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TECHNICAL FIELD

[ 0002] The disclosure relates to the technical field of computers, and in particular to a sensor

calibration method and apparatus, an electronic device, and a storage medium.

BACKGROUND

[ 0003]Fusion of a laser radar and a camera is widely used in the fields such as three-
dimensional (3D) reconstruction in robot vision, autonomous navigation and positioning,
unmanned aerial vehicles (UAVSs), or the like. A single sensor has limitations, for example,
the camera is susceptible to illumination, blurry external environment, and the laser radar has
sparse data points, while the fusion of the laser radar and the camera may compensate for their
respective defects. In order to fuse information obtained by the laser radar and the camera, it
is essential to perform joint calibration between the laser radar and the camera. Mutual
transformation relationship between spatial coordinate systems of two sensors is determined
by calibration, so that information obtained by different sensors is fused under a unified

coordinate system.



SUMMARY
[ 0004] The disclosure proposes technical solutions for sensor calibration.

[ 0005] According to an aspect of the disclosure, there is provided a sensor calibration method,
including the following operations. Multiple scene images and multiple first point clouds of a
target scene where the intelligent device is located are acquired respectively by an image
sensor and a radar sensor disposed on an intelligent device. A second point cloud of the target
scene in a global coordinate system is constructed according to the multiple scene images. A
first distance error between the image sensor and the radar sensor is determined according to
first feature point sets of the first point clouds and a second feature point set of the second
point cloud. A second distance error of the radar sensor is determined according to multiple
first feature point sets. A reprojection error of the image sensor is determined according to a
first global position of the second feature point set in the global coordinate system and first
image positions of pixel points corresponding to the second feature point set in the scene
images. The radar sensor and the image sensor are calibrated according to the first distance
error, the second distance error and the reprojection error, to obtain a first calibration result of

the radar sensor and a second calibration result of the image sensor.

[ 0006]In a possible implementation, the method may further include the following operations.
Feature points are extracted from the multiple first point clouds respectively, to determine a
first feature point set of each of the multiple first point clouds. Feature points are extracted
from the second point cloud, to determine the second feature point set of the second point
cloud. The determining, according to first feature point sets of the first point clouds and the
second feature point set of the second point cloud, the first distance error between the image
sensor and the radar sensor may include the following operations. For any one set of the first
feature point sets, matched first feature point pairs are determined according to distances
between first feature points in the first feature point set and second feature points in the
second feature point set, each of the first feature point pairs includes a first feature point and a
second feature point. A first sub-error between the first feature point set and the second
feature point set is determined according to multiple matched first feature point pairs. The
first distance error between the image sensor and the radar sensor is determined according to

multiple first sub-errors.



[ 0007]In a possible implementation, the extracting feature points from the multiple first point
clouds respectively, to determine the first feature point set of each of the multiple first point
clouds may include the following operations. For any one of the first point clouds, a point
cloud sequence of the first point cloud is determined according to a relative position of each
of laser emission points of the radar sensor. Multiple first adjacent points corresponding to
any one of first data points in the first point cloud are determined according to the point cloud
sequence of the first point cloud. A curvature corresponding to the first data point is
determined according to a coordinate of the first data point and coordinates of the multiple
first adjacent points. The first feature point set in the first point cloud is determined according

to curvature of multiple first data points in the first point cloud.

[ 0008]In a possible implementation, the determining, according to curvature of the multiple
first data points in the first point cloud, the first feature point set in the first point cloud may
include the following operations. The multiple first data points are sorted according to the
curvature of the multiple first data points, to obtain a sorting result. n first data points in the
sorting result are selected in a descending order, as n edge points. Or, m first data points in the
sorting result are selected in an ascending order, as m plane points. n and m are positive

integers, and the first feature point set includes at least the edge points or the plane points.

[ 0009]In a possible implementation, the extracting feature points from the second point cloud,
to determine the second feature point set of the second point cloud may include the following
operations. For any one of second data points in the second point cloud, multiple second
adjacent points corresponding to the second data point are determined from the second point
cloud. A distance between the second data point and each of the second adjacent points is
determined respectively, according to a coordinate of the second data point and coordinates of
the multiple second adjacent points. The second data point is determined as the second feature
point in the second feature point set, in response to the distance between the second data point

and each of the second adjacent points being smaller than a first distance threshold.

[ 0010]In a possible implementation, the second feature point set may include multiple
second feature points, the method may further include the following operations. At least edge
points or plane points are determined from the multiple second feature points. The

determining at least edge points or plane points from the multiple second feature points may



include the following operations. For any one of the second feature points, a covariance
matrix of multiple second adjacent points corresponding to the second feature point is
determined, and the covariance matrix is decomposed to obtain a multi-dimensional feature
value. The second feature point is determined as the edge point, in response to a difference
between any one-dimensional feature value and each-dimensional feature value of the multi-

dimensional feature value exceeding a difference threshold.

[ 0011]In a possible implementation, the determining at least edge points or plane points from
the multiple second feature points may further include the following operations. For any one
of the second feature points, a plane equation is fitted according to the multiple second
adjacent points corresponding to the second feature point, and a normal vector of the plane
equation is determined. The second feature point is determined as the plane point, in response
to products of the multiple second adjacent points corresponding to the second feature point

and the normal vector falling within a threshold range.

[ 0012]In a possible implementation, the determining, for any one set of the first feature point
sets, matched first feature point pairs according to the distances between the first feature
points in the first feature point set and the second feature points in the second feature point set
may include the following operations. For any one set of the first feature point sets, distances
between the first feature points in the first feature point set and the second feature points in
the second feature point set is determined according to a pose transformation relationship
between the radar sensor and the image sensor and a coordinate transformation relationship
between a camera coordinate system of the image sensor and the global coordinate system.
The first feature point and the second feature point between which the distance is smaller than

a second distance threshold are determined as the matched first feature point pair.

[ 0013]In a possible implementation, the determining, for any one set of the first feature point
sets, the distances between the first feature points in the first feature point set and the second
feature points in the second feature point set according to the pose transformation relationship
between the radar sensor and the image sensor and the coordinate transformation relationship
between the camera coordinate system of the image sensor and the global coordinate system
may include the following operations. For any one set of the first feature point sets, first

positions of the first feature points in the first feature point set in the camera coordinate



system is determined according to the pose transformation relationship between the radar
sensor and the image sensor. Second positions of the second feature points in the second
feature point set under the camera coordinate system is determined according to the
coordinate transformation relationship between the camera coordinate system and the global
coordinate system. The distances between the first feature points in the first feature point set
and the second feature points in the second feature point set is determined according to the

first position and the second position.

[ 0014]In a possible implementation, the determining, for any one set of the first feature point
sets, the distances between the first feature points in the first feature point set and the second
feature points in the second feature point set according to the pose transformation relationship
between the radar sensor and the image sensor and the coordinate transformation relationship
between the camera coordinate system of the image sensor and the global coordinate system
may further include the following operations. For any one set of the first feature point sets,
second global positions of the first feature points in the first feature point set in the global
coordinate system is determined according to the pose transformation relationship between
the radar sensor and the image sensor and the coordinate transformation relationship between
the camera coordinate system and the global coordinate system. The distances between the
first feature points in the first feature point set and the second feature points in the second
feature point set is determined according to the second global positions and first global

positions of the second feature points in the second feature point set.

[ 0015]In a possible implementation, the first feature point pairs may include at least an edge
point pair or a plane point pair. The determining, according to the multiple matched first
feature point pairs, the first sub-error between the first feature point set and the second feature
point set may include the following operations. For any one of the first feature point pairs, a
first vertical distance from a second feature point in the first feature point pair to a straight
line where a first feature point in the first feature point pair is located, is determined in
response to the first feature point pair being the edge point pair. A second vertical distance
from a second feature point in the first feature point pair to a plane where a first feature point
in the first feature point pair is located, is determined in response to the first feature point pair
being the plane point pair. The first sub-error is determined according to at least multiple first

vertical distances or multiple second vertical distances.



[ 0016]In a possible implementation, the determining, according to the multiple first feature
point sets, the second distance error of the radar sensor may include the following operations.
Matched second feature point pairs are determined according to distances between third
feature points in a third feature point set and fourth feature points in a fourth feature point set,
the third feature point set and the fourth feature point set are any two of the first feature point
sets, and each of the second feature point pairs includes a third feature point and a fourth
feature point. A second sub-error between the third feature point set and the fourth feature
point set is determined according to multiple matched second feature point pairs. The second
distance error of the radar sensor is determined according to multiple second sub-errors.

[0017]In a possible implementation, the determining matched second feature point pairs
according to the distances between the third feature points in the third feature point set and the
fourth feature points in the fourth feature point set may include the following operations. The
distances between the third feature points in the third feature point set and the fourth feature
points in the fourth feature point set is determined according to a radar pose of the radar
sensor acquiring each of the first point clouds. The third feature point and the fourth feature
point between which the distance is smaller than a third distance threshold is determined as

the matched second feature point pair.

[ 0018]In a possible implementation, the determining, according to the radar pose of the radar
sensor acquiring each of the first point clouds, the distances between the third feature points
in the third feature point set and the fourth feature points in the fourth feature point set may
include the following operations. Third global positions of the third feature points in the third
feature point set in the global coordinate system and fourth global positions of the fourth
feature points in the fourth feature point set in the global coordinate system are determined
according to the radar pose of the radar sensor acquiring each of the first point clouds. The
distances between the third feature points in the third feature point set and the fourth feature
points in the fourth feature point set is determined according to the third global position and

the fourth global position.

[ 0019]In a possible implementation, the second feature point pairs may include at least an
edge point pair or a plane point pair. The determining, according to the multiple matched

second feature point pairs, the second sub-error between the third feature point set and the



fourth feature point set may include the following operations. For any one of the second
feature point pairs, a third vertical distance from a third feature point in the second feature
point pair to a straight line where a fourth feature point in the second feature point pair is
located, is determined in response to the second feature point pair being the edge point pair. A
fourth vertical distance from a third feature point in the second feature point pair to a plane
where a fourth feature point in the first feature point pair is located, is determined in response
to the second feature point pair being the plane point pair. The second sub-error is determined

according to at least multiple third vertical distances or multiple fourth vertical distances.

[ 0020]In a possible implementation, the determining the reprojection error of the image
sensor according to the first global position of the second feature point set in the global
coordinate system and the first image positions of pixel points corresponding to the second
feature point set in the multiple scene images may include the following operations. For any
one of the scene images, according to a first global position of any one of second feature
points in the second feature point set and camera parameters of the image sensor, a second
image position of the second feature point in the scene image is determined. A reprojection
sub-error corresponding to the scene image is determined according to second image positions
of multiple second feature points and first image positions of pixel points corresponding to the
multiple second feature points in the scene image. The reprojection error of the image sensor

is determined according to reprojection sub-errors corresponding to the multiple scene images.

[ 0021]In a possible implementation, the image sensor may include multiple image sensors
including a reference image sensor and at least one non-reference image sensor, and the
multiple scene images include multiple reference images acquired by the reference image
sensor and multiple non-reference images acquired by the non-reference image sensor. The
determining the reprojection error of the image sensor according to the first global position of
the second feature point set in the global coordinate system and the first image positions of
pixel points corresponding to the second feature point set in the multiple scene images may
include the following operations. For any one of non-reference images, according to a first
global position of any one of second feature points in the second feature point set, camera
parameters of the reference image sensor and a pose transformation relationship between the
non-reference image sensor and the reference image sensor, a third image position of the

second feature point in the non-reference image is determined. A reprojection sub-error



corresponding to the non-reference image is determined according to third image positions of
multiple second feature points and fourth image positions of pixel points corresponding to the
second feature points in the non-reference image. The reprojection error of the non-reference
image sensor is determined according to reprojection sub-errors corresponding to the multiple

non-reference images.

[ 0022]In a possible implementation, the calibrating the radar sensor and the image sensor
according to the first distance error, the second distance error and the reprojection error, to
obtain the first calibration result of the radar sensor and the second calibration result of the
image sensor may include the following operations. A radar pose of the radar sensor, camera
parameters of the image sensor and the second feature point set are optimized according to the
first distance error, the second distance error and the reprojection error. The sensor calibration
method is re-performed according to the optimized radar pose, optimized camera parameters
and optimized second feature point set, until the radar pose of the radar sensor and the camera
parameters of the image sensor are converged respectively, to obtain the first calibration result
of the radar sensor and the second calibration result of the image sensor, the first calibration
result includes the converged radar pose, and the second calibration result includes the

converged camera parameters.

[ 0023]In a possible implementation, the intelligent device may include any one of an
intelligent vehicle, an intelligent robot, or an intelligent robot arm; the radar sensor may
include any one of a laser radar or a millimeter wave radar; the image sensor may include at
least one of a monocular Red-Green-Blue (RGB) camera, a binocular RGB camera, a time-of-
flight (TOF) camera, or an infrared camera; and the camera parameters of the image sensor

may include camera internal parameters and camera poses.

[ 0024] According to an aspect of the disclosure, there is provided a sensor calibration
apparatus, including an acquisition module, a point cloud construction module, a first distance
error determination module, a second distance error determination module, a reprojection
error determination module, and a calibration module. The acquisition module is configured
to acquire, by an image sensor and a radar sensor disposed on an intelligent device, multiple
scene images and multiple first point clouds of a target scene where the intelligent device is

located, respectively. The point cloud construction module is configured to construct,



according to the multiple scene images, a second point cloud of the target scene in a global
coordinate system. The first distance error determination module is configured to determine,
according to first feature point sets of the first point clouds and a second feature point set of
the second point cloud, a first distance error between the image sensor and the radar sensor.
The second distance error determination module is configured to determine, according to
multiple first feature point sets, a second distance error of the radar sensor. The reprojection
error determination module is configured to determine a reprojection error of the image sensor
according to a first global position of the second feature point set in the global coordinate
system and first image positions of pixel points corresponding to the second feature point set
in the scene images. The calibration module is configured to calibrate the radar sensor and the
image sensor according to the first distance error, the second distance error and the
reprojection error, to obtain a first calibration result of the radar sensor and a second
calibration result of the image sensor.

[ 0025]In a possible implementation, the apparatus may further include a first feature
extraction module and a second feature extraction module. The first feature extraction module
is configured to extract feature points from the multiple first point clouds, respectively, to
determine a first feature point set of each of the multiple first point clouds. The second feature
extraction module is configured to extract feature points from the second point cloud, to
determine the second feature point set of the second point cloud. The first distance error
determination module may include a first matching sub-module, a first sub-error
determination sub-module and a first distance error determination sub-module. The first
matching sub-module is configured to determine, for any one set of the first feature point sets,
matched first feature point pairs according to distances between first feature points in the first
feature point set and second feature points in the second feature point set, each of the first
feature point pairs includes a first feature point and a second feature point. The first sub-error
determination sub-module is configured to determine, according to multiple matched first
feature point pairs, a first sub-error between the first feature point set and the second feature
point set. The first distance error determination sub-module is configured to determine,
according to multiple first sub-errors, the first distance error between the image sensor and the

radar sensor.

[ 0026]In a possible implementation, the first feature extraction module may include a point



cloud sequence determination sub-module, a first adjacent point determination sub-module, a
curvature determination sub-module and a first feature point set determination sub-module.
The point cloud sequence determination sub-module is configured to determine, for any one
of the first point clouds, a point cloud sequence of the first point cloud according to a relative
position of each of laser emission points of the radar sensor. The first adjacent point
determination sub-module is configured to determine, according to the point cloud sequence
of the first point cloud, multiple first adjacent points corresponding to any one of first data
points in the first point cloud. The curvature determination sub-module is configured to
determine, according to a coordinate of the first data point and coordinates of the multiple
first adjacent points, a curvature corresponding to the first data point. The first feature point
set determination sub-module is configured to determine, according to curvature of multiple

first data points in the first point cloud, the first feature point set in the first point cloud.

[ 0027]In a possible implementation, the determining, according to curvature of the multiple
first data points in the first point cloud, the first feature point set in the first point cloud may
include the following operations. The multiple first data points are sorted according to the
curvature of the multiple first data points, to obtain a sorting result. n first data points in the
sorting result are selected as n edge points, in a descending order. Or, m first data points in the
sorting result are selected as m plane points, in an ascending order. n and m are positive

integers, and the first feature point set includes at least the edge points or the plane points.

[ 0028]In a possible implementation, the second feature extraction module may include a
second adjacent point determination sub-module, a distance determination sub-module and a
second feature point set determination sub-module. The second adjacent point determination
sub-module is configured to determine, for any one of second data points in the second point
cloud, multiple second adjacent points corresponding to the second data point from the second
point cloud. The distance determination sub-module is configured to determine, according to
a coordinate of the second data point and coordinates of the multiple second adjacent points, a
distance between the second data point and each of the second adjacent points, respectively.
The second feature point set determination sub-module is configured to determine the second
data point as the second feature point in the second feature point set, in response to the
distance between the second data point and each of the second adjacent points being smaller

than a first distance threshold.
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[ 0029]In a possible implementation, the second feature point set may include multiple
second feature points, the apparatus may further include a feature point determination module,
the feature point determination module is configured to determine at least edge points or plane
points from the multiple second feature points. The determining at least edge points or plane
points from the multiple second feature points may include the following operations. For any
one of the second feature points, a covariance matrix of multiple second adjacent points
corresponding to the second feature point is determined, and the covariance matrix is
decomposed to obtain a multi-dimensional feature value. The second feature point is
determined as the edge point, in response to a difference between any one-dimensional feature
value and each-dimensional feature value of the multi-dimensional feature value exceeding a

difference threshold.

[ 0030]In a possible implementation, the determining at least edge points or plane points from
the multiple second feature points may further may include the following operations. For any
one of the second feature points, a plane equation is fitted according to the multiple second
adjacent points corresponding to the second feature point, and a normal vector of the plane
equation is determined. The second feature point is determined as the plane point, in response
to products of the multiple second adjacent points corresponding to the second feature point

and the normal vector falling within a threshold range.

[ 0031]In a possible implementation, the determining, for any one set of the first feature point
sets, matched first feature point pairs according to the distances between the first feature
points in the first feature point set and the second feature points in the second feature point set
may include the following operations. For any one set of the first feature point sets, distances
between the first feature points in the first feature point set and the second feature points in
the second feature point set is determined according to a pose transformation relationship
between the radar sensor and the image sensor and a coordinate transformation relationship
between a camera coordinate system of the image sensor and the global coordinate system.
The first feature point and the second feature point between which the distance is smaller than

a second distance threshold are determined as the matched first feature point pair.

