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AUTOMATIC EXTRINSIC CALIBRATION AND CALIBRATION VALIDATION OF
DIFFERENT SENSOR MODALITIES, E.G CAMERA, RADAR AND LIDAR SENSORS

TECHNICAL FIELD

The present invention relates to a method for calibrating a first and a second sensor of a vehicle

and a calibration unit for calibrating a first and a second sensor of a vehicle.

The present invention also relates to a computer-readable storage medium storing program

code, the program code comprising instructions for carrying out such a method.

BACKGROUND

Modern cars, both autonomous and non-autonomous, comprise an increasing number of sen-
sors of different modalities. These sensors need to be calibrated. For example, an intrinsic cal-
ibration of a camera comprises determining a set of parameters for a camera projection model
that relates 2D image points to 3D scene points, where optimal parameters correspond to min-
imal reprojection error. If there are sensors of more than one modality, an extrinsic calibration
is required. Extrinsic calibration can involve determining parameters that match points from

one sensor to the corresponding points of another sensor.

SUMMARY OF THE INVENTION

The objective of the present invention is to provide a method for calibrating a first and a second
sensor of a vehicle and a calibration unit for calibrating a first and a second sensor of a vehicle,

which overcome one or more of the above-mentioned problems of the prior art.

A first aspect of the invention provides a method for calibrating a first and a second sensor of

a vehicle, the method comprising:

- obtaining first data from the first sensor and second data from the second sensor,

- filtering at least the second data based on positions of data points of the second data,
and

- determining one or more parameters of a calibration between the first and the second

sensor based on the first data and the filtered second data.

The method of the first aspect has the advantage that the calibration is performed based on the

filtered second data. The filtering can be performed such that clearly irrelevant points are
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filtered out and the calibration is performed on those points that have not been filtered out.
Thus, a probability of an erroneous calibration can be reduced and an overall reliability of the

calibration is improved.

The first and/or second sensor can comprise a camera. Obtaining first and/or second data can

comprise obtaining first and/or second images.

As will be outlined further below, it is understood that in addition to the first and second sen-

sor, the method can calibrate additional sensors at the same time.

Filtering at least the second data means that optionally also, the first data can be filtered. Fil-
tering at least the second data can comprise that datapoints of the second data that have posi-
tions that fall in certain one or more regions, e.g. one or more predetermined certain regions,
are filtered out, i.e., removed. For example, datapoints that have positions that are outside a
certain target region can be removed. The target region may depend on properties of the steer-

ing, e.g., the steering direction of the vehicle.

The calibration may comprise an alignment between the first and second sensor, e.g., the cali-
bration may comprise three parameters for translation and tree parameters for rotation be-

tween the coordinate system of the first sensor and the second sensor.

In a first implementation of the method according to the first aspect, the method further com-
prises using an a priori calibration to convert the first data and/or the second data into a com-

mon domain.

Using the a prior calibration has the advantage that a priori knowledge about the relative ori-
entation between the first and second sensor can be used as a starting point for determining
the final calibration between the first and the second sensor. For example, knowledge about a
mounting position of the first sensor relative to a mounting position of the second sensor can

be used to determine the a prior calibration.

In a further implementation of the method according to the first aspect, the method further
comprises a step of detecting first objects in the first data and/or detecting second objects in
the filtered second data and performing the determining of the one or more parameters based

on the first and/or second objects.

Performing the calibration based on detected objects has the advantage that even if the first

and second sensor use different modalities (which may result in different kinds of datapoints
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in the first and second data), accurate calibration can be performed — based on the detected

objects which may be fully corresponding in the first and second data.

In a further implementation of the method according to the first aspect, the determining the

one or more parameters is based on center points of the first and/or second objects.

For example, the first sensor may acquire many datapoints for a given object, whereas the sec-
ond sensor might require fewer datapoints for the same given object. However, from the data-
points on the first sensor and the datapoints of the second sensor, the same center points can

be determined.

In a further implementation of the method according to the first aspect, the first sensor and/or
the second sensor comprise one or more of a regular camera, a stereo camera, a radar, and a
lidar.

