form which
isolates the longitudinal position and the lateral position of
the smart sensor in an unknown vector, and solving for the
unknown vector in a regression calculation using static
object measurements over a period of time.
16. A method for estimating a pose of an object detection
sensor on a host vehicle, said method comprising:
providing vehicle dynamics data from a vehicle dynamics
module on the host vehicle to a processor, where the
vehicle dynamics data includes a longitudinal velocity,
a lateral velocity and a yaw rate of the host vehicle;
providing object data from an object sensor to the pro-
cessor, where the object data includes a range, a range
rate and an azimuth angle of each detected object
relative to the object sensor;
identifying, using the processor, static objects from the
object data;
calculating, using the processor, a longitudinal position
and a lateral position of the object sensor on the host
vehicle based on a recursive calculation using position
and motion of the static objects relative to the object
sensor, including using an equation defining the range
rate of each static object in terms of a longitudinal
component and a lateral component, writing the equa-
tion in a form which isolates the longitudinal position
and the lateral position of the sensor in an unknown
vector, and solving for the unknown vector in a regres-
sion calculation using static object measurements over
a period of time, wherein the equation is:

—F=(V,~bw)-cos(0+a)+(V +aw)-sin(6+a)

where i is the range rate of the static object, V. is the
longitudinal velocity of the host vehicle, V, is the lateral
velocity of the host vehicle, m is the yaw rate of the host
vehicle, 0 is the azimuth angle of the static object, o is the
azimuth orientation of the sensor on the host vehicle, a is the
longitudinal position of the sensor on the host vehicle and b
is the lateral position of the sensor on the host vehicle;
calculating an azimuth orientation of the object sensor on
the host vehicle based on a recursive calculation using
position and motion of the static objects relative to the
object sensor; and
compensating for the calculated position and azimuth
orientation of the object sensor before using the object
data in other applications on the host vehicle.
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