[ 0032]In a possible implementation, the determining, for any one set of the first feature point

sets, the distances between the first feature points in the first feature point set and the second
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feature points in the second feature point set according to the pose transformation relationship
between the radar sensor and the image sensor and the coordinate transformation relationship
between the camera coordinate system of the image sensor and the global coordinate system
may include the following operations. For any one set of the first feature point sets, first
positions of the first feature points in the first feature point set in the camera coordinate
system is determined according to the pose transformation relationship between the radar
sensor and the image sensor. Second positions of the second feature points in the second
feature point set under the camera coordinate system is determined according to the
coordinate transformation relationship between the camera coordinate system and the global
coordinate system. The distances between the first feature points in the first feature point set
and the second feature points in the second feature point set is determined according to the

first position and the second position.

[ 0033]In a possible implementation, the determining, for any one set of the first feature point
sets, the distances between the first feature points in the first feature point set and the second
feature points in the second feature point set according to the pose transformation relationship
between the radar sensor and the image sensor and the coordinate transformation relationship
between the camera coordinate system of the image sensor and the global coordinate system
may further include the following operations. For any one set of the first feature point sets,
second global positions of the first feature points in the first feature point set in the global
coordinate system is determined according to the pose transformation relationship between
the radar sensor and the image sensor and the coordinate transformation relationship between
the camera coordinate system and the global coordinate system. The distances between the
first feature points in the first feature point set and the second feature points in the second
feature point set is determined according to the second global positions and first global

positions of the second feature points in the second feature point set.

[ 0034]1In a possible implementation, the first feature point pairs may include at least an edge
point pair or a plane point pair. The determining, according to the multiple matched first
feature point pairs, the first sub-error between the first feature point set and the second feature
point set may include the following operations. For any one of the first feature point pairs, a
first vertical distance from a second feature point in the first feature point pair to a straight

line where a first feature point in the first feature point pair is located, is determined in
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response to the first feature point pair being the edge point pair. A second vertical distance
from a second feature point in the first feature point pair to a plane where a first feature point
in the first feature point pair is located, is determined in response to the first feature point pair
being the plane point pair. The first sub-error is determined according to at least multiple first

vertical distances or multiple second vertical distances.

[ 0035]In a possible implementation, the second distance error determination module may
include a second matching sub-module, a second sub-error determination sub-module and a
second distance error determination sub-module. The second matching sub-module is
configured to determine matched second feature point pairs according to distances between
third feature points in a third feature point set and fourth feature points in a fourth feature
point set, the third feature point set and the fourth feature point set are any two of the first
feature point sets, and each of the second feature point pairs includes a third feature point and
a fourth feature point. The second sub-error determination sub-module is configured to
determine, according to multiple matched second feature point pairs, a second sub-error
between the third feature point set and the fourth feature point set. The second distance error
determination sub-module is configured to determine, according to multiple second sub-errors,

the second distance error of the radar sensor.

[ 0036]In a possible implementation, the determining matched second feature point pairs
according to the distances between the third feature points in the third feature point set and the
fourth feature points in the fourth feature point set may include the following operations. The
distances between the third feature points in the third feature point set and the fourth feature
points in the fourth feature point set is determined according to a radar pose of the radar
sensor acquiring each of the first point clouds. The third feature point and the fourth feature
point between which the distance is smaller than a third distance threshold is determined as

the matched second feature point pair.

[ 0037]In a possible implementation, the determining, according to the radar pose of the radar
sensor acquiring each of the first point clouds, the distances between the third feature points
in the third feature point set and the fourth feature points in the fourth feature point set may
include the following operations. Third global positions of the third feature points in the third

feature point set in the global coordinate system and fourth global positions of the fourth
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feature points in the fourth feature point set in the global coordinate system are determined
according to the radar pose of the radar sensor acquiring each of the first point clouds. The
distances between the third feature points in the third feature point set and the fourth feature
points in the fourth feature point set is determined according to the third global position and
the fourth global position.

[ 0038]In a possible implementation, the second feature point pairs may include at least an
edge point pair or a plane point pair. The determining, according to the multiple matched
second feature point pairs, the second sub-error between the third feature point set and the
fourth feature point set may include the following operations. For any one of the second
feature point pairs, a third vertical distance from a third feature point in the second feature
point pair to a straight line where a fourth feature point in the second feature point pair is
located, is determined in response to the second feature point pair being the edge point pair. A
fourth vertical distance from a third feature point in the second feature point pair to a plane
where a fourth feature point in the first feature point pair is located, is determined in response
to the second feature point pair being the plane point pair. The second sub-error is determined

according to at least multiple third vertical distances or multiple fourth vertical distances.

[ 0039]In a possible implementation, the reprojection error determination module may include
an image position determination sub-module, a first reprojection sub-error determination sub-
module and a first reprojection error determination sub-module. The image position
determination sub-module is configured to for any one of the scene images, according to a
first global position of any one of second feature points in the second feature point set and
camera parameters of the image sensor, determine a second image position of the second
feature point in the scene image. The first reprojection sub-error determination sub-module is
configured to determine a reprojection sub-error corresponding to the scene image according
to second image positions of multiple second feature points and first image positions of pixel
points corresponding to the multiple second feature points in the scene image. The first
reprojection error determination sub-module is configured to determine, according to
reprojection sub-errors corresponding to the multiple scene images, the reprojection error of

the image sensor.

[ 0040]In a possible implementation, the image sensor may include multiple image sensors
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including a reference image sensor and at least one non-reference image sensor, and the
multiple scene images include multiple reference images acquired by the reference image
sensor and multiple non-reference images acquired by the non-reference image sensor. The
reprojection error determination module may include a non-reference image position
determination sub-module, a second reprojection sub-error determination sub-module and a
second reprojection error determination sub-module. The non-reference image position
determination sub-module is configured to for any one of non-reference images, according to
a first global position of any one of second feature points in the second feature point set,
camera parameters of the reference image sensor and a pose transformation relationship
between the non-reference image sensor and the reference image sensor, determine a third
image position of the second feature point in the non-reference image. The second
reprojection sub-error determination sub-module is configured to determine a reprojection
sub-error corresponding to the non-reference image according to third image positions of
multiple second feature points and fourth image positions of pixel points corresponding to the
second feature points in the non-reference image. The second reprojection error determination
sub-module is configured to determine, according to reprojection sub-errors corresponding to

the multiple non-reference images, the reprojection error of the non-reference image sensor.

[ 0041]In a possible implementation, the calibration module may include an optimization sub-
module and a calibration sub-module. The optimization sub-module is configured to optimize
a radar pose of the radar sensor, camera parameters of the image sensor and the second feature
point set according to the first distance error, the second distance error and the reprojection
error. The calibration sub-module is configured to re-perform the sensor calibration method
according to the optimized radar pose, optimized camera parameters and optimized second
feature point set, until the radar pose of the radar sensor and the camera parameters of the
image sensor are converged respectively, to obtain the first calibration result of the radar
sensor and the second calibration result of the image sensor, the first calibration result
includes the converged radar pose, and the second calibration result includes the converged

camera parameters.

[ 0042]In a possible implementation, the intelligent device may include any one of an
intelligent vehicle, an intelligent robot, or an intelligent robot arm; the radar sensor may

include any one of a laser radar or a millimeter wave radar; the image sensor may include at
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least one of a monocular RGB camera, a binocular RGB camera, a TOF camera, or an
infrared camera; and the camera parameters of the image sensor may include camera internal

parameters and camera poses.

[ 0043]According to an aspect of the disclosure, there is provided an electronic device,
including a processor and a memory configured to store instructions executable by the
processor. The processor is configured to call the instructions stored in the memory, to

perform the above method.

[ 0044] According to an aspect of the disclosure, there is provided a computer-readable
storage medium, having stored thereon computer program instructions, which implement the

above method when executed by a processor.

[ 0045] According to an aspect of the disclosure, there is provided a computer program,
including computer-readable codes, which enable a processor of an electronic device to
perform the above method, when the computer-readable codes are running in the electronic

device.

[ 0046] According to the embodiments of the disclosure, the radar sensor and the image sensor
may be calibrated automatically by using the first distance error between the image sensor and
the radar sensor, the second distance error of the radar sensor, and the reprojection error of the
image sensor, and an accuracy of the calibration result may be provided by using a
combination of the first distance error, the second distance error and the reprojection error.
Compared with a manner of calibrating by using a calibration object in the related art, the
calibration process does not use the calibration object, has a simple operation, has a small

calibration error, and may meet the requirement of regular calibration.

[ 0047]1t should be understood that the above general descriptions and the following detailed
descriptions are merely exemplary and explanatory, and are not intended to limit the
disclosure. Other features and aspects of the disclosure will become apparent from the

following detailed descriptions of exemplary embodiments with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
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[ 0048]Here the drawings are incorporated into the description and form part of the
description, and these drawings illustrate embodiments in accordance with the disclosure, and

are intended to explain the technical solutions of the disclosure, together with the description.

[ 0049]FIG. 1 shows a flowchart of a sensor calibration method according to an embodiment

of the disclosure.

[ 0050]FIG. 2 shows a schematic diagram of a sensor calibration method according to an

embodiment of the disclosure.

[ 0051]FIG. 3 shows a block diagram of a sensor calibration apparatus according to an

embodiment of the disclosure.

[ 0052]FIG. 4 shows a block diagram of an electronic device according to an embodiment of

the disclosure.

[ 0053]FIG. 5 shows a block diagram of an electronic device according to an embodiment of

the disclosure.

DETAILED DESCRIPTION

[ 0054] Various exemplary embodiments, features and aspects of the disclosure will be
described in detail below with reference to the drawings. The same reference numerals in the
drawings indicate elements with identical or similar functions. Although various aspects of
the embodiments are shown in the drawings, the drawings are not necessarily drawn to scale,

unless indicated specifically.

[ 0055] The specially used word “exemplary” here means "used as an example, embodiment
or illustration”. Any embodiment described as "exemplary” here is not necessary to be

construed as superior to or better than other embodiments.

[ 0056] The term "and/or" here is merely an association relationship that describes associated
objects, and indicates that there may be three relationships, for example, A and/or B may

indicate three situations, that is, only A is present, both A and B are present, and only B is
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present. Furthermore, the term "at least one of" here indicates any one of multiple items or
any combination of at least two of multiple items, for example, the inclusion of at least one of
A, B or C may indicate the inclusion of any one or more elements selected from the group
composed of A, B and C.

[ 0057] Furthermore, numerous specific details are given in the following detailed description
to better explain the disclosure. It should be understood by those skilled in the art that the
disclosure may be practiced without certain specific details. In some embodiments, methods,
means, elements and circuits well known to those skilled in the art have not been described in
detail, so as to highlight the subject matter of the disclosure.

[ 0058]FIG. 1 shows a flowchart of a sensor calibration method according to an embodiment
of the disclosure, this sensor method may be performed by an electronic device such as a
terminal device, a server, or the like, and the terminal device may be an intelligent device, a
user equipment (UE), a mobile device, a user terminal, a terminal, a cellular phone, a cordless
phone, a personal digital assistant (PDA), a hand-held device, a computing device, a vehicle
onboard device, a wearable device, or the like. The intelligent device may include any one of
an intelligent vehicle, an intelligent robot, or an intelligent robot arm. The method may be
implemented by a processor in the electronic device calling computer-readable instructions
stored in a memory, or, the method may be performed by a server. As shown in FIG. 1, the

sensor calibration method includes the following operations.

[ 0059]In operation S11, multiple scene images and multiple first point clouds of a target
scene where the intelligent device is located are acquired respectively by an image sensor and

a radar sensor disposed on an intelligent device.

[ 0060]As described above, the intelligent device may include any one of an intelligent
vehicle, an intelligent robot, or an intelligent robot arm. The image sensor may include at least
one of a monocular RGB camera, a binocular RGB camera, a TOF camera, or an infrared
camera. The radar sensor includes any one of a laser radar or a millimeter wave radar. The
laser radar may include a single-layer laser radar or a multi-layer laser radar, and the image

sensor may include one or more image sensors.

[ 0061]1t should be understood that the image sensor and the radar sensor may be fixedly

18



disposed on the intelligent device, and the image sensor and the radar sensor fixedly disposed

on the intelligent device have a fixed relative position there-between.

[ 0062] The target scene may refer to a scene for calibration, e.g., a crossroad. Objects having
rich textures and geometries may be included in the target scene, to facilitate construction of
point clouds based on the scene image and registration of the point clouds (i.e., extraction of
feature points and matching of feature point pairs). The selection of the target scene is not

limited in the embodiment of the disclosure.

[ 0063] It should be understood that the intelligent device may move within the target scene,
for example, may move circularly by going around "8", to acquire multiple scene images and
multiple first point clouds of a target scene. The scene image may be data acquired by the

image sensor, and the first point cloud may be data acquired by the radar sensor.

[ 0064]In the process of acquiring the scene images and the first point clouds of the target
scene, the intelligent device may acquire the scene images and the first point clouds by
stopping movement at an interval (for example, stopping the vehicle at an interval), that is,
stopping the movement every a movement distance, and triggering the image sensor and the
radar sensor at the stop position, to acquire the scene image and the first point cloud once,
respectively. Therefore, it may ensure the same spatial pose for different sensors to acquire
data at the same time, that is, different sensors have a fixed relative pose there-between, and
the accuracy of calculating distance errors between different sensors subsequently may be

improved.

[ 0065] Of course, the scene images and the first point clouds may be acquired respectively
during continuous movement of the intelligent device, which is not limited in the embodiment

of the disclosure.

[ 0066]In operation S12, a second point cloud of the target scene in a global coordinate

system is constructed according to the multiple scene images.

[ 0067] The global coordinate system may be understood as a world coordinate system for the
target scene, that is, a world coordinate system constructed with the target scene. It should be
understood that all of objects (including the intelligent device) in the target scene are located

in the global coordinate system.
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[ 0068] A known 3D mapping technology, such as a simultaneous localization and mapping
(SLAM) technology and a structure from motion (SFM) technology, may be used to
implement construction of the second point cloud of the target scene in the global coordinate
system according to the multiple scene images, which is not limited in the embodiment of the

disclosure.

[ 0069]In operation S13, a first distance error between the image sensor and the radar sensor
is determined according to first feature point sets of the first point clouds and a second feature

point set of the second point cloud.

[ 0070] The first feature point set of the first point cloud may be understood as a set of feature
points in the first point cloud. The second feature point set of the second point cloud may be

understood as a set of feature points in the second point cloud.

[ 0071]In a possible implementation, the feature points in the first point cloud and the feature
points in the second point cloud may be extracted respectively by using a neural network, to
form the first feature point set and the second feature point set respectively. It should be
understood that a network structure, a network type, a training mode, or the like of the neural

network are not limited in the embodiment of the disclosure.

[ 0072] It should be understood that extraction of the feature points in the first point cloud and
the second point cloud is equivalent to extraction of data points, having prominent features, in
the first point cloud and the second point cloud. Therefore, when the first distance error is
calculated, not only the feature points may be efficiently used for registration of the point
clouds, to improve the accuracy of calculating the first distance error, but also the amount of

calculation may be reduced, to improve the operation efficiency.

[ 0073] As described above, the first point cloud may include multiple first point clouds,
feature points in all or part of the first point clouds may be extracted to obtain a first feature
point set of all or part of the first point clouds, and the first feature point set may include one
or more first feature point sets. Part of the first point clouds are selected to extract feature
points therefrom, which may reduce the operation amount of calculating the first distance

error subsequently and improve the operation efficiency.

[ 0074]In a possible implementation, the determining, according to first feature point sets of

20



the first point clouds and the second feature point set of the second point cloud, the first
distance error between the image sensor and the radar sensor may include the following
operations. Matched first feature point pairs are determined according to global positions of
first feature points in the first feature point set under the global coordinate system and global
positions of second feature points in the second feature point set under the global coordinate
system, each of the first feature point pairs includes a first feature point and a second feature
point. The first distance error is determined according to distances between first feature points

and second feature points of multiple first feature point pairs.

[ 0075] The first feature point and the second feature point corresponding to a minimum value
among the distances between the feature points in the first feature point set and the feature
points in the second feature point set may be used as the first feature point pair. It may be
understood that any known distance calculation manner, such as Euclidean distance, cosine
distance, or the like, may be used to calculate the distances between the feature points, which

is not limited in the embodiment of the disclosure.

[ 0076] The determining the first distance error between the image sensor and the radar sensor
according to distances between first feature points and second feature points of multiple first
feature point pairs may include the following operations. The first distance error is determined
according to distances between first feature points and second feature points of multiple first

feature point pairs.

[ 0077]1t may be understood that when there is one first feature point set, a sum of the
distances between first feature points and second feature points of multiple first feature point
pairs may be directly used as the first distance error. When there are multiple first feature
point sets, a sub-error may be determined for each of the first feature point sets in the above
manner, and then a sum of sub-errors corresponding to the multiple first feature point sets is

used as the first distance error.

[ 0078]In operation S14, a second distance error of the radar sensor is determined according

to multiple first feature point sets.

[ 0079] As described above, the multiple first point clouds are point clouds acquired by the

radar sensor at different positions of the target scene. Since the radar sensor may have
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different radar poses at different positions, there may also be errors between the first point

clouds acquired by the radar sensor at different positions.

[ 0080]1t may be understood that for the same object in the target scene, data points,
indicating the same object in the same coordinate, of the first point clouds acquired at
different positions should be coincident or infinitely close. Based on this, the errors between
the first point clouds acquired at different positions may be understood as for the same object
in the target scene, errors between the data points, indicating the same object, of the first point

clouds acquired at different positions.

[ 0081]As described above, the first feature point set of the first point cloud may be
understood as a set of feature points in the first point cloud. All or part of the first point clouds
may be selected to extract feature points therefrom, to obtain the first feature point set. It
should be understood that the multiple first feature point sets may also be understood as at
least two first feature point sets.

[ 0082]1t may be understood that the first point clouds acquired by the radar sensor are
constructed based on a radar coordinate system of the radar sensor itself, that is, coordinates
of the first feature points are coordinates in the radar coordinate system. In order to facilitate
calculation of the second distance error, the first feature points in each of the first feature
point sets may be transformed into the global coordinate system based on a radar pose
acquiring each of the first point clouds, that is, multiple first feature point sets are placed in

the same coordinate system to calculate the second distance error.