In other embodiments, the first and/or second sensor may comprise any further sensor mo-

dalities providing data proper for executing the method on.

In a further implementation of the method according to the first aspect, the one or more pa-
rameters of the calibration include yaw and pitch parameters, and the method further com-
prises filtering the second data based on a filter region that has a region width around a center
line from the sensor towards a distant point, wherein the distant point has a lateral and/or
vertical coordinate component that corresponds to the lateral and/or vertical coordinate com-

ponent of a position of the sensor.

In other words, in this implementation, the filter region can be rectangular region (seen from
above) in front of the vehicle. Experiments have shown that this region is particularly useful as
filter region. Filter region herein refers to that region where the datapoints are not filtered out,

i.e., where the datapoints are kept and used in the further calibration process.

Preferably, the region width is determined based on a predetermined table that assigns a pre-
determined width to a given pair of first and second sensor, and/or the region width is deter-

mined based on a position and/or an orientation of the sensor.

In a further implementation of the method according to the first aspect, a position of the dis-

tant point in the coordinates of a reference sensor is determined as:

prefﬁsensor =T pcalfsensor ’

prefﬁsensor = Kreffsensor T pcalfsensor ’
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- prefﬁsensor =T K(?allfsensor pcalfsensor ’ and

_ -1
Pref sensor = Kref,sensor T Kcal,sensor Pcal sensor »

wherein pe sensor 1 @ position of the distant point in coordinates of a calibration sensor,
Pref sensor 1S the position of the distant point in the reference sensor’s coordinates, T is a ma-
trix transforming between the coordinate systems of the calibration sensor and the reference

sensor, and K and K are the respective camera matrix transformations.

cal_sensor ref sensor

K and Kief sensor €an be identity matrices. In general, the used matrix depends on the

cal_sensor

used type of sensor.

In a further implementation of the method according to the first aspect, the one or more pa-
rameters of the calibration include at least one roll parameter, and the method further com-
prises filtering the second data based on a filtering region that has a fixed width around a center
line from the sensor towards a distant point that in coordinates of the sensor is laterally shifted

from the sensor position by a lateral shift.

In a further implementation of the method according to the first aspect, the filtering the second
data comprises filtering based on a filtering region, wherein the filtering region is adjusted

based on an angle of a steering direction of the vehicle.

In a further implementation of the method according to the first aspect, the determining a
lateral location of the filtering region comprises evaluating a sinus of an angle of the steering
direction, wherein preferably the evaluating comprises multiplying the sinus of the angle of the
steering direction with a sensitivity constant, preferably further multiplying with a constant

proportional to a focal length of a camera sensor.

In a further implementation of the method according to the first aspect, the method is carried
out repeatedly, using a plurality of candidate a priori calibrations between the first and second
sensor, and wherein preferably, the method comprises an additional step of choosing a pre-

ferred a priori calibration from the plurality of candidate a priori calibrations.

In a further implementation of the method according to the first aspect, the determining the
one or more parameters of the calibration between the first sensor and the second sensor com-
prises:

- determining a pairing between points in the first data and points in the second data,

and
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- determining the one or more parameters such that an error between paired points is

minimized.

In a further implementation of the method according to the first aspect, the calibrating the first
and the second sensor further comprises calibrating a third sensor with the first and the second
sensor, and the determining one or more parameter of the calibration comprises minimizing
an error of point pairs between the first and second sensor, point pairs between the second and

third sensor, and point pairs between the third and first sensor.

Preferably, the minimizing of the error of the point pairs comprises minimizing a weighted

sum of the errors of the point pairs of the sensor pairs.

In a further implementation of the method according to the first aspect, the method further
comprises validating the a priori calibration, wherein the validating comprises comparing the
one or more parameters of the determined calibration with one or more corresponding param-
eters of an a priori calibration and validating the calibration if a difference between the deter-

mined calibration and the a priori calibration is smaller than a predetermined threshold.

In a further implementation of the method according to the first aspect, the validating com-

prises, for each of a plurality of sensors, which comprise the first and the second sensor:

- determining first center points of detected objects as projected onto coordinates of an-
other sensor of the plurality of sensors using the parameters of the determined calibra-
tion,

- determining second center points of detected objects as projected onto coordinates of
the other sensor of the plurality of sensors using parameters of the a priori calibration,
and

- determining a distance between the first and the second center points,
wherein preferably, the calibration between the sensor and the other sensor of the plu-

rality of sensors is validated if the distance is smaller than a predetermined threshold.

A second aspect of the invention provides a calibration system for calibrating a first and a sec-

ond sensor of a vehicle, the calibration unit comprising:

- an obtaining unit for obtaining first data from a first sensor and second data from the
second sensor,

- a filtering unit for filtering at least the second data based on positions of data points of
the second data, and

- a determining unit for determining one or more parameters of a calibration between

the first and the second sensor based on the first data and the filtered second data
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The calibration unit can be a calibration system.

A further aspect of the invention refers to a computer-readable storage medium storing pro-
gram code, the program code comprising instructions that when executed by a processor carry

out the method of the second aspect or one of the implementations of the first aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

To illustrate the technical features of embodiments of the present invention more clearly, the
accompanying drawings provided for describing the embodiments are introduced briefly in
the following. The accompanying drawings in the following description are merely some em-
bodiments of the present invention, modifications on these embodiments are possible with-

out departing from the scope of the present invention as defined in the claims.

FIG. 1 is a schematic illustration of vehicles that are detected as objects in front of a

car in accordance with an embodiment of the present invention,

FIG. 2A is a schematicillustration of a car and the view regions of its two sensors (a radar

and a camera) in accordance with an embodiment of the present invention,

Fig. 2B is a schematic illustration of a car, the view region of a sensor of the car and the
base filter area, as well as the shifted filter area based on a steering angle of the

car, in accordance with an embodiment of the present invention, and

FIGs. 3A and 3B are a flow chart of a method in accordance with an embodiment of the pre-

sent invention.

DETAILED DESCRIPTION OF EMBODIMENTS

The foregoing descriptions are only implementation manners of the present invention, the
scope of the present invention is not limited to this. Any variations or replacements can be
easily made through the person skilled in the art. Therefore, the protection scope of the present

invention should be subject to the protection scope of the attached claims.
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From the perspective of autonomous driving, multiple sensors, for example multiple cameras,
are important for improving road safety. However, processing the data of multiple sensors on
a vehicle requires both an accurate intrinsic calibration for each camera and an accurate ex-
trinsic calibration. An accurate intrinsic calibration of a camera can comprise of an optimal set
of parameters for a camera projection model that relates 2D image points to 3D scene points;
these optimal parameters correspond to minimal reprojection error. In the following, we refer
instead to the task of extrinsic calibration. An accurate extrinsic calibration may correspond to
accurate camera poses with respect to a reference frame on the vehicle. Accurate calibration
allows feature points from one sensor to be reprojected into another sensor with low reprojec-

tion errors.

During an automatic extrinsic calibration process, in the following just referred to as calibra-

tion, the following data may be used:

e Regular camera frames (2D) or the depth image created from stereo cameras (3D).

e Radar point cloud (2D/3D)

e Lidar point cloud (3D)

e The sensor to be calibrated may provide additional data, e.g., the velocity, intensity,
cross-section size and/or confidence of detections. These may be used for aiding the
calibration process.

e For sensors implementing tracking, these tracks can be further utilized for aiding the
calibration process. (The tracks may also exhibit further properties, like physical size,

confidence, stc.)

An important step before calibration is the pairing of above detections between sensors. If the
format of said detections varies between any sensor pair, first, they are converted to the same
domain — practically to a domain supporting their pairing. These common domains and the

corresponding conversions may be one or more of:

e Regular camera frame + point cloud: The points of the cloud are projected onto the
image space of the camera.

e Point cloud + point cloud with tracking information: On the regular point cloud, object
detection is executed. These objects can then be paired with the tracks.

e Point cloud + point cloud: Object detection based, analog to the previous point. Also
note, that since the density of these point clouds may differ greatly, the one-to-one pair-

ing of them may not be an option.
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A lidar device may detect tens of thousands of points with each measurement, while a radar
device may detect only ten to a hundred points with each of its measurements, making the one-

to-one pairing of such data cumbersome.