[ 0083] The radar pose when each of the first points is acquired may be determined by a
combined inertial navigation system, a global satellite navigation system, and/or an inertial
navigation system, or the like installed on the intelligent device, which is not limited in the

embodiment of the disclosure.

[ 0084]In a possible implementation, the determining the second distance error of the radar
sensor according to the multiple first feature point sets may include the following operations.
For any two of the first feature point sets, matched second feature point pairs in any two of the
first feature point sets are determined. A distance between two feature points in the second

feature point pairs is determined according to coordinates of the two feature points in the
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global coordinate system. The second distance error is determined according to distances of

the multiple second feature point pairs.

[ 0085] Any two of first feature point sets may be two feature point sets, adjacent to each other
in the acquisition timing, of multiple first feature point sets, or may be two feature point sets

selected at an interval, which is not limited in the embodiment of the disclosure.

[ 0086] It should be understood that when there are two first feature point set, a sum of the
distances between multiple second feature point pairs may be directly used as the second
distance error. When there are multiple first feature point sets, a sum of the distances between
multiple second feature point pairs may be determined as a sub-error, and then a sum of

multiple sub-errors is used as the second distance error.

[ 0087]In operation S15, a reprojection error of the image sensor is determined according to a
first global position of the second feature point set in the global coordinate system and first
image positions of pixel points corresponding to the second feature point set in the scene

images.

[ 0088] As described above, the second point cloud constructed based on the multiple scene
images is a point cloud in the global coordinate system. The pixel point corresponding to the
second feature point set is a pixel point corresponding to a second feature point in the second
feature point set. The pixel point corresponding to the second feature point may be understood

as a two-dimensional point (2D) corresponding to a 3D point on a space object.

[ 0089] It should be understood that the second feature point is a 3D point in space, and the
pixel point corresponding to the second feature point is a 2D point in the scene image. The
first image position of the pixel point in the scene image may be understood as a 2D

coordinate of the pixel point in an image coordinate system of the image sensor.

[ 0090] In theory, a projection point projected in the scene image by the second feature point
in the second feature point set via camera parameters of the image sensor, should coincide
with the pixel point corresponding to the second feature point. Since there may be an error
between camera parameters for calculating the projection point and actual camera parameters
of the image sensor, and there may also be an error between the second point cloud

constructed by the scene image and an actual object position in the target scene, there may be
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an error between the projection point and the pixel point, that is, positions of the projection

point and the pixel point do not coincide.

[ 0091]The camera parameters may include internal camera parameters and pose (i.e.,
external parameters) of the camera, and for example, the camera parameters for calculating
the projection point may be historically calibrated camera parameters that may have an error
with respect to the actual camera parameters. Therefore, the image sensor may be calibrated
by the sensor calibration method according to the embodiment of the disclosure, that is, the
camera parameters of the image sensor may be calibrated, so that the calibrated camera

parameters are close to the actual camera parameters.

[ 0092]In a possible implementation, the determining the reprojection error of the image
sensor according to the first global position of the second feature point set in the global
coordinate system and the first image position of the pixel point corresponding to the second
feature point set in the scene image may include the following operations. A second image
position of a second feature point of the second feature point set in the scene image is
determined according to a first global position of the second feature point and camera
parameters of the image sensor. A distance between a projection point of the second feature
point and a corresponding pixel point is determined according to the second image position
and the first image position. The reprojection error is determined according to multiple

distances.

[ 0093] As described above, the scene image may include multiple scene images, and all or
part of the scene images may be used to calculate the reprojection error. That is, for any one
of the scene images, multiple distances corresponding to each of the scene images are
calculated in the above manner, and a sum of the multiple distances is used as a reprojection
sub-error corresponding to the scene image. Furthermore, a sum of projection sub-errors
corresponding to the multiple scene images may be used as the reprojection error of the image

Sensor.

[ 0094] In operation S16, the radar sensor and the image sensor are calibrated according to the
first distance error, the second distance error and the reprojection error, to obtain a first

calibration result of the radar sensor and a second calibration result of the image sensor.
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[ 0095] It may be understood that the radar sensor and the image sensor are calibrated, that is,
the radar pose of the radar sensor and the camera parameters of the image sensor are

optimized.

[ 0096]An optimization algorithm known in the art, such as a Bundle Adjustment (BA)
algorithm, may be used to optimize the radar pose of the radar sensor and the camera
parameters of the image sensor according to the first distance error, the second distance error
and the reprojection error, which is not limited in the embodiment of the disclosure. The first
calibration result of the radar sensor includes an optimized radar pose, and the second

calibration result of the image sensor includes optimized camera parameters.

[ 0097]1t is considered that a round of optimization is carried out according to the above
sensor calibration method, an optimum radar pose and camera parameters may not be
obtained by such optimization. In a possible implementation, the above sensor calibration
method may be performed again according to the optimized radar pose and the optimized
camera parameters, until an number of iterative rounds is satisfied, or the radar pose and the
camera parameters are converged, to obtain the first calibration result of the radar sensor and

the second calibration result of the image sensor.

[ 0098]In the embodiment of the disclosure, the radar sensor and the image sensor may be
calibrated automatically by using the first distance error between the image sensor and the
radar sensor, the second distance error of the radar sensor, and the reprojection error of the
image sensor, and an accuracy of the calibration result may be provided by using a
combination of the first distance error, the second distance error and the reprojection error.
Compared with a manner of calibrating by using a calibration object in the related art, the
calibration process does not use the calibration object, has a simple operation, has a small

calibration error, and may meet the requirement of regular calibration.

[ 0099] As described above, feature points having prominent features may be extracted from
the first point cloud and the second point cloud. In a possible implementation, the method

may further include the following operations.

[ 00100] In operation S21, feature points are extracted from the multiple first point

clouds respectively, to determine a first feature point set of each of the multiple first point
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clouds.

[ 00101] In operation S22, feature points are extracted from the second point cloud, to

determine the second feature point set of the second point cloud.

[ 00102] It should be understood that operations S21 and S22 may be performed
respectively after the first point cloud and the second point cloud are obtained. A sequence of

performing operations S21 and S22 is not limited in the embodiment of the disclosure.

[ 00103] In a possible implementation, the operation S21 of extracting feature points
from the multiple first point clouds respectively, to determine the first feature point set of
each of the multiple first point clouds may include the following operations.

[ 00104] In operation S211, for any one of the first point clouds, a point cloud sequence
of the first point cloud is determined according to a relative position of each of laser emission

points of the radar sensor.

[ 00105] It should be understood that the radar sensor may include one or more laser
emitters. Each of the laser emitters may emit one or more laser beams, and during a polling
period, one or more laser emitters emit the laser by polling, and a position of the laser emitter
emitting the laser is the laser emission point. The radar sensor emitting a laser beam may be a
single-layer laser radar, and the radar sensor emitting multiple laser beams may be a multi-

layer laser radar.

[ 00106] Based on this, in order to facilitate subsequent extraction of feature points from
each of the first point clouds, each of the first point clouds may be sorted to obtain an ordered
first point cloud, i.e., the point cloud sequence of the first point cloud. The relative position
between the laser emission points of the radar sensor may be determined, and then data points
in the first point cloud are sorted according to the relative position, to obtain an ordered first

point cloud, i.e., the point cloud sequence of the first point cloud.

[ 00107] The determining the relative position of each of laser emission points may
include the following operations. A vertical angle and a horizontal angle of each of the laser
emission points are determined. It should be understood that the vertical angle may represent

an emission orientation of each of laser beams emitted by a laser emission point in the vertical

26



direction, and the horizontal angle may represent an emission orientation of each of laser

beams emitted by a laser emission point in the horizontal direction.

[ 00108] According to the vertical angle, sorting of each of the laser emission points in
the vertical direction may be implemented, that is, sorting of the data points in the first point
cloud in the vertical direction may be implemented. According to the horizontal angle, sorting
of each laser beam of each of the laser emission points in the horizontal direction may be
implemented, that is, sorting of the data points in the horizontal direction may be
implemented. After the data points in the first point cloud are sorted in the horizontal
direction and the vertical direction, an ordered point cloud sequence may be obtained.

[ 00109] In a possible implementation, the vertical angle of each of the laser emission
points may be determined by formula (1), and the horizontal angle thereof may be determined

by formula (2):

6,=arctan (L) (1)

VX +Y°

6,=arctan (L) (2)
XI
[ 00110] here (X, Y,,z,) represents coordinates of the data points in the first point cloud

in the radar coordinate system of the radar sensor.

[ 00111] It should be understood that for each of the multiple first point clouds, the
point cloud sequence of each of the first point clouds may be determined in a manner of

operation S211.

[ 00112] In operation S212, multiple first adjacent points corresponding to any one of
first data points in the first point cloud are determined according to the point cloud sequence
of the first point cloud.

[ 00113] It should be understood that the point cloud sequence may represent a
sequence relationship, i.e., a permutation relationship, between the data points in the first
point cloud. Multiple first adjacent points corresponding to any one of first data points in the
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first point cloud may be determined according to the sequence relationship. The number of the
first adjacent points may be determined according to actual requirements, which is not limited

in the embodiment of the disclosure.

[ 00114] For example, five adjacent data points arranged at the left and right of a first
data point in the horizontal direction, and/or six adjacent data points arranged above and
below the first data point in the vertical direction, or the like may be selected as first adjacent
points adjacent to the first data point. It should be understood that those skilled in the art may
select multiple first adjacent points by setting a selection rule of the first adjacent points
according to actual requirements, which is not limited in the embodiment of the disclosure.

[ 00115] In operation S213, a curvature corresponding to the first data point is
determined according to a coordinate of the first data point and coordinates of the multiple

first adjacent points.

[ 00116] In a possible implementation, the curvature C corresponding to the first data

point may be determined by formula (3):

Z(x(kl)_x(i i) (3)

jei

T wH

[ 00117] here k represents the k-th first point cloud of the multiple first point clouds, i

represents the i-th first data point in the first point cloud, L represents the radar coordinate

system of the radar sensor, X ., represents a coordinate of the i-th first data point in the k-th

(ki)
first point cloud in the radar coordinate system, j represents the j-th first adjacent point of the

multiple first adjacent points, X : ., represents a coordinate of the io-th first adjacent point in

(kiio)

the k-th first point cloud in the radar coordinate system, and || Il represents a norm.

[ 00118] In operation S214, the first feature point set in the first point cloud is

determined according to curvature of multiple first data points in the first point cloud.

[ 00119] It should be understood that for each of first data points in any one of the first
point clouds, the curvature of each of the first data points may be determined according to
operations S212 to S213.
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[ 00120] In a possible implementation, the determining, according to curvature of the
multiple first data points in the first point cloud, the first feature point set in the first point
cloud may include the following operations. Data points in which curvature of the multiple
first data points is greater than a first curvature threshold are selected, and/or data points in
which curvature of the multiple first data points is smaller than a second curvature threshold

are selected, to form the first feature point set.

[ 00121] The first curvature threshold and the second curvature threshold may be
determined according to an average value of the curvature of the multiple first data points,
historical experience, or the like. For example, two times of the average value of the curvature
of the multiple first data points may be used as the first curvature threshold, and half of the
average value of the curvature of the multiple first data points may be used as the second

curvature threshold, which are not limited in the embodiment of the disclosure.

[ 00122] It may be known that the greater a curvature of a data point, the greater a
probability that the data point is an edge point, and the smaller the curvature, the greater a
probability that the data point is a plane point. Therefore, a data point having a greater
curvature and/or a smaller curvature may be selected as a feature point having a prominent
feature, that is, the data point having a greater probability to be the edge point or the plane
point. The edge point may be understood as a point on an edge of an object, and the plane

point may be understood as a point on a surface of the object.

[ 00123] It should be understood that for each of the multiple first point clouds, the first
feature point set of each first point cloud may be determined according to operations S212 to
S214.

[ 00124] In the embodiment of the disclosure, the first feature point set of each first

point cloud may be obtained efficiently and accurately.

[ 00125] In a possible implementation, the operation S214 of determining, according to
curvature of the multiple first data points in the first point cloud, the first feature point set in

the first point cloud may include the following operations.

[ 00126] The multiple first data points are sorted according to the curvature of the

multiple first data points, to obtain a sorting result. n first data points in the sorting result are
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selected in a descending order, as n edge points. Or, m first data points in the sorting result are
selected in an ascending order, as m plane points. n and m are positive integers, and the first

feature point set includes at least the edge points or the plane points.

[ 00127] The sorting the multiple first data points according to the curvature of the
multiple first data points may include the following operations. The multiple first data points
are sorted in a descending order or an ascending order according to the curvature of the
multiple first data points, which is not limited in the embodiment of the disclosure. It should
be understood that the sorting result may include an ascending sorting result or a descending

sorting result.

[ 00128] As described above, the greater a curvature of a data point, the greater a
probability that the data point is an edge point, and the smaller the curvature, the greater a
probability that the data point is a plane point. Therefore, n first data points in the sorting
result are selected in a descending order, as n edge points. Or, m first data points in the sorting

result are selected in an ascending order, as m plane points.

[ 00129] Here n and m may be the same or different, and values of n and m may be
determined according to the number of the first data points, operational capability of the
processor, or the like. For example, each of n and m may be fixedly set to 100 respectively, or
each of n and m may be set to ten percent of the number of the first data points, which is not

limited in the embodiment of the disclosure.

[ 00130] For example, the first data points are arranged in a descending order, to obtain
an arrangement result of "sl, s2, s3, s4, ...... , $97, s98, s99, s100". Each of n and m takes a
value of ten, then "s1, s2, ...... , s10" may be selected in a descending order, as ten edge points,
and "s91, s92, ...... , 100" may be selected in an ascending order, as ten plane points. The

first feature point set includes "s1, s2, ...... ,s10,s91,s92, ...... ,s100".

[ 00131] In the embodiment of the disclosure, the first feature point set may be

determined more flexibly and efficiently according to a magnitude of curvature.

[ 00132] In a possible implementation, the operation S22 of extracting feature points
from the second point cloud, to determine the second feature point set of the second point

cloud may include the following operations.
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[ 00133] In operation S221, for any one of second data points in the second point cloud,
multiple second adjacent points corresponding to the second data point are determined from

the second point cloud.

[ 00134] It should be understood that the second point cloud constructed according to
the multiple scene images may be an ordered second point cloud, that is, a sequence
relationship (arrangement relationship) between the second data points in the second point
cloud is known. Multiple second adjacent points adjacent to any one of second data points in
the second point cloud may be determined according to the sequence relationship. The
number of the second adjacent points may be determined according to actual requirements,

which is not limited in the embodiment of the disclosure.

[ 00135] For example, ten adjacent data points arranged at the left and right of a second
data point in the horizontal direction, and/or ten adjacent data points arranged above and
below the second data point in the vertical direction, or the like may be selected as second
adjacent points adjacent to the second data point. It should be understood that those skilled in
the art may select multiple second adjacent points by setting a selection rule of the second
adjacent points according to actual requirements, which is not limited in the embodiment of
the disclosure.

[ 00136] In a possible implementation, a KD-tree, also known as a k-dimensional tree, a
k-d tree and a k-dimension tree, may be used to store the second point cloud. Therefore,
multiple second adjacent points adjacent to each of second data points may be searched
conveniently and efficiently in the KD-tree.

[ 00137] In operation S222, a distance between the second data point and each of the
second adjacent points is determined respectively, according to a coordinate of the second

data point and coordinates of the multiple second adjacent points.

[ 00138] A known distance calculation manner, such as Euclidean distance, cosine
distance, or the like, may be used to determine the distance between the second data point and
each of the second adjacent points respectively, according to the coordinate of the second data
point and coordinates of the multiple second adjacent points, which is not limited in the

embodiment of the disclosure.
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[ 00139] In operation S223, the second data point is determined as the second feature
point in the second feature point set, in response to the distance between the second data point

and each of the second adjacent points being smaller than a first distance threshold.

[ 00140] It should be understood that for the distance between each of the second
adjacent points and the second data point, a case where a distance between a certain second
adjacent point and the second data point is too large does not occur usually. When the case
occurs, the second data point may be determined as an invalid point, that is, the second data

point is not used as the second feature point in the second feature point set.

[ 00141] The first distance threshold may be determined according to actual
requirements, a density of the second point cloud, or the like, and for example, may be set to
one meter, which is not limited in the embodiment of the disclosure. The distance between the
second data point and each of the second adjacent points is smaller than the first distance
threshold, which means that the second data point is a valid data point, and the second data
point may be determined as the second feature point in the second feature point set. It should

be understood that the second feature point set may include multiple second feature points.

[ 00142] In the embodiment of the disclosure, the second feature point set may be
determined according to the distance between the second data point and the second adjacent
point corresponding thereto, which is equivalent to filtering and screening the second point

cloud to determine a valid second feature point set.

[ 00143] As described above, the second feature point set includes multiple second
feature points, the object may include an edge point on an edge of the object and a plane point
on a surface of the object. In order to facilitate calculation of the first distance error between
the radar sensor and the image sensor subsequently, in a possible implementation, the method
may further include the following operation. In operation S224, at least edge points or plane
points are determined from the multiple second feature points.

[ 00144] In a possible implementation, the operation S224 of determining at least edge
points or plane points from the multiple second feature points may include the following

operations.

[ 00145] For any one of the second feature points, a covariance matrix of multiple
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second adjacent points corresponding to the second feature point is determined, and the
covariance matrix is decomposed to obtain a multi-dimensional feature value. The second
feature point is determined as the edge point, in response to a difference between any one-
dimensional feature value and each-dimensional feature value of the multi-dimensional
feature value exceeding a difference threshold. Therefore, the edge point may be determined

effectively from the second feature points.

[ 00146] It should be understood that the second feature point belong to the second data
points, multiple second adjacent points corresponding to the second feature point are multiple
second adjacent points adjacent to the second feature point.

[ 00147] The determining the covariance matrix of multiple second adjacent points
corresponding to the second feature point may include the following operation. The
covariance matrix A of the multiple second adjacent points is obtained according to a column
vector Y of the multiple second adjacent points and a formula (4) for calculating the

covariance matrix.
A=E|(Y-EMV)(Y-EM]) | @

[ 00148] Here E[Y] represents expectation of the column vector Y, ( )T represents

transpose of a matrix.