EXAMPLE OF HANDLING INPUTS

In a first embodiment, each detected object is represented with a single point. For calibrating

a single camera and a single radar device, the following can be done:

For processing the camera frames, different (state-of-the-art) image processing and/or object
detection methods may be used. For this example, let the detected objects be the cars visible
on the camera frame. Then, we may use a neural network trained for detecting these objects,

providing their positions in image-space.

For processing the radar frames, we may use several methods, just like for the camera frames.
For example, using the relative velocities provided by most radars, we can select which objects
are moving and which are stationary. Furthermore, the point cloud can be clustered (several
algorithms exist for this purpose), then the center points of the objects found this way can be

easily set.

FIG. 1 shows how a sensor 100, e.g., a camera, sees a street 120 with vehicles 122, 124, and 126

in front of the vehicle (not shown), which carries the sensor 100.

The method may be implemented differently when using different sensors: Using a radar de-
vice capable of tracking objects, the clustering step may be eliminated, since we get the re-
quired positions from the device itself. Using e.g. a lidar instead of the camera, one can cluster

its point cloud just like that of the radar.

Generally, for each of the detected objects, here the vehicles 122, 124, 126, bounding boxes 132,

134, 136 and center points of the bounding boxes 132, 134, 136 can be identified.

In FIG. 1, the crosses 142, 144, 146 in the cars are indicate the centers of the objects detected
on the camera frames using a neural network. The circles 152, 154, 156 indicate the centers of
the clusters detected on the radar frames projected onto the image. As can be seen in FIG. 1,
the centers 142, 144, 146 of the objects detected on the camera frame are not fully aligned with

the centers of the clusters detected on the radar frames.
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PAIRING OF DATA

An important aspect of the described calibration method is the way the data is paired. This may
already be a daunting task, since e.g. the a priori calibration used for transforming the data of
the paired sensors onto the same domain may be highly corrupted. For this step, a method is

required that can work on all possible combinations of sensor pairings.

A trivial way of pairing is selecting the closest (spatially, using some norm) points among the
sensors. This method, however, is highly prone to error, necessitating the use of more sophis-

ticated ones. Beyond this point, the literature does not provide any further guidance.

Using some filtering methods, enough points can be eliminated, so that the chances for acquir-
ing an incorrect pairing is minimal. The filtering is:
o Easy — We only have to work with one point per detected object (its center point). The
filtering of these data e.g. by their position requires small computational capacity.

o Robust — It can be implemented on all sensors

It is understood that e.g. both the data from a first sensor and the data from a second sensor
can be filtered and in that case different filtering rules can be applied to the data from the
different sensors. At least one of the applied filtering methods is based on a position of the
data, i.e., the decision which datapoint to keep and which datapoint to filter out is based on a

position of the datapoint in the data.

The a priori calibration may contain significant errors. A goal of the presented method includes
the elimination of these errors. If no or just minimal error is present, the distances of the point
pairs is minimal, thus the result of the calibration will be highly similar to the a priori. Thus,

the method can also be used for the validation of existing calibration parameters.

The selection of the sensor pairs can be done by either the user or the software. The pair may
be any combination of the camera, radar and lidar devices present, provided they share a com-

mon view region.

Generally: For calibrating the yaw and pitch of a sensor, the center of its view region shall be
selected. For calibrating the roll of a sensor, the perimeter of its view region shall be selected.
Also, for the second sensor the selected view region depends on the first sensor’s view region
and the a priori calibration (e.g. one sensor may look forward and the other may look side-

ways).
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For the calibration of yaw and pitch, the following steps may be utilized:

Selecting a virtual point (Peal sensor) in front of the sensor: Longitudinally to X meters from the
sensor. (In our case, X=50.) Laterally and vertically the point’s position does not differ from

that of the sensor. (The point is defined in the coordinates of the sensor.)

Selecting the width of the filtered region can be done by using a pre-defined list, containing
each sensor. (In our case, the widths were around 3-4 meters, which is equal to the width of a
road lane.)
» The values of this list are up to the user to define. They shall be chosen keeping in
mind the position and orientation of the sensors, the possible environments, and the
objects to be detected.

= The list shall contain all possible combinations of sensor pairs.

Knowing the width of the filtered region and setting its center to the virtual point previously
defined (Pcal sensor), the region is well defined. This region can be transformed between the sen-
sors using their a priori calibration. (e.g. let T be the matrix transforming between the sensors’
coordinate systems. Also let’s assume, that one of the sensors is a camera — in this case, we also
have to apply a K camera matrix transformation, projecting the 3D points onto image-space.

Using these, the following can be written: Pref sensor= (K *) T * Peal_sensor-

For the calibration of roll, the utilized steps are the same as before, except for the position of
the virtual point — its lateral distance is not zero, rather a value with which objects on the pe-
rimeter region of the view region can be optimally selected. For a forward-looking radar this
value can been chosen as Y = +/- x meters, with x between 3 and 12 meters, preferably between
4 and 8 meters. These values have shown to be beneficial since they correspond about to the

right and left road lanes.

FIG. 2A is a schematic illustration of a car 200 and the view regions of its two sensors (a radar
210 and a camera 220). Specifically, the radar 210 has a view region 212 and the camera 220
has a view region 222, which partially overlaps with the view region 212 of the radar. A left
boundary 234a and a right boundary 234b of the base filter region 240 are defined as lines that
are parallel to a center line (not shown in FIG. 2B) that is defined by longitudinal middle of the
car. In horizontal direction, these boundaries 234a, 234b have an equal distance to the center

line.
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The method’s execution may depend on the a priori calibration minimally, provided one of the
paired sensors greatly differs from the direction the vehicle travels, while the other’s is well
aligned with this traveling direction. The error of the a priori calibration is realized as an error
in the projected filtered region. This dependency on the a priori calibration can be loosened by
several methods:
o If the first result is not ideal, executing the method iteratively will lead to a better solu-
tion.
o Executing the filtering several times, with differently modified a priori calibrations can
compensate for its error. (With increasing the number of said filtering executions, the
execution time also increases, though since the filtering algorithm is lightweight (see be-

fore), the whole process will still remain lightweight.)

The selected filtering region may also be modified based on the steering wheel angle. This may
further increase the success of pairing, since on a curved road, the other cars may not be in the
filtered region if it is not modified when steering. The filtered region can be modified as:
o In case of 3D detections: Ynew = Yo + sin(steering angle) * X * ¢ (Here, c is a preset con-
stant, modifying the sensitivity of the effect of steering.)
o Incase of image-space detections: Ynew = Yold + sin(steering angle) * X * ¢ * f, / resx (Here,

f. is the focal length of the camera, resy is the width of the camera in pixels.)

FIG. 2B is a schematic illustration of the car 200, the view region 234 of a sensor 230 of the
car and a base filter area 240 as well as a shifted filter area 242 based on a steering angle of the
car. Specifically, it can be seen that the base filter area 240, which corresponds to the filter area

when the car is driving straight, has boundaries 234a, 234b.

When the car is steering to the left, the filter region is also shifted to the left, thus obtaining a
new filter region 242, with boundaries 236a, 236b that are shifted to the left from the bound-

aries 234a, 234b of the base filter region.

In one embodiment, the shift of the boundaries is proportional to a steering angle or a sine of
the steering angle or another function of the steering angle. The width of the shifted filter re-
gion may be the same as the width of the base filter region or in other embodiments it may also

vary based on a function of the steering angle.