[ 00149] In a possible implementation, a matrix decomposition algorithm known in the
art, such as a singular value decomposition (SVD) algorithm, may be used to implement
decomposition of the covariance matrix, to obtain the multi-dimensional feature value. It
should be understood that a multi-dimensional feature vector corresponding to the multi-
dimensional feature value may also be obtained. The edge point may be determined from the

second feature points by using the multi-dimensional feature value in the disclosure.

[ 00150] It may be understood that when any-dimensional feature value of the multi-
dimensional feature value is much greater than other-dimensional feature value, the second
feature point may be considered to have a prominent edge feature, and the second feature

point may be considered to be the edge point. Any-dimensional feature value is much greater
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than other-dimensional feature value, which means that the difference between any one-
dimensional feature value and each-dimensional feature value exceeds the difference
threshold.

[ 00151] The difference threshold may be determined according to historical experience,
deviation of the difference between any one-dimensional feature value and each-dimensional

feature value, variance, or the like, which is not limited in the embodiment of the disclosure.

[ 00152] In a possible implementation, the operation S224 of determining at least edge
points or plane points from the multiple second feature points may further include the
following operations.

[ 00153] For any one of the second feature points, a plane equation is fitted according to
the multiple second adjacent points corresponding to the second feature point, and a normal
vector of the plane equation is determined. The second feature point is determined as the
plane point, in response to products of the multiple second adjacent points corresponding to
the second feature point and the normal vector falling within a threshold range. Therefore, the

plane point may be determined effectively from the second feature points.

[ 00154] A plane fitting manner known in the art may be used to fit the plane equation
according to coordinates of the multiple second adjacent points, and for example, the plane
equation may be expressed as ax+by+cz=0, here a, b, ¢ and d represent parameters of the
plane equation, and (a, b, ¢) may represent a normal vector of the plane equation. It should be
understood that after fitting the plane equation, the normal vector of the plane equation may
be determined.

[ 00155] It may be known that a product of a point on a plane with a normal vector of a
plane equation corresponding to the plane is generally approximately equal to zero, or that a
product of any point with a normal vector of a certain plane equation is approximately equal
to zero, which means that the point is located on the plane corresponding to the plane equation.
Based on this, the threshold range may be set to an interval around zero, for example, [0.1, -
0.1], and numerical values of the threshold range may be set according to historical
experience, accuracy of the fitted plane, or the like, which is not limited in the embodiment of

the disclosure.
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[ 00156] Product of the multiple second adjacent points corresponding to the second
feature point and the normal vector fall within the threshold range, which means that the
multiple second adjacent points corresponding to the second feature point are located in the
same plane. Since the second adjacent points are adjacent to the second feature point, the
second feature point is also located in the plane, and then the second feature point may be

used as the plane point.

[ 00157] It should be noted that in the embodiment of the disclosure, only the process of
determining the edge point may be performed, or only the process of determining the plane
point may be performed, or the process of determining the edge point and the process of
determining the plane point may be performed in a sequential order, which is not limited in

the embodiment of the disclosure.

[ 00158] A manner in which the process of determining the edge point and the process
of determining the plane point are performed in a sequential order, may occur in a case where
a part of feature points in the second feature points are neither edge points nor plane points,
and in this case, the part of feature points may be screened out, so that feature points having

prominent features may remain in the second feature point set.

[ 00159] In a possible implementation, the operation S13 of determining, according to
first feature point sets of the first point clouds and the second feature point set of the second
point cloud, the first distance error between the image sensor and the radar sensor may

include the following operations.

[ 00160] In operation S131, for any one set of the first feature point sets, matched first
feature point pairs are determined according to distances between first feature points in the
first feature point set and second feature points in the second feature point set, each of the first

feature point pairs includes a first feature point and a second feature point.

[ 00161] As described above, a distance calculation manner known in the art may be
used to calculate the distance between the first feature point and the second feature point
according to the coordinate of the first feature point and the coordinate of the second feature
point. It should be understood that for any one of the first feature points in the first feature

point set, a distance between any one of the first feature points and each of the second feature
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points in the second feature point set may be calculated to determine a second feature point

matched with the first feature point.

[ 00162] It should be understood that the smaller the distance between two feature
points, the more similar the two feature points, or the higher the probability that the two
feature points are the same point on the same object. Based on this, the first feature point and
the second feature point between which the distance is smaller than a second distance

threshold may be used as the first feature point pairs.

[ 00163] In operation S132, a first sub-error between the first feature point set and the
second feature point set is determined according to multiple matched first feature point pairs.

[ 00164] It should be understood that for any one of the first feature points in a first
feature point set, a matched second feature point may be determined in a manner of operation

S131. Therefore, multiple first feature point pairs may be obtained.

[ 00165] As described above, for the same object in the target scene, data points,
indicating the same object in the same coordinate, of the first point cloud and the second point
cloud should be coincident or infinitely close, then in theory, the distance between the first
feature point and the second feature point in any one of first feature point pairs should be

approximately equal to zero.

[ 00166] Based on this, a sum of distances between the first feature points and the
second feature points of the multiple first feature point pairs, or an average value of distances
between the first feature points and the second feature points of the multiple first feature point
pairs may be determined as the first sub-error between the first feature point set and the

second feature point set, which is not limited in the embodiment of the disclosure.

[ 00167] In operation S133, the first distance error between the image sensor and the

radar sensor is determined according to multiple first sub-errors.

[ 00168] It should be understood that for each of the first feature point sets, a first sub-
error between each of the first feature point sets and the second feature point set may be
determined in a manner of operations S131 to S132, that is, the first sub-error includes

multiple first sub-errors.
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[ 00169] In a possible implementation, a sum of the multiple first sub-errors or an
average value of the multiple first sub-errors may be determined as the first distance error
between the image sensor and the radar sensor, which is not limited in the embodiment of the

disclosure.

[ 00170] In the embodiment of the disclosure, the first distance error may be determined

effectively according to the matched first feature point pairs.

[00171] As described above, the first point cloud is determined based on the radar
coordinate system of the radar sensor. The second point cloud is determined based on the
global coordinate system. In order to facilitate determination of the first feature point pairs in
the first feature point set and the second feature point set, the first point cloud and the second

point cloud may be transformed into the same coordinate system.

[ 00172] In a possible implementation, the operation S131 of determining, for any one
set of the first feature point sets, matched first feature point pairs according to the distances
between the first feature points in the first feature point set and the second feature points in

the second feature point set may include the following operations.

[ 00173] For any one set of the first feature point sets, distances between the first feature
points in the first feature point set and the second feature points in the second feature point set
is determined according to a pose transformation relationship between the radar sensor and
the image sensor and a coordinate transformation relationship between a camera coordinate
system of the image sensor and the global coordinate system. The first feature point and the
second feature point between which the distance is smaller than a second distance threshold

are determined as the matched first feature point pair.

[ 00174] As described above, the radar sensor and the image sensor may have fixed
positions on the intelligent device, and based on this, the pose transformation relationship
between the radar sensor and the image sensor may be unchanged, and the pose
transformation relationship may be determined by a historically calibrated pose of the radar
and a camera pose of the image sensor, that is, the pose transformation relationship may be

known.

[ 00175] The coordinate transformation relationship between the camera coordinate
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system and the global coordinate system, is a coordinate transformation relationship between
the camera coordinate system and the world coordinate system, and external camera
parameters of the image sensor may represent the coordinate transformation relationship
between the camera coordinate system and the global coordinate system.

[ 00176] In a possible implementation, the first feature point and the second feature
point may be transformed into the same coordinate system, that is, into the global coordinate
system or the camera coordinate system, according to the pose transformation relationship and
the coordinate transformation relationship, and then the distance between the first feature
point and the second feature point may be determined according to the coordinate of the first
feature point and the coordinate of the second feature point transformed into the same

coordinate system.

[ 00177] As described above, the smaller the distance between two feature points, the
more similar the two feature points, or the higher the probability that the two feature points
are the same point on the same object. Based on this, the first feature point and the second
feature point between which the distance is smaller than a second distance threshold may be

used as the first feature point pairs.

[ 00178] In the embodiment of the disclosure, the matched first feature point pairs may
be effectively determined in the same coordinate system, and the pose transformation
relationship between the radar sensor and the image sensor may be introduced into joint
calibration of the radar sensor and the image sensor, which is equivalent to introduction of a
constraint relationship between the radar sensor and the image sensor, and is beneficial to

improve global consistency of the joint calibration among multiple sensors.

[ 00179] As described above, the first feature point and the second feature point may be
transformed into the camera coordinate system, according to the pose transformation
relationship and the coordinate transformation relationship. In a possible implementation, the
determining, for any one set of the first feature point sets, the distances between the first
feature points in the first feature point set and the second feature points in the second feature
point set according to the pose transformation relationship between the radar sensor and the
image sensor and the coordinate transformation relationship between the camera coordinate

system of the image sensor and the global coordinate system may include the following
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operations.

[ 00180] For any one set of the first feature point sets, first positions of the first feature
points in the first feature point set in the camera coordinate system is determined according to
the pose transformation relationship between the radar sensor and the image sensor. Second
positions of the second feature points in the second feature point set under the camera
coordinate system is determined according to the coordinate transformation relationship
between the camera coordinate system and the global coordinate system. The distances
between the first feature points in the first feature point set and the second feature points in
the second feature point set is determined according to the first position and the second

position.

[ 00181] The first position of the first feature point in the first feature point set under the
camera coordinate system is determined according to the pose transformation relationship
between the radar sensor and the image sensor. That is, the first feature point is transformed
from the radar coordinate system into the camera coordinate system, and the first position of

the first feature point in the camera coordinate system is obtained.

[ 00182] The first position of the first feature point in the camera coordinate system may

be determined by formula (4): X, =R, X, +t,, here X, represents a position of the first

cl ?
feature point in the radar coordinate system, X, represents a second position of the first
feature point in the camera coordinate system, and a translation matrix R¢ and a rotation
matrix te represent the pose transformation relationship between the radar sensor and the

image sensor.

[ 00183] The second position of the second feature point X, in the global coordinate
system under the camera coordinate system may be determined by formula (5): X, =RX, +t,
that is, the second feature point X, in the global coordinate system is transformed into the
camera coordinate system, to obtain the second position X, of the second feature point in the
camera coordinate system, here a rotation matrix R and a translation matrix t represent the
coordinate transformation relationship between the camera coordinate system and the global

coordinate system (i.e., historically calibrated external camera parameters).

[ 00184] As described above, a distance calculation manner known in the art, such as
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Euclidean distance, cosine distance, or the like, may be used to determine the distances
between the first feature points in the first feature point set and the second feature points in
the second feature point set according to the first position and the second position, which is
not limited in the embodiment of the disclosure.

[ 00185] In the embodiment of the disclosure, the distance between the first feature
point and the second feature point may be effectively calculated in the camera coordinate
system, and the pose transformation relationship between the radar sensor and the image
sensor may also be introduced into joint calibration of the radar sensor and the image sensor,
which is equivalent to introduction of a constraint relationship between the radar sensor and

the image sensor, and is beneficial to improve global consistency of the joint calibration.

[ 00186] As described above, the first feature point and the second feature point may be
transformed into the global coordinate system according to the pose transformation
relationship and the coordinate transformation relationship. In a possible implementation, the
determining, for any one set of the first feature point sets, the distances between the first
feature points in the first feature point set and the second feature points in the second feature
point set according to the pose transformation relationship between the radar sensor and the
image sensor and the coordinate transformation relationship between the camera coordinate
system of the image sensor and the global coordinate system may further include the

following operations.

[ 00187] For any one set of the first feature point sets, second global positions of the
first feature points in the first feature point set in the global coordinate system is determined
according to the pose transformation relationship between the radar sensor and the image
sensor and the coordinate transformation relationship between the camera coordinate system

and the global coordinate system.

[ 00188] The distances between the first feature points in the first feature point set and
the second feature points in the second feature point set is determined according to the second
global positions and first global positions of the second feature points in the second feature

point set.

[ 00189] In a possible implementation, the second global position of the first feature
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point in the global coordinate system may be determined by formula (6):

Xu =R(RyX, +t,)+t, here Ry and ty represent the pose transformation relationship

between the radar sensor and the image sensor, R and t represent the coordinate
transformation relationship between the camera coordinate system and the global coordinate
system, X, represents a position of the first feature point in the radar coordinate system, and
Xni represents the second global position of the first feature point in the global coordinate
system. Formula (6) represents that the second feature points are transformed from the radar
coordinate system into the camera coordinate system and then into the global coordinate

system.

[ 00190] As described above, the second point cloud is constructed based on the global
coordinate system, and the first global position of the second feature point may be known. A
distance calculation manner known in the art, such as Euclidean distance, cosine distance, or
the like, may be used to determine the distance between the first feature point and the second
feature point according to the first global position and the second global position, which is not

limited in the embodiment of the disclosure.

[ 00191] In the embodiment of the disclosure, the distance between the first feature
point and the second feature point may be effectively calculated in the global coordinate
system, and the pose transformation relationship between the radar sensor and the camera
sensor may also be introduced into joint calibration of the radar sensor and the camera sensor,
which is equivalent to introduction of a constraint relationship between the radar sensor and

the camera sensor, and is beneficial to improve global consistency of the joint calibration.

[ 00192] As described above, the first feature point set may include at least an edge
point or a plane point, that is, the first feature point may be an edge point or a plane point. The
second feature point set may include at least an edge point or a plane point, that is, the second
feature point may be an edge point or a plane point. Accordingly, the first feature point pairs
may include at least an edge point pair or a plane point pair. It should be understood that two
feature points of the edge point pair may be edge points and two feature points of the plane

point pair may be plane points.

[ 00193] In a possible implementation, the operation S132 of determining, according to
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the multiple matched first feature point pairs, the first sub-error between the first feature point

set and the second feature point set may include the following operations.

[ 00194] In operation S1321, for any one of the first feature point pairs, a first vertical
distance from a second feature point in the first feature point pair to a straight line where a
first feature point in the first feature point pair is located, is determined in response to the first

feature point pair being the edge point pair.

[ 00195] It should be understood that two points form a straight line, and in a possible
implementation, a first feature point and one first feature point closest to the first feature point
may be used to represent a straight line where the first feature point is located. The one first
feature point closest to the first feature point may be a feature point, having a closest distance
to the first feature point, in the first feature point set. Of course, a straight line formula may
also be obtained by using a first feature point and one first feature point closest to the first
feature point, to represent, by the straight line formula, the straight line where the first feature

point is located.

[ 00196] As described above, the distance between the first feature point and the second
feature point may be calculated in the camera coordinate system. In a possible implementation,
for the camera coordinate system, the first vertical distance D, from the second feature point

to the straight line where the first feature point is located may be calculated by formula (7):

Dl:|(Xcl,1_xch)x(xcl,2_Xch)l or D1:|a0Xch+b0xch+CO| (7)
|Xcl,1_xcl,2 | \/ag"'bg
[ 00197] Here X, and X, ,represent a first position of the first feature point and a

first position of one first feature point closest to the first feature point in the camera

coordinate system, respectively, X, represents a second position of the second feature point

in the camera coordinate system, ap, bo and ¢, may represent parameters of a straight line
formula representing a straight line where the first feature point in the camera coordinate

system is located, X, may be determined by the formula (5), X, and X, may be

determined by the formula (4).

[ 00198] As described above, the distance between the first feature point and the second
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feature point may also be calculated in the global coordinate system. In a possible
implementation, for the global coordinate system, the first vertical distance D; from the
second feature point to the straight line where the first feature point is located may be
calculated by formula (8):

D, =K =X Xuo = X)| -y _[aX, 40X, +e o
| Xhl,l_ Xhl,2 | ,/af +b12
[ 00199] Here X, represents a first position of the second feature point in the global

coordinate system, X, , and X, ,represent a second global position of the first feature point

and a second global position of one first feature point closest to the first feature point in the
global coordinate system, respectively, a;, by and ¢; may represent parameters of a straight
line formula representing a straight line where the second feature point in the global

coordinate system is located, X,,, and X, ,may be determined by the formula (6).

[ 00200] It should be noted that calculation of the first vertical distance from the second
feature point in the first feature point pair to the straight line where the first feature point is
located is an implementation provided in the embodiment of the disclosure. Actually, the first
vertical distance from the first feature point in the first feature point pair to the straight line
where the second feature point is located, may also be calculated in the above manner, which

is not limited in the embodiment of the disclosure.

[ 00201] Therefore, a more accurate first sub-error may be obtained by calculating the
first vertical distance from the second feature point to the straight line where the first feature

point is located.

[ 00202] In operation S1322, a second vertical distance from a second feature point in
the first feature point pair to a plane where a first feature point in the first feature point pair is

located, is determined in response to the first feature point pair being the plane point pair.

[ 00203] It should be understood that three points form a plane, and in a possible
implementation, a first feature point and two first feature points closest to the first feature
point may be used to represent a plane where the first feature point is located. The two first

feature points closest to the first feature point may be feature points, having closest distances
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to the first feature point, in the first feature point set. Of course, a plane formula may also be
obtained by using a first feature point and two first feature points closest to the first feature

point, to represent, by the plane formula, the plane where the first feature point is located.

[ 00204] As described above, the distance between the first feature point and the second
feature point may be calculated in the camera coordinate system. In a possible implementation,
for the camera coordinate system, the second vertical distance D, from the second feature

point to the plane where the first feature point is located may be calculated by formula (9):

_|(Xcl,l_Xch)x(xcl,z_Xch)x(xcl,3_xch)| or D :|a2Xch+b2Xch+C2Xch+d2|

- )
? |(Xcl,1_Xcl,z)x(xcl,l_xcl,s)l ’ \/a22+b22+cg

[ 00205] Here X, Xy, and X jrepresent a first position of the first feature point

and first positions of two first feature points closest to the first feature point in the camera

coordinate system, respectively, X, represents a second position of the second feature point

in the camera coordinate system, a,, b, and ¢, may represent parameters of a plane formula
representing a plane where the first feature point in the camera coordinate system is located,

X, may be determined by the formula (5), X, , X, and X ,may be determined by the

formula (4).