As can be seen in FIG. 2B the left-shifting of the filter region has the advantage that the filter
region is shifted in the direction that the vehicle is steering to. Thus, it is more likely that a lead

car 202 falls in the filter region. Even though the filtering significantly reduces the number of
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datapoints that fall in the overlap of the filter region and the view region, it is very likely that

the lead car falls into this overlap.

In other words, in one embodiment, the car driving in front of the vehicle that carries the sen-
sor is out of the center region as seen on the radar frames, if this region is not offset by the
steering angle. Thus, using the steering angle for modifying the filtered area makes the data

collection shorter, while not changing the results’ quality.

As can be seen in FIG. 2B, the filter region typically only partially overlaps with the view region

232 of the sensor.

COMPUTING THE RESULTS

For finding the extrinsic calibration of the sensors in question, we compute the transformation,
for which the error between the paired points is minimal. A good choice for achieving this is
using optimization — it can minimize the error between the paired points iteratively, arriving

at a state of transformation that represent the real extrinsic calibration well enough.

The method of point pairing described before is fast and robust, plus it can be used in case of
any of the mentioned sensor types. Furthermore, thanks to the method of point pairing, it is
also possible to calibrate together more than two sensors at the same time, further increasing
the stability of the method. This is also referred to as bundle adjustment. A possible formaliza-
tion of it for our case is as follows. Let there be three sensors (A, B and C). Using regular opti-
mization, only the error between the point pairs of e.g. the sensor pair A-B would be minimized.
By using bundle adjustment, we can minimize the error between the point pairs of e.g. the

sensor pairs A-B, A-C and B-C at the same time, which results in a better overall result.

Analogously for FIG. 1: On the figure, we can see the detected objects on the camera frame
marked as small crosses, the detected objects on the radar frame marked as circles. Addition-
ally, there can in practice be further points (not shown in FIG. 1), representing the detected
objects on the lidar frame. The bundle adjustment minimizes the errors between the points
pairs of all possible sensor combinations at the same time, thus decreasing the overall error

efficiently.

During bundle adjustment, the error metrics between any two sensor pairing may differ. Such

decisions are up to the user to decide.
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Using bundle adjustment is not a must for implementing the method, regular optimization or
any other method achieving the same goals could be proper for solving the problem. In a pre-

ferred embodiment bundle adjustment is used for its apparent advantages and its prevalence.

VALIDATION

The base of the validation is the calibration process described above. If the calibration of the
sensors gives the same (or nearly the same) extrinsic parameters as the a priori calibration, the

a priori calibration is deemed still valid.

Although it may seem straightforward at this point, the trivial comparing of the a priori and
resulting calibrations’ extrinsic parameters is often not the best solution. Instead, the following
may be preferred: For each sensor calibrated to another, we compute the center points of its
detections as projected onto the other sensor’s space — using both the a priori and the resulting
extrinsic parameters just found. The error between these points and their pairs is then com-
puted, for both the a priori and the resulting cases. This could already been found during the
first and last steps of the optimization. The metric used for computing the error can be used
freely and is up to the user to decide. These errors are compared e.g. by taking their ratio and

setting it against some threshold.

Repeating this method in an ongoing manner, we can achieve a continuous validation process

of the extrinsic parameters of said sensors.

Before validation is possible, the a priori calibration is obtained, using the above-described

calibration.

FIGs. 3A and 3B are a further detailed flow chart of a method for initializing 300, collecting
data 310, calculating 320 results, and validating 340 the original parameters, also referred to

as a priori parameters.
In detail, the initialisation 300 comprises the following steps:
In a first step 302 original extrinsic parameters are initialised. This may involve determining

an a priori calibration based on other sources, e.g. information about the location of the sen-

SOrs.
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Then, in step 304 one or more sensors to be calibrated are selected and the sensor pairing is
determined. In step 306, a basic filter area is calculated. This basic filter area may be based on
yaw-pitch and roll. Subsequently, in the 308 three proposed filter areas are determined and
the following steps of collecting data and calculating results are performed separately for these
three proposed filter areas. Determining the proposed filter areas may comprise determining
one or more parameters of the proposed filter areas, but it is understood that further parame-

ters may be adjusted during data acquisition.

In an embodiment, the width and the center line of the filter area (which may be shifted later

with a steering direction of the vehicle) are determined during these steps.

In a preferred embodiment, the center line is known on the sensor which should be calibrated,
however, it is unknown on the reference sensor. Thus, the center line has to be transformed
into the reference sensor’s coordinate system. Since this step (possibly) introduces errors, as
the exact extrinsic parameters are not known, the following optimization can be performed:
Multiple transformations with slightly different parameters are applied, e.g. based on different
approaches for determining the transformation parameters or based on introduced a (e.g. ran-
dom) variation to the parameters. Based on the multiple different transformations, multiple
filter areas may be determined and the one that yields best results may be used at the end of
the optimization.

The data collection 310 may be performed when the vehicle (or preferably a fleet of vehicles)
is travelling on roads for real-world data acquisition. It is, however, understood that the pre-
sented method may also be applied in a virtual scenario where a virtual vehicle is travelling

through a virtual world (and acquiring virtual data from a simulated environment).

The data collection 310 furthermore comprises the following steps:

Firstly, in step 312a, data for yaw-pitch calibration are collected. In parallel, in step 312b, data

for roll calibration are collected.

In steps 3144a, 314b filter areas are moved based on a current steering angle of the vehicle, on
which the one or more sensors are mounted. The filter areas of one or more or all sensors may
be moved based on the steering angle. In addition to the steering angle, additional information
such as a speed of the vehicle may be used to move or otherwise adjust the filter area(s).

In steps 316a, 316b corresponding pairs are identified in the filtered data.

The result calculation 320 comprises the following steps:
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First, for all three collected sets of data a cost function is evaluated and optimized in steps 322a,
322b and 322c. even after extensive optimization small errors remain and these remaining left-
over errors in steps 324a, 324b, 324c. Subsequently, in step 326, the errors can be compared

and the best result selected.

The original extrinsic parameters 302 and the final result of calibrated extrinsic parameters

330 can then be provided to the validation 340.

The validation 340 comprises the following steps:

The paired points are reprojected in step 342, and an error is calculated in step 344. Finally, a
validation metric is applied to evaluate whether the a priori parameters are correct. For exam-
ple, the a priori parameters may be considered as correct if error calculated in step 344 is
smaller than a predetermined threshold. Alternatively, the method may be performed for sev-
eral a priori parameters and those that yield the smallest calculated error are determined as

the correct parameters.
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Claims

A method for calibrating a first and a second sensor of a vehicle (122, 124, 126), the

method comprising:

- obtaining first data from the first sensor and second data from the second sen-
sor,

- filtering at least the second data based on positions of data points of the sec-
ond data, and

- determining one or more parameters (302, 330) of a calibration between the

first and the second sensor based on the first data and the filtered second data.

The method of claim 1, further comprising using an a priori calibration to convert the

first data and/or the second data into a common domain.

The method of claims 1 or 2, further comprising a step of detecting first objects in the
first data and/or detecting second objects in the filtered second data and performing
the determining of the one or more parameters (302, 330) based on the first and/or
second objects, preferably wherein the determining the one or more parameters (302,

330) is based on center points of the first and/or second objects.

The method of one of the previous claims, wherein the first sensor and/or the second
sensor comprise one or more of a regular camera, a stereo camera, a radar (210), a li-

dar.

The method of one of the previous claims, wherein the one or more parameters (302,
330) of the calibration include yaw and pitch parameters (302, 330), and the method
further comprises filtering the second data based on a filtering region that has a re-
gion width around a center line from the sensor (100, 230) towards a distant point,
wherein the distant point has a lateral and/or vertical coordinate component that cor-
responds to the lateral and/or vertical coordinate component of a position of the sen-

sor (100, 230).