[ 00206] As described above, the distance between the first feature point and the second
feature point may also be calculated in the global coordinate system. In a possible
implementation, for the global coordinate system, the first vertical distance D, from the
second feature point to the straight line where the first feature point is located may be

calculated by formula (10):

D _|(Xhl,l_Xh)X(XhI,Z_Xh)x(xhl,s_xh)l r D _|a3Xh+b3Xh+c3Xh+d3| (10)
2 2
|(Xhl,1_xhl,2)x(xhl,l_Xhl,3)| \[av_f +b; +c;
[ 00207] Here X, represents a first position of the second feature point in the global

coordinate system, X, ;, X, , and X, ;represent a second global position of the first feature

point and second global positions of two first feature points closest to the first feature point in
the global coordinate system, respectively, as, bs, c3 and d; may represent parameters of a
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plane formula representing a plane where the first feature point in the global coordinate

system is located, X, ,, X, , and X, , may be determined by the formula (6).

[ 00208] It should be noted that calculation of the second vertical distance from the
second feature point in the first feature point pair to the plane where the first feature point is
located is an implementation provided in the embodiment of the disclosure. Actually, the
second vertical distance from the second feature point in the first feature point pair to the
plane where the first feature point is located, may also be calculated in the above manner,

which is not limited in the embodiment of the disclosure.

[ 00209] Therefore, a more accurate first sub-error may be obtained by calculating the
second vertical distance from the second feature point to the plane where the first feature

point is located.

[ 00210] In operation S1323, the first sub-error is determined according to at least

multiple first vertical distances or multiple second vertical distances.

[ 00211] It should be understood that for each of the first feature point pairs, the first
vertical distance and the second vertical distance may be calculated according to operation
S1321 and/or operation S1322. Therefore, the first vertical distance and the second vertical
distance may include multiple first vertical distances and multiple second vertical distances,

respectively.

[ 00212] In a possible implementation, the determining the first sub-error according to
at least multiple first vertical distances or multiple second vertical distances may include the
following operations. A first vertical distance error is determined according to the multiple
first vertical distances, and/or a second vertical distance error is determined according to the
second vertical distances. The first vertical distance error or the second vertical distance error
is determined as the first sub-error, or, a sum of the first vertical distance error and the second
vertical distance error is determined as the first sub-error. That is, the first sub-error includes

at least multiple first vertical distance errors or multiple second vertical distance errors.

[ 00213] In a possible implementation, the first vertical distance error H; and the second

vertical distance error H, may be determined by formula (11) and formula (12), respectively:
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DI (11)

Hl = quQ

Z:(cl 1),(cl,2)
Ho =X oltls (12)
Zq J(cl.2),(ct,2),(cl.3)
[ 00214] Here Q may represent the number of multiple first feature point pairs or may

represent the number of second feature points in the second feature point set, g may represent

the g-th first feature point pair of the multiple first feature point pairs or may represent the g-

th second feature point in the second feature point set Q, D, represents a first vertical distance
of the g-th second feature point pair, D; represents a second vertical distance of the g-th

f . 2 _ -1 -1
second feature point pair, and || ||P represents square of a P-norm, P= 3"/ or X

[ 00215] It should be understood that for each of the first feature point sets, a first sub-
error between each of the first feature point sets and the second feature point set may be
determined in a manner of operations S131 to S133, that is, the first sub-error includes

multiple first sub-errors.

[ 00216] As described above, a sum of the multiple first sub-errors or an average value
of the multiple first sub-errors may be determined as the first distance error between the
image sensor and the radar sensor, which is not limited in the embodiment of the disclosure.
In a possible implementation, the first distance error F; may be expressed as formula (13):

F1=F1,1 + F1,21 F1,1 = dee ng 1F1,2 = dee Hzg (13)

[ 00217] Here G represents the number of multiple first feature point sets, g represents
the g-th first feature point set of the multiple first feature point sets, H,’ represents a first
vertical distance error corresponding to the g-th first feature point set, and H, represents a

second vertical distance error corresponding to the g-th first feature point set. Formula (13)

may represent summation of multiple first sub-errors to obtain the first distance error.

[ 00218] In the embodiment of the disclosure, a more accurate first sub-error may be

obtained by calculating vertical distance errors from a point to a line and from a point to a
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plane, and then a more accurate first distance error may be obtained.

[ 00219] In a possible implementation, the operation S14 of determining, according to
the multiple first feature point sets, the second distance error of the radar sensor may include

the following operations.

[ 00220] In operation S141, matched second feature point pairs are determined
according to distances between third feature points in a third feature point set and fourth
feature points in a fourth feature point set, the third feature point set and the fourth feature
point set are any two of the first feature point sets, and each of the second feature point pairs
includes a third feature point and a fourth feature point.

[ 00221] As described above, the multiple first point clouds are point clouds acquired by
the radar sensor at different positions of the target scene. Since the radar sensor may have
different radar poses at different positions, there may also be errors between the first point
clouds acquired by the radar sensor at different positions. The first feature point set of the first

point cloud may be understood as a set of feature points in the first point cloud.

[ 00222] The third feature point set and the fourth feature point set may be two first
feature point sets, adjacent to each other in the acquisition timing, of multiple first feature
point sets, or may be two first feature point sets selected at an interval, which is not limited in

the embodiment of the disclosure.

[ 00223] A distance calculation method known in the art may be used to calculate the
distance between the third feature point and the fourth feature point according to the
coordinate of the third feature point and coordinate of the fourth feature point. It should be
understood that for any one of the third feature points in the third feature point set, a distance
between any one of the third feature points and each of the fourth feature points in the fourth
feature point set may be calculated to determine a fourth feature point matched with the third

feature point.

[ 00224] It should be understood that the smaller the distance between two feature
points, the more similar the two feature points, or the higher the probability that the two
feature points are the same point on the same object. Based on this, the third feature point and

the fourth feature point between which the distance is smaller than a third distance threshold
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may be used as the first feature point pairs.

[ 00225] It should be understood that a fourth feature point matched with each of the
third feature points in the third feature point set may be determined in a manner of operation

S141. Therefore, multiple second feature point pairs may be obtained.

[ 00226] In operation S142, a second sub-error between the third feature point set and
the fourth feature point set is determined according to multiple matched second feature point

pairs.

[ 00227] As described above, for the same object in the target scene, data points,
indicating the same object in the same coordinate, of the first point clouds acquired at
different positions should be coincident or infinitely close, then in theory, the distance
between the third feature point and the fourth feature point in any one of second feature point

pairs should be approximately equal to zero.

[ 00228] Based on this, a sum of distances between the third feature points and the
fourth feature points of the multiple second feature point pairs, or an average value of
distances between the third feature points and the fourth feature points of the multiple second
feature point pairs may be determined as the second sub-error between the third feature point
set and the fourth feature point set, which is not limited in the embodiment of the disclosure.

[ 00229] In operation S143, the second distance error of the radar sensor is determined

according to multiple second sub-errors.

[ 00230] It should be understood that for any two of the first feature point sets, a second
sub-error corresponding to any two of the first feature point sets may be determined in a
manner of operations S141 to S142, that is, the second sub-error includes multiple second

sub-errors.

[ 00231] In a possible implementation, a sum of the multiple second sub-errors or an
average value of the multiple second sub-errors may be determined as the second distance

error of the radar sensor, which is not limited in the embodiment of the disclosure.

[ 00232] In the embodiment of the disclosure, the second distance error may be
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determined effectively according to the matched second feature point pairs.

[ 00233] As described above, the radar sensor may have different radar poses at the time
of acquiring each of the first point clouds, which means that coordinate of each of the first
point clouds may not be uniform. In order to determine the second feature point pair between
any two of the first feature point sets, each of the first feature point sets may be transformed
into the same coordinate system. In a possible implementation, the operation S141 of
determining matched second feature point pairs according to the distances between the third
feature points in the third feature point set and the fourth feature points in the fourth feature
point set may include the following operations.

[ 00234] The distances between the third feature points in the third feature point set and
the fourth feature points in the fourth feature point set is determined according to a radar pose
of the radar sensor acquiring each of the first point clouds. The third feature point and the
fourth feature point between which the distance is smaller than a third distance threshold is

determined as the matched second feature point pair.

[ 00235] As described above, the radar pose of the radar sensor acquiring each of the
first point clouds may be determined by a combined inertial navigation system, a global
satellite navigation system, and/or an inertial navigation system, or the like installed on the

intelligent device, which is not limited in the embodiment of the disclosure.

[ 00236] It should be understood that the radar pose may represent a coordinate
transformation relationship between the radar coordinate system of the radar sensor and the
global coordinate system, or a pose transformation relationship of the radar sensor with
respect to the global coordinate system. Each of the first feature point sets may be directly
transformed into the global coordinate system according to the radar pose when each of the
first point clouds is acquired, and then the distance between the third feature point and the
fourth feature point may be determined according to coordinates of the third feature point and

the fourth feature point which are transformed into the global coordinate system.

[ 00237] In a possible implementation, a relative radar pose corresponding to any two of
the first feature point sets may also be determined according to the radar pose of the radar

sensor acquiring each of the first point clouds, and then the third feature point set and the
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fourth feature point set are transformed into the same coordinate system according to the
relative radar pose, for example, into a radar coordinate system of the radar sensor acquiring

one of the first point clouds, which is not limited in the embodiment of the disclosure.

[ 00238] As described above, the smaller the distance between two feature points, the
more similar the two feature points, or the higher the probability that the two feature points
are the same point on the same object. Based on this, the third feature point and the fourth
feature point between which the distance is smaller than a third distance threshold may be

used as the second feature point pairs.

[ 00239] In the embodiment of the disclosure, the matched second feature point pairs
may be effectively determined in the same coordinate system, and the pose error of the radar
sensor itself may be introduced into joint calibration, which is beneficial to improve accuracy

of the joint calibration.

[ 00240] As described above, the first feature point set may be transformed into the
global coordinate system. In a possible implementation, the determining, according to the
radar pose of the radar sensor acquiring each of the first point clouds, the distances between
the third feature points in the third feature point set and the fourth feature points in the fourth

feature point set may include the following operations.

[ 00241] Third global positions of the third feature points in the third feature point set in
the global coordinate system and fourth global positions of the fourth feature points in the
fourth feature point set in the global coordinate system are determined according to the radar
pose of the radar sensor acquiring each of the first point clouds. The distances between the
third feature points in the third feature point set and the fourth feature points in the fourth
feature point set is determined according to the third global position and the fourth global

position.

[ 00242] The determining the third global position of the third feature point in the global
coordinate system and the fourth global position of the fourth feature point in the global
coordinate system respectively according to the radar pose of the radar sensor acquiring each
of the first point clouds may be understood as transformation of the third feature point and the

fourth feature point in the radar coordinate system into the global coordinate system, to obtain
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the third global position of the third feature point in the global coordinate system and the

fourth global position of the fourth feature point in the global coordinate system.

[ 00243] In a possible implementation, the third global position of the third feature point
in the global coordinate system and the fourth global position of the fourth feature point in the

global coordinate system may be determined by formula (14): X, =RX, +t , here a

translation matrix R, and a rotation matrix t; represent the radar pose, X, represents positions

of the third feature point and the fourth feature point in the radar coordinate system, and X,

represents the third global position of the third feature point in the global coordinate system or

the fourth global position of the fourth feature point in the global coordinate system.

[ 00244] As described above, a distance calculation manner known in the art, such as
Euclidean distance, cosine distance, or the like, may be used to determine the distances
between the third feature points in the third feature point set and the fourth feature points in
the fourth feature point set according to the third global position and the fourth global position,

which is not limited in the embodiment of the disclosure.

[ 00245] In the embodiment of the disclosure, the matched second feature point pairs
may be effectively determined in the global coordinate system, and the pose error of the radar
sensor itself may also be introduced into joint calibration, which is beneficial to improve

accuracy of the joint calibration.

[ 00246] As described above, the second feature point set may include at least an edge
point or a plane point, that is, the first feature point may be an edge point or a plane point.
Accordingly, the second feature point pairs may include at least an edge point pair or a plane
point pair. It should be understood that two feature points of the edge pair may be edge points,
and two feature points of the plane point pair may be plane points.

[ 00247] In a possible implementation, the operation S142 of determining, according to
the multiple matched second feature point pairs, the second sub-error between the third

feature point set and the fourth feature point set may include the following operations.

[ 00248] In operation S1421, for any one of the second feature point pairs, a third

vertical distance from a third feature point in the second feature point pair to a straight line
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where a fourth feature point in the second feature point pair is located, is determined in

response to the second feature point pair being the edge point pair.

[ 00249] As described above, two points form a straight line, and in a possible
implementation, a fourth feature point and one fourth feature point closest to the fourth
feature point may be used to represent a straight line where the fourth feature point is located.
The one fourth feature point closest to the fourth feature point may be a feature point, having
a closest distance to the fourth feature point, in the fourth feature point set. Of course, a
straight line formula may also be obtained by using a fourth feature point and one fourth
feature point closest to the fourth feature point, to represent, by the straight line formula, the

straight line where the fourth feature point is located.

[ 00250] In a possible implementation, the third vertical distance D3 may be calculated
by referring to calculation of the first vertical distance according to formula (8), that is, the
third global position of the third feature point in the global coordinate system may be used as
Xn, the fourth feature point and the one fourth feature point closest to the fourth feature point
may be used as Xn1, Xni2, respectively, and parameters of the straight line formula of the
straight line where the fourth feature point is located may be used as a;, b, and ci, which are
not elaborated here. It should be understood that unlike formula (8), the third global position
of the third feature point and the fourth global position of the fourth feature point in the

embodiment of the disclosure are global positions determined by formula (14).

[ 00251] It should be noted that calculation of the third vertical distance from the third
feature point in the second feature point pair to the straight line where the fourth feature point
is located is an implementation provided in the embodiment of the disclosure. Actually, the
third vertical distance from the fourth feature point in the second feature point pair to the
straight line where the third feature point is located, may also be calculated in the above

manner, which is not limited in the embodiment of the disclosure.

[ 00252] Therefore, a more accurate second sub-error may be obtained by calculating
the third vertical distance from the third feature point to the straight line where the fourth

feature point is located.

[ 00253] In operation S1422, a fourth vertical distance from a third feature point in the

52



second feature point pair to a plane where a fourth feature point in the first feature point pair

is located, is determined in response to the second feature point pair being the plane point pair.

[ 00254] As described above, three points form a plane, and in a possible
implementation, a fourth feature point and two fourth feature points closest to the fourth
feature point may be used to represent a plane where the fourth feature point is located. The
two fourth feature points closest to the fourth feature point may be two feature point, having
closest distances to the fourth feature point, in the fourth feature point set. Of course, a plane
formula may also be obtained by using a fourth feature point and two fourth feature points
closest to the fourth feature point, to represent, by the plane formula, the plane where the

fourth feature point is located.

[ 00255] In a possible implementation, the fourth vertical distance D, may be calculated
by referring to calculation of the second vertical distance according to formula (10), that is,
the third global position of the third feature point in the global coordinate system may be used
as Xp, the fourth feature point and two fourth feature points closest to the fourth feature point
may be used as Xp1, Xni2, Xnis, respectively, and parameters of the plane formula of the
plane where the fourth feature point is located may be used as as, bs, cs3, d3, which are not
elaborated here. It should be understood that unlike formula (10), the third global position of
the third feature point and the fourth global position of the fourth feature point in the

embodiment of the disclosure are determined by formula (14).

[ 00256] It should be noted that calculation of the fourth vertical distance from the third
feature point in the second feature point pair to the plane where the fourth feature point is
located is an implementation provided in the embodiment of the disclosure. Actually, the
fourth vertical distance from the fourth feature point in the second feature point pair to the
plane where the third feature point is located, may also be calculated in the above manner,

which is not limited in the embodiment of the disclosure.

[ 00257] Therefore, a more accurate second sub-error may be obtained by calculating
the fourth vertical distance from the third feature point to the plane where the fourth feature

point is located.

[ 00258] In operation S1423, the second sub-error is determined according to at least
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multiple third vertical distances or multiple fourth vertical distances.

[ 00259] It should be understood that for each of the second feature point pairs, the third
vertical distance and the fourth vertical distance may be calculated according to operation
S1421 and/or operation S1422. Therefore, the third vertical distance and the fourth vertical
distance may include multiple third vertical distances and multiple fourth vertical distances,

respectively.

[ 00260] In a possible implementation, the determining the second sub-error according
to at least multiple third vertical distances or multiple fourth vertical distances may include
the following operations. A third vertical distance error is determined according to the
multiple third vertical distances, and/or a fourth vertical distance error is determined
according to the fourth vertical distances. The third vertical distance error or the fourth
vertical distance error is determined as the second sub-error, or, a sum of the third vertical
distance error and the fourth vertical distance error is determined as the second sub-error. That
is, the second sub-error includes at least multiple third vertical distance errors or multiple

fourth vertical distance errors.

[ 00261] In a possible implementation, the third vertical distance error Hz and the fourth
vertical distance error Hymay be determined by referring to determination of the first vertical
distance and the second vertical distance according to formula (11) and formula (12),

respectively, which is not elaborated here.

[ 00262] It should be understood that for multiple first feature point sets, a second sub-
error between any two of the first feature point sets may be determined in a manner of

operations S141 to S143, that is, the second sub-error includes multiple second sub-errors.

[ 00263] As described above, a sum of the multiple second sub-errors or an average
value of the multiple second sub-errors may be determined as the second distance error of the
radar sensor, which is not limited in the embodiment of the disclosure. In a possible

implementation, the second distance error F, may be expressed as formula (15):
F=F.+F,,F, = dee HJ Fo = dee H, (15)

[ 00264] Here G represents the number of multiple first feature point sets, g represents
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the g-th first feature point set (i.e., the g-th third feature point set) of the multiple first feature

point sets, H, represents a third vertical distance error corresponding to the g-th third feature

point set, and H/ represents a fourth vertical distance error corresponding to the g-th third

feature point set. Formula (15) may represent summation of multiple second sub-errors to

obtain the second distance error.

[ 00265] In the embodiment of the disclosure, a more accurate second sub-error may be
obtained by calculating vertical distance errors from a point to a line and from a point to a

plane, and then a more accurate second distance error may be obtained.

[ 00266] In a possible implementation, the operation S15 of determining the
reprojection error of the image sensor according to the first global position of the second
feature point set in the global coordinate system and the first image positions of pixel points
corresponding to the second feature point set in the multiple scene images may include the

following operations.

[ 00267] In operation S151, for any one of the scene images, according to a first global
position of any one of second feature points in the second feature point set and camera
parameters of the image sensor, a second image position of the second feature point in the

scene image is determined.

[ 00268] A camera imaging principle, such as an aperture imaging principle model
shown in formula (16) may be used to determine the second image position of the second
feature point in the scene image according to the first global position of the second feature

point and camera parameters.
s[x] =K[R][X,] (16)

[ 00269] Here s is an arbitrary scale factor, [Xh]T represents a matrix of the first global

position, [xt} represents a matrix of the second image position x', K represents an internal

parameter matrix of the camera, [R t] represents an external parameter matrix of the camera,

R represents a rotation matrix, and t represents a translation matrix. It should be understood

55



that the first global position is 3D coordinate and the second image position is 2D coordinate.

[ 00270] It should be understood that for each of the second feature points, the second
image position of each of the second feature points in the scene image may be obtained by
formula (16).

[ 00271] In operation S152, a reprojection sub-error corresponding to the scene image is
determined according to second image positions of multiple second feature points and first
image positions of pixel points corresponding to the multiple second feature points in the

scene image.

[ 00272] It should be understood that the second image position, i.e., a coordinate of a
projection point of the second feature point in the image coordinate system (i.e., the scene
image) of the image sensor, is obtained by formula (16), and the projection point is a 2D point
calculated according to historically calibrated camera parameters, and the pixel points
corresponding to the second feature points may be understood as 2D points in an actually

captured scene image.

[ 00273] As described above, in theory, the projection point of the second feature point
coincides with the pixel point corresponding to the second pixel point. Since there may be an
error between camera parameters for calculating the projection point and actual camera
parameters of the image sensor, and there may also be an error between the second point
cloud constructed based on the scene image and the target scene, there may be an error
between the projection point and the pixel point, that is, positions of the projection point and
the pixel point do not coincide. The error between the projection point and the pixel point is

known as the reprojection error.

[ 00274] In a possible implementation, a distance between the projection point and the
pixel point may be used as the error between the projection point and the pixel point, and the
distance between the projection point and the pixel point may be determined based on a
coordinate of the projection point (i.e., the second image position of the second feature point)
and a coordinate of a corresponding pixel point (i.e., the first image position), and then, a sum
of distances between multiple projection points and corresponding pixel points is determined

as the reprojection sub-error corresponding to the scene image.
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[ 00275] In a possible implementation, the reprojection sub-error Hs corresponding to

the scene image may also be determined by formula (17):
t 2
H, =Zj€J Hx, —xjH (17)

[ 00276] Here J represents the number of multiple second feature points, g represents

the j-th second feature point of the multiple second feature points, X; represents a first image

-, . - - - - - - t
position of the projection point corresponding to the j-th second feature point, x;represents a
second image position of the projection point corresponding to the j-th second feature point
and is calculated by formula (16), and | | represents square of a norm. Formula (17)

represents that a sum of square values of the norm of difference values between second image
positions of the multiple second feature points and second image positions of corresponding

pixel points, is determined as the reprojection sub-error.

[ 00277] It should be understood that for each of scene images, a reprojection sub-error
corresponding to each of the scene images may be obtained in a manner of operations S151 to
S152.

[ 00278] In operation S153, the reprojection error of the image sensor is determined

according to reprojection sub-errors corresponding to the multiple scene images.

[ 00279] In a possible implementation, the determining the reprojection error of the
image sensor according to reprojection sub-errors corresponding to the multiple scene images
may include the following operations. A sum of reprojection sub-errors corresponding to the

multiple scene images may be determined as the reprojection error F3; of the image sensor,
according to formula (18): F;, = ZeeE H: , here E represents the number of the multiple scene
images, and e represents the e-th scene image of the multiple scene images. Or, an average
value of reprojection sub-errors corresponding to the multiple scene images may also be

determined as the reprojection error of the image sensor, which is not limited in the

embodiment of the disclosure.

[ 00280] As described above, the image sensor may include multiple image sensors. It

should be understood that when the image sensor includes multiple image sensors, each of the
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image sensors may obtain the reprojection error corresponding to each of the image sensors

according to operations S151 to S153, which is not elaborated here.

[ 00281] In the embodiment of the disclosure, the reprojection error of the image sensor
may be obtained effectively, so that the reprojection error of the image sensor may be
introduced into joint calibration, which is beneficial to improve calibration accuracy of the

image sensor.

[ 00282] As described above, the image sensor includes multiple image sensors, and the
reprojection error of each of the image sensors is determined according to operations S151 to
S153, so that the multiple image sensors are calibrated independent of each other, which is not

beneficial to achieve global consistency of the joint calibration among multiple sensors.

[ 00283] In a possible implementation, in case of multiple image sensors, any one of the
image sensors may be selected as a reference image sensor, and other image sensors are non-
reference image sensors, and then a pose transformation relationship between the reference
image sensor and the non-reference image sensor is introduced into joint calibration of the
multiple image sensors. Therefore, it is equivalent to introduction of a constraint relationship
among the multiple image sensors, which is beneficial to improve global consistency of the

joint calibration among multiple sensors and improve calibration accuracy of the sensor.

[ 00284] The pose transformation relationship between the reference image sensor and
the non-reference image sensor may be obtained according to a rigid transformation between
a historically calibrated camera pose of the reference image sensor and a historically

calibrated camera pose of the non-reference image sensor.

[ 00285] In a possible implementation, in case of multiple image sensors, the multiple
image sensors includes a reference image sensor and at least one non-reference image sensor.
Based on this, the multiple scene images may include multiple reference images acquired by
the reference image sensor and multiple non-reference images acquired by the non-reference

image sensor.

[ 00286] In a possible implementation, the operation S15 of determining the
reprojection error of the image sensor according to the first global position of the second

feature point set in the global coordinate system and the first image positions of pixel points
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corresponding to the second feature point set in the multiple scene images may include the

following operations.

[ 00287] In operation S154, for any one of non-reference images, according to a first
global position of any one of second feature points in the second feature point set, camera
parameters of the reference image sensor and a pose transformation relationship between the
non-reference image sensor and the reference image sensor, a third image position of the

second feature point in the non-reference image is determined.

[ 00288] The second feature point may be projected into an image coordinate system
(i.e., the reference image) of the reference image sensor according to camera parameters of
the reference image sensor and the first global position of the second feature point based on
the camera imaging principle shown in formula (16). Then, the coordinate of the second
feature point in the image coordinate system of the reference image sensor are transformed
into an image coordinate system of the non-reference image sensor according to the pose
transformation relationship between the non-reference image sensor and the reference image
sensor, to obtain the third image position of the second feature point in the non-reference

image sensor.

[ 00289] For example, formula (19) may be used to transform the second feature point
in the image coordinate system of the reference image sensor into the image coordinate
system (i.e., the non-reference image) of the non-reference image sensor according to the pose
transformation relationship between the non-reference image sensor and the reference image

sensor:

X[ =Ry X+t (19)

cf )

[ 00290] Here x jf represents a third image position of the j-th second feature point in the
non-reference image, x; represents an image position of the j-th second feature point in the
image coordinate system of the reference image sensor and is calculated by formual (16), R
and t, represent the pose transformation relationship between the non-reference image sensor

and the reference image sensor, R, represents a rotation matrix, and t, represents a
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translation matrix.

[ 00291] It should be understood that for each of second feature points, the third image
position corresponding to each of the second feature points may be obtained according to
operation S154.

[ 00292] In operation S155, a reprojection sub-error corresponding to the non-reference
image is determined according to third image positions of multiple second feature points and
first image positions of pixel points corresponding to the second feature points in the non-

reference image.

[ 00293] In a possible implementation, a sum of distances between the third image
positions of the multiple second feature points and the first image positions of corresponding
pixel points may be determined as the reprojection sub-error corresponding to the non-

reference image.

[ 00294] In a possible implementation, the reprojection sub-error Hg corresponding to

the non-reference image may also be determined by formula (20):
2
Hs :ZjeJ HXJ' _Xif H (20)

[ 00295] Here J represents the number of multiple second feature points, j represents the
J-th second feature point of the multiple second feature points, X; represents a first image
-, . - - - - - f -
position of the pixel point corresponding to the j-th second feature point, X; represents a third
image position corresponding to the j-th second feature point and is calculated by formula
(19), and || | represents square of a norm. Formula (20) represents that a sum of square

values of the norm of difference values between third image positions of the multiple second
feature points and first image positions of corresponding pixel points, is determined as the

reprojection sub-error.

[ 00296] It should be understood that for each of non-reference images, a reprojection
sub-error corresponding to each of the non-reference images may be obtained in a manner of
operations S154 to S155.
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[ 00297] In operation S156, the reprojection error of the non-reference image sensor is
determined according to reprojection sub-errors corresponding to the multiple non-reference

images.

[ 00298] In a possible implementation, the determining the reprojection error of the non-
reference image sensor according to reprojection sub-errors corresponding to the multiple
non-reference images may include the following operations. A sum of reprojection sub-errors

corresponding to the multiple non-reference images may be determined as the reprojection
error F3, of the non-reference image sensor, according to formula (21): F;, :Ze*ee* Hg*,
here E* represents the number of the multiple non-reference images, and e* represents the e*-
th non-reference image of the multiple non-reference images. Hg* represents a reprojection

sub-error of the e*-th non-reference image. Or, an average value of reprojection sub-errors
corresponding to the multiple non-reference images may also be determined as the
reprojection error of the non-reference image sensor, which is not limited in the embodiment

of the disclosure.

[ 00299] In a possible implementation, the reprojection error of the reference image
sensor may be determined by referring to operations S151 to S153, that is, the reprojection

error of the reference image sensor may be expressed as F3 1, which is not elaborated here.

[ 00300] Based on this, in a case where the image sensor includes a reference image

sensor and at least one non-reference image sensor, the reprojection error of the image sensor
may be expressed as formula (22): F, = F3Y1+ZW*€W* F;”; here W* represents the number of
multiple non-reference image sensors, w* represents the w*-th non-reference image sensor of
the multiple non-reference image sensors, and F;i represents the reprojection error of the w*-

th non-reference image sensor.

[ 00301] In the embodiment of the disclosure, the reprojection error of the multiple
image sensors may be obtained effectively, and the pose transformation relationship between
the multiple image sensors is introduced into joint calibration of the multiple image sensors,
which is equivalent to introduction of a constraint relationship among the multiple image

sensors, and is beneficial to improve global consistency of the joint calibration among the
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multiple image sensors, and improve accuracy of the joint calibration among the multiple

image sensors.

[ 00302] In a possible implementation, the operation S16 of calibrating the radar sensor
and the image sensor according to the first distance error, the second distance error and the
reprojection error, to obtain the first calibration result of the radar sensor and the second

calibration result of the image sensor may include the following operations.

[ 00303] In operation S161, a radar pose of the radar sensor, camera parameters of the
image sensor and the second feature point set are optimized according to the first distance
error, the second distance error and the reprojection error.

[ 00304] An optimization algorithm known in the art, such as a Bundle Adjustment (BA)
algorithm, may be used to optimize the radar pose of the radar sensor, camera parameters of
the image sensor and the second feature point set according to the first distance error, the
second distance error and the reprojection error, which is not limited in the embodiment of the

disclosure.

[ 00305] It should be understood that the second point cloud is constructed by multiple
scene images, and the second feature point set is optimized, so that an error between the
second feature point set and an actual point cloud corresponding to the target scene may be

reduced to improve calibration accuracy of the sensor.

[ 00306] In operation S161, the sensor calibration method is re-performed according to
the optimized radar pose, optimized camera parameters and optimized second feature point set,
until the radar pose of the radar sensor and the camera parameters of the image sensor are
converged respectively, to obtain the first calibration result of the radar sensor and the second
calibration result of the image sensor, the first calibration result includes the converged radar

pose, and the second calibration result includes the converged camera parameters.

[ 00307] The sensor calibration method may be re-performed according to the optimized
radar pose, optimized camera parameters and optimized second feature point set, by referring
to operations of the sensor calibration method according to the embodiment of the disclosure,

which is not elaborated here.
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[ 00308] It should be understood that the sensor calibration method may be performed
many times, each time new radar pose and camera parameters may be obtained. In a possible
implementation, when the radar pose of the radar sensor and the camera parameters of the
image sensor are converged respectively, the converged radar pose and the converged camera
parameters may be used as the first calibration result of the radar sensor and the second
calibration result of the image sensor, respectively. Or, in a case where the number of times of
performing the sensor calibration method satisfies a preset number of iterations (for example,
three iterations), an execution result (i.e., the radar pose and camera parameters) of the last
sensor calibration method may be used as the first calibration result of the radar sensor and

the second calibration result of the image sensor, respectively.

[ 00309] In the embodiment of the disclosure, by performing the sensor calibration
method iteratively, the calibration result of each of the radar sensor and the image sensor may

be more accurate.

[ 00310] FIG. 2 shows a schematic diagram of a sensor calibration method according to
an embodiment of the disclosure. As shown in FIG. 2, the sensor calibration method includes

the following operations.

[ 00311] In a first operation, radar point clouds of multiple frames acquired by a laser

radar installed on an intelligent vehicle is acquired.

[ 00312] In a second operation, a SFM point cloud constructed based on a scene image
is acquired, the scene image includes multiple scene images of a target scene acquired by at

least one camera installed on the intelligent vehicle.
[ 00313] In a third operation, feature points are extracted from the radar point cloud.

[ 00314] For radar point clouds of single frame, a horizontal angle and a vertical angle
of each laser emission point are calculated, and the radar point clouds of single frame are
arranged in an order according to the horizontal angle and the vertical angle. The horizontal
angle and the vertical angle of each laser emission point may be calculated by referring to

formula (1) and formula (2), which is not elaborated here.

[ 00315] After the horizontal angle and the vertical angle are obtained, the vertical angle
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of each laser emission point may be allocated to different beams of the laser emission point
according to angle values in the vertical direction, and the radar point clouds are sorted
according to vertical angles of the different beams, so that the radar point clouds are arranged
in the vertical direction. Furthermore, the radar point clouds are arranged horizontally
according to angle values in the horizontal direction. At this time, all the laser emission points
have fixed relative positions, that is, an ordered point cloud sequence is obtained. When a
sequence relationship (arrangement relationship) of the radar point clouds is obtained, a
curvature of a current point may be obtained according to an adjacent point set by referring to
formula (3), the adjacent point set includes multiple points adjacent to the current point.

[ 00316] In the process of calculating the curvature, five adjacent points arranged at the
left and right of the current point may be selected as the adjacent point set of the current point.
After the curvature of each of the points is obtained, the points are sorted according to values
of the curvature. A point having a large curvature is considered as an edge point, and a point

having a small curvature is considered as a plane point.
[ 00317] In a fourth operation, feature points are extracted from the SFM point cloud.

[ 00318] In the process of extracting the feature points from the SFM point cloud, a KD-
tree may be created and used to manage the SFM point cloud, ten points closest to each point
are searched in the KD-tree, and a distance between each point and each of the closest ten
points may be calculated respectively. When the distance is smaller than a certain threshold,
the point is used as a feature point, otherwise, the point is not used as the feature point. When
the current point is the feature point, a feature attribute of the current point is determined
according to ten points closest to the feature point, that is, the feature point is partitioned into

an edge point or a plane point.

[ 00319] The determination of the edge point includes the following operations. A
covariance matrix of an adjacent point set formed by 10 closest points is calculated and the
covariance matrix is decomposed by SVD to obtain a multi-dimensional feature value and a
multi-dimensional feature vector. When a certain-dimensional feature value is much greater
than other-dimensional feature values, the current point is considered as the edge point. The
determination of the plane point includes the following operations. A plane is fitted according

to 10 closest points, and a normal vector of the plane is solved. When product of each point in
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the point set and the normal vector is approximately equal to zero, the current point is

considered as the plane point.

[ 00320] In a fifth operation, feature point matching is performed, including feature
point matching between the radar point cloud and the radar point cloud, and feature point

matching between the radar point cloud and the SFM point cloud.

[ 00321] The feature point matching between the radar point cloud and the radar point
cloud may refer to the process of obtaining the second feature point pair according to the

embodiment of the disclosure, which is not elaborated here.

[ 00322] In a possible implementation, all radar point clouds may be transformed into
the global coordinate system according to an initial radar pose, that is, all radar point clouds
are located in the same coordinate system. Then, edge points and plane points are extracted
from a radar point cloud of current frame, and matched feature points closest to a radar point
cloud of adjacent frame are searched. In the matching process, a distance between the edge
point in the current frame radar point cloud and a line where the edge point in the radar point
cloud of adjacent frame is located is calculated, and a distance between the plane point in the
radar point cloud of current frame and a plane where the edge point in the radar point cloud of
adjacent frame is located is calculated. When the distance is smaller than a certain threshold
(for example, 1 m), it is determined that two points in radar point clouds of two frames are
matched. In this case, a distance error function from the radar point cloud of current frame to
the point-line and the point-plane of a matched feature point set in the radar point cloud of
adjacent frame may be constructed, and an optimization variable is a radar pose of a current

laser radar.

[ 00323] The feature point matching between the radar point cloud and the SFM point
cloud may refer to the process of obtaining the first feature point pair according to the
embodiment of the disclosure, which is not elaborated here.

[ 00324] It should be understood that a relative pose between the laser radar and the
camera is fixed, therefore an idea of a generalized camera model may be used to introduce the
laser radar into the generalized camera model. For example, in a multi-sensor system having

four cameras and one laser radar, a reference camera (a reference image sensor) is selected,
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and the remaining cameras (non-reference image sensors) and the laser radar are not
optimized individually. The generalized camera model refers to rigid fixing between a camera

and a camera, without changing the relative pose.

[ 00325] Pose transformation relationships between the remaining cameras, the laser
radar and the reference camera are obtained by historical calibration, and poses of the
remaining cameras and the laser radar in the global coordinate system are obtained by using a
pose transformation relationship between the reference camera and the global coordinate
system. Such indirect optimization process ensures that at a position where the intelligent
vehicle stops, a relative pose among multiple sensors does not change and an optimization

model (i.e., a joint optimization function) is not changed by change of the relative pose.

[ 00326] In a sixth operation, a joint optimization function is constructed according to a

feature matching result.

[ 00327] The joint optimization function is mainly composed of a reprojection error
function, a distance error function between the SFM point cloud and the radar point cloud,
and a distance error function between the radar point clouds of different frames. As described
above, the reprojection error may be optimized by a way of the generalized camera model. A
pose relationship from the reference camera to the global coordinate system may be optimized
when the reprojection error is optimized, other sensors are indirectly optimized to a calibrated
pose relationship of the reference camera, and then optimized to the pose relationship from
the reference camera to the global coordinate system. Therefore, it may ensure that a relative
pose among multiple sensors has a rigid relationship, which is beneficial to global consistency

of the joint optimization among multiple sensors, and improve calibration accuracy of the

Sensor.