The method of claim 5, wherein

- the region width is determined based on a predetermined table that assigns a
predetermined width to a given pair of first and second sensor, and/or

- the region width is determined based on a position and/or an orientation of

the sensor (100, 230).
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The method of claim 5 or 6, wherein a position of the distant point in the coordinates

of a reference sensor is determined as:

pref_sensor =T pcal_sensor ’
pref_sensor = Kref_sensor T pcal_sensor ’

- Pref sensor = T K;;l_sensor Pcal_sensor » and

_ -1
Pref sensor = Kref_sensor T Kcal_sensor Pcal_sensor »
wherein pey sensor 1S @ position of the distant point in coordinates of a calibration sen-
SOT, Pref sensor 15 the position of the distant point in the reference sensor’s coordinates,

T is a matrix transforming between the coordinate systems of the calibration sensor

and the reference sensor, and K and K are the respective camera ma-

cal_sensor ref sensor

trix transformations.

The method of one of the previous claims, wherein the one or more parameters (302,
330) of the calibration include at least one roll parameter, and the method further
comprises filtering the second data based on a filtering region that has a fixed width
around a center line from the sensor (100, 230) towards a distant point that in coordi-
nates of the sensor (100, 230) is laterally shifted from the sensor position by a lateral
shift.

The method of one of the previous claims, wherein the filtering the second data com-
prises filtering based on a filtering region, wherein the filtering region is adjusted
based on an angle of a steering direction of the vehicle (122, 124, 126), preferably
wherein the determining a lateral location of the filtering region comprises evaluating
a sinus of an angle of the steering direction, wherein preferably the evaluating com-
prises multiplying the sinus of the angle of the steering direction with a sensitivity
constant, preferably further multiplying with a constant proportional to a focal length

of a camera sensor.

The method of one of the previous claims, wherein the method is carried out repeat-
edly, using a plurality of candidate a priori calibrations between the first and second
sensor, and wherein preferably the method comprises an additional step of choosing a

preferred a priori calibration from the plurality of candidate a priori calibrations.

The method of one of the previous claims, wherein the determining the one or more
parameters (302, 330) of the calibration between the first sensor and the second sen-

sor comprises:
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- determining a pairing between points in the first data and points in the second
data, and

- determining the one or more parameters (302, 330) such that an error be-
tween paired points is minimized,

preferably wherein the calibrating the first and the second sensor further comprises

calibrating a third sensor with the first and the second sensor, and wherein the deter-

mining one or more parameter of the calibration comprises minimizing an error of

point pairs between the first and second sensor, point pairs between the second and

third sensor, and point pairs between the third and first sensor, wherein preferably

the minimizing of the error of the point pairs comprises minimizing a weighted sum

of the errors of the point pairs of the sensor pairs.

The method of one of the previous claims, further comprising validating (340) the de-
termined calibration, wherein the validating (340) comprises comparing the one or
more parameters (302, 330) of the determined calibration with one or more corre-
sponding parameters (302, 330) of an a priori calibration and validating (340) the a
priori calibration if a difference between the determined calibration and the a priori

calibration is smaller than a predetermined threshold.

The method of claim 12, wherein the validating (340) comprises, for each of a plural-

ity of sensors (100, 230), which comprise the first and the second sensor:

- determining first center points of detected objects as projected onto coordi-
nates of another sensor of the plurality of sensors (100, 230) using the param-
eters (302, 330) of the determined calibration,

- determining second center points of detected objects as projected onto coordi-
nates of the other sensor of the plurality of sensors using parameters of the a
priori calibration, and

- determining a distance between the first and the second center points,

wherein preferably the calibration between the sensor (100, 230) and the other sensor

of the plurality of sensors (100, 230) is validated if the distance is smaller than a pre-
determined threshold.

A calibration system for calibrating a first and a second sensor of a vehicle (122, 124,

126), the calibration unit comprising:

- an obtaining unit for obtaining first data from a first sensor and second data
from the second sensor,

- a filtering unit for filtering at least the second data based on positions of data

points of the second data, and
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- a determining unit for determining one or more parameters (302, 330) of a
calibration between the first and the second sensor based on the first data and

the filtered second data.
5 15 A computer-readable storage medium storing program code, the program code com-

prising instructions that when executed by a processor carry out the method of one of

claims 1to 13.

10
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