[ 00328] The joint optimization function may be expressed as formula (23).
F'=F"+F +F  (23)

[ 00329] Here F'represents the reprojection error function, see formula (24).

F'=F,+F, (24)
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[ 00330] Here F, represents the reprojection error function of the reference camera, see

formula (25).

Fo=2, S e —r(KREX)| @9)

[ 00331] Here j represents the j-th feature point in the SFM point cloud, j€J, E*
represents the number of scene images acquired by the reference camera, e EE, e represents
the e-th scene image captured by the reference camera, X;, represents a 2D coordinate of a

pixel point corresponding to the j-th feature point in the SFM point cloud within the e-th

scene image, R and t represent external camera parameters of the reference camera, K
represents internal camera parameters of the reference camera, X/ represents a 3D coordinate
of the j-th feature point in the SFM point cloud under the global coordinate system, and

r(K, R,t, X/ ) represents a 2D coordinate of a projection point projecting the j-th feature point

in the SFM point cloud to the image coordinate system of the reference camera.

[ 00332] Here F, represents the reprojection error function of other cameras (non-

reference cameras), see formula (26).

X —T(K.RER by, X )H2 (26)

R, = ZJ ZE*

[ 00333] Here E* represents the number of scene images acquired by the non-reference

camera, e* €EE*, e* represents the e*-th scene image (i.e., a non-reference image) captured by

the non-reference camera, R and t, represent a pose transformation relationship between the
non-reference camera and the reference camera, X, . represents a 2D coordinate of a pixel

point corresponding to the j-th feature point in the SFM point cloud within the e*-th scene

image captured by the non-reference camera, and r(K,R,t,RCf,th,X}f)represents a 2D

coordinate of a projection point projecting the j-th feature point in the SFM point cloud to the

image coordinate system of the reference camera according to K, R, t and then transforming

into the image coordinate system of the non-reference camera according toR ; and t; .
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[ 00334] Here F, represents the distance error function between the SFM point cloud

and the radar point cloud, see formula (27).
F, =F,+F, (27)

[ 00335] Here F,, represents the distance error function from the feature point in the

SFM point cloud to the straight line where the matched feature point in the radar point cloud

is located, see formula (28).

i 2
D, (RS, th, Rt X, XL, X.fz)‘

F;J- = ZJ ZKEK Zfi (28)

[ 00336] Here K represents a radar point cloud set, k represents the k-th radar point

cloud, R and t¥ represent a pose transformation relationship between the laser radar and the
reference camera when the k-th radar point cloud is acquired, X/ represents a 3D coordinate

of the j-th feature point in the SFM point cloud under the global coordinate system, X,fl and

lez represent coordinates of two matched feature points matched with X/ in the k-th radar

point cloud under the radar coordinate system, and may represent a straight line where the two

matched feature points are located, || ”221 represents square of a P-norm, P= szl
ihah2 Phah2

[ 00337] Here D1<Rk t, Rt X/, X,fl,X,'l‘z) represents that the matched feature points

cl? tcl?

in the radar point cloud and the feature points in the SFM point cloud are transformed into the
same coordinate system (for example, the camera coordinate system of the camera), according
to the pose transformation relationship between the laser radar and the reference camera and
the coordinate transformation relationship between the camera coordinate system of the
reference camera and the global coordinate system, by using formula (4) and formula (5), or
by using formula (6). The vertical distance D; from the feature point in the SFM point cloud
to the straight line where the matched feature point in the radar point cloud is located is

determined in the same coordinate system by using formula (7) or (8).
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[ 00338] Here F,, represents the distance error function from the feature point in the

SFM point cloud to the plane where the matched feature point in the radar point cloud is

located, see formula (29).

D, (R, th, Rt X)X\ X X|13)2

F, Z Zk K Z}imh‘m (29)

[ 00339] Here Xl‘l‘l, X,fz and Xl'; represent coordinates of three matched feature points
matched with X/ in the k-th radar point cloud under the radar coordinate system, and may

represent a plane where the three matched feature points are located, || ||Z represents

Jhah2h3

-1

square of a P-norm, P=>""

Phghohs

[ 00340] Here D. (Rk

cl? “cl?

Rt X0, Xy, X X ) represents that the matched feature

points in the radar point cloud and the feature points in the SFM point cloud are transformed
into the same coordinate system (for example, the camera coordinate system of the camera),
according to the pose transformation relationship between the laser radar and the reference
camera and the coordinate transformation relationship between the camera coordinate system
of the reference camera and the global coordinate system, by using formula (4) and formula
(5), or by using formula (6). The vertical distance D, from the feature point in the SFM point
cloud to the plane where the matched feature point in the radar point cloud is located is

determined in the same coordinate system by using formula (9) or (10).

[ 00341] Here F, represents the distance error function between the radar point clouds

of different frames, see formula (30).

Fs* = Fss,‘l + stz (30)

[ 00342] Here F;, represents the distance error function from the feature point in the

radar point cloud of current frame to the straight line where the matched feature point in the

radar point cloud of adjacent frame is located, see formula (31).
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31 z Z 1,2 Z;,lll‘l,ll,z (31)

[ 00343] Here U represents the number of feature points in any one of radar point clouds,
u represents the u-th feature point in any one of radar point clouds, Rfand t; represent radar
poses when the k-th radar point cloud is acquired, or may represent the k-th relative pose
between radar point clouds of any two frames, ko represents the radar point cloud of current

frame, k; represents the radar point cloud of adjacent frame, ko and k; €Kk, X|E°'” represents a

coordinate of the u-th feature point in the radar point cloud of current frame under the radar

coordinate system, X,fll’“ and lelz'“ represent two matched feature points matched with the
feature point of current frame in the radar point cloud of adjacent frame, and may represent

the straight line where the matched feature points are located, | ||2 represents square of a

uhh2

P-norm, and P=

Z—l
-1
Z“v'l,lv'l,Z

[ 00344] Here Dl(R,k,t,k,X,?'”,X,fll'“,x,‘l‘lz'“) represents that the feature points of the

radar point cloud of current frame and the radar point cloud of adjacent frame are transformed
into the same coordinate system (for example, the global coordinate system), according to the
radar pose when the radar point cloud of each frame is acquired or the relative pose between
radar point clouds of any two frames. The vertical distance D; from the feature point in the
radar point cloud of current frame to the straight line where the matched feature point in the
radar point cloud of adjacent frame is located is determined in the same coordinate system by

using formula (7) or (8).

[ 00345] Here F,, represents the distance error function from the feature point in the

radar point cloud of current frame to the plane where the feature point in the radar point cloud

of adjacent frame is located, see formula (32).

R, = ZK ZUEU

D, (R XX XX
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[ 00346] Here X, X" and X, represent three matched feature points matched
with the feature point of current frame in the radar point cloud of adjacent frame, and may

represent the plane where the three matched feature points are located, || ||221 represents

ulah2hg3

square of a P-norm, and P= Zz,l
uhihoh3

[ 00347] Here DZ(R|k,t|k,X|E°’U7X|'fj'u,X.flz'”1x|f§u) represents that the feature points of

the radar point cloud of current frame and the radar point cloud of adjacent frame are
transformed into the same coordinate system (for example, the global coordinate system),
according to the radar pose when the radar point cloud of each frame is acquired or the
relative pose between radar point clouds of any two frames. The vertical distance D, from the
feature point in the radar point cloud of current frame to the plane where the matched feature
point in the radar point cloud of adjacent frame is located is determined in the same

coordinate system by using formula (9) or (10).

[ 00348] It should be understood that the joint error function (23) includes the
reprojection error, the distance error between the SFM point cloud and the radar point cloud,
the distance error between the laser radar of different frames, and the optimization variable

includes the SFM point cloud, internal camera parameters, the camera pose and the radar pose.

[ 00349] BA algorithm may be used for optimization to solve the minimum value of the
joint error function, and the optimized SFM point cloud, internal camera parameters, the
camera pose and the radar pose may be changed. Therefore, after the optimization is
completed once, the joint optimization function may be constructed again according to the
sensor calibration method by the newly generated SFM point cloud, internal camera
parameters, the camera pose and the radar pose, for solving. The iterative process may be
repeated many times until poses of all sensors no longer change (converge) or the number of

iterations is satisfied, to obtain calibration results of the laser radar and the camera.

[ 00350] In a seventh operation, it is determined whether the number of iterations is
satisfied or whether it is converged, and when the number of iterations is satisfied or it is

converged, a calibration result of each sensor and a 3D map are obtained, the 3D map is a 3D
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virtual map obtained by fusing the optimized SFM point cloud and radar point cloud.

[ 00351] According to the embodiment of the disclosure, a unified calibration
framework may be constructed to jointly calibrate multiple sensors. It is a fully automatic
sensor calibration method, which may reduce calibration errors of multiple sensors introduced

by a calibration object, and may meet the requirement of regular calibration.

[ 00352] According to an embodiment of the disclosure, it is applicable to joint
calibration of multiple sensors in scenes such as UAV, a high-precision map construction, an
automatic driving high-precision map construction, a large-scale scene 3D reconstruction
based on images, or the like. Different number of sources and data of the same source are
closely coupled and uniformly optimized by constructing the joint optimization function, to
obtain an accurate calibration result, and it may also be directly used in image-laser joint

calibration of a large-scale road.

[ 00353] According to the embodiment of the disclosure, a method for extracting
features from an image sparse reconstruction point cloud of and a point cloud of a laser radar
is proposed, it is proposed that information of the laser radar is included in a 3D
reconstruction process of the image, and three types of constraints such as radar-radar, radar-
camera and camera-camera are included in a unified optimization framework by constructing

geometric constraints between the laser point and the image sparse reconstruction point.

[ 00354] It may be understood that the above method embodiments mentioned in the
disclosure may be combined with each other without departing from their principle and logics,
to form a combined embodiment, which is not elaborated in the disclosure due to limited
space. It may be understood by those skilled in the art that specific execution orders of
operations of the above methods described in detailed descriptions should be determined by

their functions and possible intrinsic logics.

[ 00355] Furthermore, the disclosure further provides a sensor calibration apparatus, an
electronic device, a computer-readable storage medium, and a program, all of which may
implement any one of the sensor calibration methods provided in the disclosure, and
corresponding technical solutions and descriptions may refer to corresponding recordation of

the method and are not elaborated.
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[ 00356] FIG. 3 shows a block diagram of a sensor calibration apparatus according to an
embodiment of the disclosure. As shown in FIG. 3, the apparatus includes an acquisition
module, a point cloud construction module, a first distance error determination module, a
second distance error determination module, a reprojection error determination module, and a

calibration module.

[ 00357] The acquisition module is configured to acquire, by an image sensor and a
radar sensor disposed on an intelligent device, multiple scene images and multiple first point
clouds of a target scene where the intelligent device is located, respectively. The point cloud
construction module is configured to construct, according to the multiple scene images, a
second point cloud of the target scene in a global coordinate system. The first distance error
determination module is configured to determine, according to first feature point sets of the
first point clouds and a second feature point set of the second point cloud, a first distance error
between the image sensor and the radar sensor. The second distance error determination
module is configured to determine, according to multiple first feature point sets, a second
distance error of the radar sensor. The reprojection error determination module is configured
to determine a reprojection error of the image sensor according to a first global position of the
second feature point set in the global coordinate system and first image positions of pixel
points corresponding to the second feature point set in the scene images. The calibration
module is configured to calibrate the radar sensor and the image sensor according to the first
distance error, the second distance error and the reprojection error, to obtain a first calibration

result of the radar sensor and a second calibration result of the image sensor.

[ 00358] In a possible implementation, the apparatus may further include a first feature
extraction module and a second feature extraction module. The first feature extraction module
is configured to extract feature points from the multiple first point clouds, respectively, to
determine a first feature point set of each of the multiple first point clouds. The second feature
extraction module is configured to extract feature points from the second point cloud, to
determine the second feature point set of the second point cloud. The first distance error
determination module may include a first matching sub-module, a first sub-error
determination sub-module and a first distance error determination sub-module. The first
matching sub-module is configured to determine, for any one set of the first feature point sets,

matched first feature point pairs according to distances between first feature points in the first
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feature point set and second feature points in the second feature point set, each of the first
feature point pairs includes a first feature point and a second feature point. The first sub-error
determination sub-module is configured to determine, according to multiple matched first
feature point pairs, a first sub-error between the first feature point set and the second feature
point set. The first distance error determination sub-module is configured to determine,
according to multiple first sub-errors, the first distance error between the image sensor and the

radar sensor.

[ 00359] In a possible implementation, the first feature extraction module may include a
point cloud sequence determination sub-module, a first adjacent point determination sub-
module, a curvature determination sub-module and a first feature point set determination sub-
module. The point cloud sequence determination sub-module is configured to determine, for
any one of the first point clouds, a point cloud sequence of the first point cloud according to a
relative position of each of laser emission points of the radar sensor. The first adjacent point
determination sub-module is configured to determine, according to the point cloud sequence
of the first point cloud, multiple first adjacent points corresponding to any one of first data
points in the first point cloud. The curvature determination sub-module is configured to
determine, according to a coordinate of the first data point and coordinates of the multiple
first adjacent points, a curvature corresponding to the first data point. The first feature point
set determination sub-module is configured to determine, according to curvature of multiple

first data points in the first point cloud, the first feature point set in the first point cloud.

[ 00360] In a possible implementation, the determining, according to curvature of the
multiple first data points in the first point cloud, the first feature point set in the first point
cloud may include the following operations. The multiple first data points are sorted
according to the curvature of the multiple first data points, to obtain a sorting result. n first
data points in the sorting result are selected as n edge points, in a descending order. Or, m first
data points in the sorting result are selected as m plane points, in an ascending order. n and m
are positive integers, and the first feature point set includes at least the edge points or the

plane points.

[ 00361] In a possible implementation, the second feature extraction module may

include a second adjacent point determination sub-module, a distance determination sub-
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module and a second feature point set determination sub-module. The second adjacent point
determination sub-module is configured to determine, for any one of second data points in the
second point cloud, multiple second adjacent points corresponding to the second data point
from the second point cloud. The distance determination sub-module is configured to
determine, according to a coordinate of the second data point and coordinates of the multiple
second adjacent points, a distance between the second data point and each of the second
adjacent points, respectively. The second feature point set determination sub-module is
configured to determine the second data point as the second feature point in the second feature
point set, in response to the distance between the second data point and each of the second

adjacent points being smaller than a first distance threshold.

[ 00362] In a possible implementation, the second feature point set may include multiple
second feature points, the apparatus may further include a feature point determination module,
the feature point determination module is configured to determine at least edge points or plane
points from the multiple second feature points. The determining at least edge points or plane
points from the multiple second feature points may include the following operations. For any
one of the second feature points, a covariance matrix of multiple second adjacent points
corresponding to the second feature point is determined, and the covariance matrix is
decomposed to obtain a multi-dimensional feature value. The second feature point is
determined as the edge point, in response to a difference between any one-dimensional feature
value and each-dimensional feature value of the multi-dimensional feature value exceeding a

difference threshold.

[ 00363] In a possible implementation, the determining at least edge points or plane
points from the multiple second feature points may further may include the following
operations. For any one of the second feature points, a plane equation is fitted according to the
multiple second adjacent points corresponding to the second feature point, and a normal
vector of the plane equation is determined. The second feature point is determined as the
plane point, in response to products of the multiple second adjacent points corresponding to

the second feature point and the normal vector falling within a threshold range.

[ 00364] In a possible implementation, the determining, for any one set of the first

feature point sets, matched first feature point pairs according to the distances between the first
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feature points in the first feature point set and the second feature points in the second feature
point set may include the following operations. For any one set of the first feature point sets,
distances between the first feature points in the first feature point set and the second feature
points in the second feature point set is determined according to a pose transformation
relationship between the radar sensor and the image sensor and a coordinate transformation
relationship between a camera coordinate system of the image sensor and the global
coordinate system. The first feature point and the second feature point between which the
distance is smaller than a second distance threshold are determined as the matched first
feature point pair.

[ 00365] In a possible implementation, the determining, for any one set of the first
feature point sets, the distances between the first feature points in the first feature point set
and the second feature points in the second feature point set according to the pose
transformation relationship between the radar sensor and the image sensor and the coordinate
transformation relationship between the camera coordinate system of the image sensor and the
global coordinate system may include the following operations. For any one set of the first
feature point sets, first positions of the first feature points in the first feature point set in the
camera coordinate system is determined according to the pose transformation relationship
between the radar sensor and the image sensor. Second positions of the second feature points
in the second feature point set under the camera coordinate system is determined according to
the coordinate transformation relationship between the camera coordinate system and the
global coordinate system. The distances between the first feature points in the first feature
point set and the second feature points in the second feature point set is determined according

to the first position and the second position.

[ 00366] In a possible implementation, the determining, for any one set of the first
feature point sets, the distances between the first feature points in the first feature point set
and the second feature points in the second feature point set according to the pose
transformation relationship between the radar sensor and the image sensor and the coordinate
transformation relationship between the camera coordinate system of the image sensor and the
global coordinate system may further include the following operations. For any one set of the
first feature point sets, second global positions of the first feature points in the first feature

point set in the global coordinate system is determined according to the pose transformation
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relationship between the radar sensor and the image sensor and the coordinate transformation
relationship between the camera coordinate system and the global coordinate system. The
distances between the first feature points in the first feature point set and the second feature
points in the second feature point set is determined according to the second global positions

and first global positions of the second feature points in the second feature point set.

[ 00367] In a possible implementation, the first feature point pairs may include at least
an edge point pair or a plane point pair. The determining, according to the multiple matched
first feature point pairs, the first sub-error between the first feature point set and the second
feature point set may include the following operations. For any one of the first feature point
pairs, a first vertical distance from a second feature point in the first feature point pair to a
straight line where a first feature point in the first feature point pair is located, is determined
in response to the first feature point pair being the edge point pair. A second vertical distance
from a second feature point in the first feature point pair to a plane where a first feature point
in the first feature point pair is located, is determined in response to the first feature point pair
being the plane point pair. The first sub-error is determined according to at least multiple first

vertical distances or multiple second vertical distances.

[ 00368] In a possible implementation, the second distance error determination module
may include a second matching sub-module, a second sub-error determination sub-module
and a second distance error determination sub-module. The second matching sub-module is
configured to determine matched second feature point pairs according to distances between
third feature points in a third feature point set and fourth feature points in a fourth feature
point set, the third feature point set and the fourth feature point set are any two of the first
feature point sets, and each of the second feature point pairs includes a third feature point and
a fourth feature point. The second sub-error determination sub-module is configured to
determine, according to multiple matched second feature point pairs, a second sub-error
between the third feature point set and the fourth feature point set. The second distance error
determination sub-module is configured to determine, according to multiple second sub-errors,

the second distance error of the radar sensor.

[ 00369] In a possible implementation, the determining matched second feature point

pairs according to the distances between the third feature points in the third feature point set
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and the fourth feature points in the fourth feature point set may include the following
operations. The distances between the third feature points in the third feature point set and the
fourth feature points in the fourth feature point set is determined according to a radar pose of
the radar sensor acquiring each of the first point clouds. The third feature point and the fourth
feature point between which the distance is smaller than a third distance threshold is

determined as the matched second feature point pair.

[ 00370] In a possible implementation, the determining, according to the radar pose of
the radar sensor acquiring each of the first point clouds, the distances between the third
feature points in the third feature point set and the fourth feature points in the fourth feature
point set may include the following operations. Third global positions of the third feature
points in the third feature point set in the global coordinate system and fourth global positions
of the fourth feature points in the fourth feature point set in the global coordinate system are
determined according to the radar pose of the radar sensor acquiring each of the first point
clouds. The distances between the third feature points in the third feature point set and the
fourth feature points in the fourth feature point set is determined according to the third global

position and the fourth global position.

[ 00371] In a possible implementation, the second feature point pairs may include at
least an edge point pair or a plane point pair. The determining, according to the multiple
matched second feature point pairs, the second sub-error between the third feature point set
and the fourth feature point set may include the following operations. For any one of the
second feature point pairs, a third vertical distance from a third feature point in the second
feature point pair to a straight line where a fourth feature point in the second feature point pair
is located, is determined in response to the second feature point pair being the edge point pair.
A fourth vertical distance from a third feature point in the second feature point pair to a plane
where a fourth feature point in the first feature point pair is located, is determined in response
to the second feature point pair being the plane point pair. The second sub-error is determined

according to at least multiple third vertical distances or multiple fourth vertical distances.

[ 00372] In a possible implementation, the reprojection error determination module may
include an image position determination sub-module, a first reprojection sub-error

determination sub-module and a first reprojection error determination sub-module. The image
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position determination sub-module is configured to for any one of the scene images,
according to a first global position of any one of second feature points in the second feature
point set and camera parameters of the image sensor, determine a second image position of
the second feature point in the scene image. The first reprojection sub-error determination
sub-module is configured to determine a reprojection sub-error corresponding to the scene
image according to second image positions of multiple second feature points and first image
positions of pixel points corresponding to the multiple second feature points in the scene
image. The first reprojection error determination sub-module is configured to determine,
according to reprojection sub-errors corresponding to the multiple scene images, the

reprojection error of the image sensor.

[ 00373] In a possible implementation, the image sensor may include multiple image
sensors including a reference image sensor and at least one non-reference image sensor, and
the multiple scene images include multiple reference images acquired by the reference image
sensor and multiple non-reference images acquired by the non-reference image sensor. The
reprojection error determination module may include a non-reference image position
determination sub-module, a second reprojection sub-error determination sub-module and a
second reprojection error determination sub-module. The non-reference image position
determination sub-module is configured to for any one of non-reference images, according to
a first global position of any one of second feature points in the second feature point set,
camera parameters of the reference image sensor and a pose transformation relationship
between the non-reference image sensor and the reference image sensor, determine a third
image position of the second feature point in the non-reference image. The second
reprojection sub-error determination sub-module is configured to determine a reprojection
sub-error corresponding to the non-reference image according to third image positions of
multiple second feature points and fourth image positions of pixel points corresponding to the
second feature points in the non-reference image. The second reprojection error determination
sub-module is configured to determine, according to reprojection sub-errors corresponding to

the multiple non-reference images, the reprojection error of the non-reference image sensor.

[ 00374] In a possible implementation, the calibration module may include an
optimization sub-module and a calibration sub-module. The optimization sub-module is

configured to optimize a radar pose of the radar sensor, camera parameters of the image

79



sensor and the second feature point set according to the first distance error, the second
distance error and the reprojection error. The calibration sub-module is configured to re-
perform the sensor calibration method according to the optimized radar pose, optimized
camera parameters and optimized second feature point set, until the radar pose of the radar
sensor and the camera parameters of the image sensor are converged respectively, to obtain
the first calibration result of the radar sensor and the second calibration result of the image
sensor, the first calibration result includes the converged radar pose, and the second

calibration result includes the converged camera parameters.

[ 00375] In a possible implementation, the intelligent device may include any one of an
intelligent vehicle, an intelligent robot, or an intelligent robot arm; the radar sensor may
include any one of a laser radar or a millimeter wave radar; the image sensor may include at
least one of a monocular RGB camera, a binocular RGB camera, a TOF camera, or an
infrared camera; and the camera parameters of the image sensor may include camera internal

parameters and camera poses.

[ 00376] In the embodiment of the disclosure, the radar sensor and the image sensor
may be calibrated automatically by using the first distance error between the image sensor and
the radar sensor, the second distance error of the radar sensor, and the reprojection error of the
image sensor, and an accuracy of the calibration result may be provided by using a
combination of the first distance error, the second distance error and the reprojection error.
Compared with a manner of calibrating by using a calibration object in the related art, the
calibration process does not use the calibration object, has a simple operation, has a small

calibration error, and may meet the requirement of regular calibration.

[ 00377] In some embodiments, the apparatus provided in the embodiments of the
disclosure has functions or modules which may perform the methods described in the above
method embodiments, and of which specific implementation may refer to the descriptions of

the above method embodiments and is not elaborated here for simplicity.

[ 00378] An embodiment of the disclosure further proposes a computer-readable storage
medium, having stored thereon computer program instructions which implement the above
methods when executed by a processor. The computer-readable storage medium may be a

volatile or non-volatile computer-readable storage medium.
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[ 00379] An embodiment of the disclosure further proposes an electronic device,
including a processor and a memory configured to store instructions executable by the
processor, the processor is configured to call the instructions stored in the memory, to perform

the above methods.

[ 00380] An embodiment of the disclosure further provides a computer program product
including computer-readable codes, or a non-volatile computer-readable storage medium
carrying the computer-readable codes, which enable a processor of an electronic device to
perform the above methods, when the computer-readable codes are running in the processor

of the electronic device.

[ 00381] An embodiment of the disclosure further provides a computer program
including computer-readable codes, which enable a processor of an electronic device to
perform the above methods, when the computer-readable codes are running in the electronic

device.

[ 00382] The electronic device may be provided as an intelligent device, a terminal

device, a server, or another form of device.

[ 00383] FIG. 4 shows a block diagram of an electronic device 800 according to an
embodiment of the disclosure. For example, the electronic device 800 may be an intelligent
device, or a terminal device such as a mobile phone, a computer, a digital broadcast terminal,
a messaging device, a game console, a tablet device, a medical device, an exercise device,
PDA, or the like.

[ 00384] Referring to FIG. 4, the electronic device 800 may include one or more of the
following components: a processing component 802, a memory 804, a power component 806,
a multimedia component 808, an audio component 810, an input/output (1/0) interface 812, a

sensor component 814, and a communication component 816.

[ 00385] The processing component 802 usually controls overall operations of the
electronic device 800, such as the operations associated with display, telephone call, data
communication, camera operation, and recording operation. The processing component 802
may include one or more processors 820 to execute instructions to perform all or part of the

operations in the above methods. Furthermore, the processing component 802 may include
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one or more modules to facilitate the interaction between the processing component 802 and
other components. For example, the processing component 802 may include a multimedia
module to facilitate the interaction between the multimedia component 808 and the processing
component 802.

[ 00386] The memory 804 is configured to store various types of data to support the
operations of the electronic device 800. Examples of such data include instructions for any
applications or methods operated on the electronic device 800, contact data, phonebook data,
messages, pictures, video, or the like. The memory 804 may be implemented by any type of
volatile or non-volatile memory devices, or a combination thereof, such as a static random-
access memory (SRAM), an electrically erasable programmable read only memory
(EEPROM), an erasable programmable read only memory (EPROM), a programmable read
only memory (PROM), a read only memory (ROM), a magnetic memory, a flash memory, a
magnetic disk, or an optical disk.

[ 00387] The power component 806 provides power to various components of the
electronic device 800. The power component 806 may include a power management system,
one or more power sources, and other components associated with the generation,

management and distribution of power in the electronic device 800.

[ 00388] The multimedia component 808 includes a screen providing an output interface
between the electronic device 800 and a user. In some embodiments, the screen may include a
liquid crystal display (LCD) and a touch panel (TP). When the screen includes the TP, the
screen may be implemented as a touch screen to receive input signals from the user. The TP
includes one or more touch sensors to sense touches, swipes, and gestures on the TP. The
touch sensors may not only sense a boundary of a touch or swipe action, but also sense a time
period and a pressure associated with the touch or swipe action. In some embodiments, the
multimedia component 808 includes a front camera and/or a rear camera. The front camera
and/or the rear camera may receive external multimedia data when the electronic device 800
IS in an operation mode, such as a photographing mode or a video mode. Each of the front
camera and the rear camera may be a fixed optical lens system or have a focal length and
optical zoom capability.

[ 00389] The audio component 810 is configured to output and/or input audio signals.
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For example, the audio component 810 includes a microphone (MIC) configured to receive an
external audio signal when the electronic device 800 is in an operation mode, such as a call
mode, a recording mode and a voice recognition mode. The received audio signal may be
further stored in the memory 804 or transmitted via the communication component 816. In
some embodiments of the disclosure, the audio component 810 further includes a speaker to

output audio signals.

[ 00390] The 1/0O interface 812 provides an interface between the processing component
802 and a peripheral interface module, which may be a keyboard, a click wheel, a button, or
the like. The button may include, but is not limited to, a home button, a volume button, a

starting button, and a locking button.

[ 00391] The sensor component 814 includes one or more sensors to provide status
assessments of various aspects of the electronic device 800. For example, the sensor
component 814 may detect an open/closed status of the electronic device 800, relative
positioning of components, e.g., the display and the keypad, of the electronic device 800. The
sensor component 814 may also detect change of position of the electronic device 800 or a
component of the electronic device 800, presence or absence of the user contacting with the
electronic device 800, an orientation or acceleration/deceleration of the electronic device 800,
and change of temperature of the electronic device 800. The sensor component 814 may
include a proximity sensor configured to detect the presence of nearby objects without any
physical contact. The sensor component 814 may also include a light sensor, such as a
complementary metal oxide semiconductor (CMQOS) or charge-coupled device (CCD) image
sensor, used in imaging applications. In some embodiments, the sensor component 814 may
also include an acceleration sensor, a gyroscope sensor, a magnetic sensor, a pressure sensor,

or a temperature sensor.

[ 00392] The communication component 816 is configured to facilitate wired or
wireless communication between the electronic device 800 and other devices. The electronic
device 800 may access a wireless network based on a communication standard, such as Wi-Fi,
Second generation (2G) or Third generation (3G) mobile communication technology, or a
combination thereof. In an exemplary embodiment, the communication component 816

receives a broadcast signal or broadcast associated information from an external broadcast
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management system via a broadcast channel. In an exemplary embodiment, the
communication component 816 also includes a near field communication (NFC) module to
facilitate short-range communication. For example, the NFC module may be implemented
based on a radio frequency identification (RFID) technology, an infrared data association
(IrDA) technology, an ultra wide band (UWB) technology, a Bluetooth (BT) technology, and

other technologies.

[ 00393] In an exemplary embodiment, the electronic device 800 may be implemented
with one or more application specific integrated circuits (ASICs), digital signal processors
(DSPs), digital signal processor devices (DSPDs), programmable logic devices (PLDs), field
programmable gate arrays (FPGAS), controllers, micro-controllers, microprocessors, or other

electronic components, to perform the above methods.

[ 00394] In an exemplary embodiment, there is also provided a non-volatile computer-
readable storage medium, such as the memory 804 including computer program instructions
which are executable by the processor 820 of the electronic device 800 to perform the above

methods.

[ 00395] FIG. 5 shows a block diagram of an electronic device 1900 according to an
embodiment of the disclosure. For example, the electronic device 1900 may be provided as a
server. Referring to FIG. 5, the electronic device 1900 includes a processing component 1922
which may include one or more processors, and memory resources represented by a memory
1932 and storing instructions, such as applications, executable by the processing component
1922. The applications stored in the memory 1932 may include one or more modules each of
which corresponding to a set of instructions. Furthermore, the processing component 1922 is

configured to execute instructions to perform the above methods.

[ 00396] The electronic device 1900 may further include a power component 1926
configured to perform power management of the electronic device 1900, a wired or wireless
network interface 1950 configured to connect the electronic device 1900 to a network, and an
I/0 interface 1958. The electronic device 1900 may operate based on an operating system
stored in the memory 1932, such as a server operating system (Windows Server™) from
Microsoft, an operating system (Mac OS X™) based on graphical user interface released by

Apple, a multi-user multi-process computer operating system (Unix™™), a Unix-like operating
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system (Linux'™) based on free and open original codes, a Unix-like operating system

(FreeBSD™) based on open original codes, or the like.

[ 00397] In an exemplary embodiment, there is also provided a non-volatile computer-
readable storage medium, such as the memory 1932 including computer program instructions
which are executable by the processing component 1922 of the electronic device 1900 to

perform the above methods.

[ 00398] The disclosure may be a system, a method, and/or a computer program product.
The computer program product may include a computer-readable storage medium having
computer-readable program instructions thereon to allow a processor to implement various

aspects of the disclosure.

[ 00399] The computer-readable storage medium may be a tangible device that may
hold and store instructions used by an instruction execution device. For example, the
computer-readable storage medium may be (but is not limited to) an electrical storage device,
a magnetic storage device, an optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination of the above devices. More
specific examples (non-exhaustive lists) of the computer-readable storage medium include: a
portable computer disk, a hard disk, a random access memory (RAM), a ROM, an EPROM or
a flash memory, an SRAM, a portable compact disk-read only memory (CD-ROM), a digital
video disk (DVD), a memory stick, a floppy disk, a mechanical encoding device, e.g., a punch
card or in-groove bump structure on which instructions are stored, and any suitable
combination of the above memories. The computer-readable storage medium as used here is
not construed as an instantaneous signal itself, such as a radio wave or other freely
propagating electromagnetic wave, an electromagnetic wave propagating through a
waveguide or other transmission medium (e.g., an optical pulse through a fiber optic cable),

or an electrical signal transmitted through a wire.

[ 00400] The computer-readable program instructions described here may be
downloaded from a computer-readable storage medium to various computing/processing
devices, or downloaded to an external computer or external storage device via a network, such
as Internet, a local area network (LAN), a wide area network (WAN) and/or a wireless

network. The network may include copper transmission cables, fiber optic transmission,
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wireless transmission, routers, firewalls, switches, gateway computers, and/or edge servers. A
network adapter card or network interface in each computing/processing device receives
computer-readable program instructions from the network and forwards the computer-
readable program instructions to be stored in a computer-readable storage medium in a

respective computing/processing device.

[ 00401] The computer program instructions performing the operations of the disclosure
may be assembly instructions, industry standard architecture (ISA) instructions, machine
instructions, machine-related instructions, microcode, firmware instructions, status setting
data, or source or object codes written in any combination of one or more programming
languages, including object-oriented programming languages such as Smalltalk, C + +, or the
like, and conventional procedural programming languages such as "C" language or similar
programming languages. The computer-readable program instructions may be executed
entirely on a user computer, executed partly on the user computer, executed as a separate
software package, executed partly on the user computer and partly on a remote computer, or
executed entirely on the remote computer or server. In case of the remote computer involved,
the remote computer may be connected to the user computer through any kind of networks
including a LAN or a WAN, or may be connected to an external computer (e.g., connected
through the Internet using an Internet service provider). In some embodiments, an electronic
circuit may execute the computer-readable program instructions by personalizing the
electronic circuit, such as a programmable logic circuit, a FPGA or a programmable logic
array (PLA), with status information of the computer-readable program instructions, so as to

implement various aspects of the disclosure.

[ 00402] Various aspects of the disclosure are described here with reference to
flowcharts and/or block diagrams of methods, apparatus (systems) and computer program
products according to the embodiments of the disclosure. It should be understood that each
block of the flowcharts and/or block diagrams, and combination of blocks of the flowcharts

and/or block diagrams, may be implemented by computer-readable program instructions.

[ 00403] These computer-readable program instructions may be provided to a processor
of a general purpose computer, a special purpose computer, or other programmable data

processing apparatuses to produce a machine, such that when executed by the processor of the
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computer or other programmable data processing apparatuses, the instructions produce an
apparatus for implementing functions/actions specified in one or more blocks of the flowchart
and/or block diagram. The computer-readable program instructions may also be stored in a
computer-readable storage medium, these instructions allow a computer, a programmable data
processing apparatus, and/or other devices to operate in a specific manner, such that the
computer-readable medium having stored thereon instructions includes an article of
manufacture, which includes instructions implementing various aspects of the

functions/actions specified in one or more blocks of the flowchart and/or block diagram.

[ 00404] Computer-readable program instructions may also be loaded onto a computer,
other programmable data processing apparatuses or other devices, such that a series of
operational steps are performed on the computer, other programmable data processing
apparatuses or other devices to produce a computer-implemented process, so that the
instructions executed on the computer, other programmable data processing apparatuses or
other devices implement the functions/actions specified in one or more blocks of the

flowcharts and/or block diagrams.

[ 00405] The flowcharts and block diagrams in the drawings show architectures,
functions and operations of possible implementations of the system, method and computer
program product according to the embodiments of the disclosure. In this regard, each block of
the flowchart or block diagram may represent a module, a program segment or part of an
instruction, which contains one or more executable instructions for implementing a specified
logical function. In some alternative implementations, the functions noted in the blocks may
also occur in an order different from that noted in the drawings. For example, two successive
blocks may actually be executed in parallel substantially, and sometimes they may be
executed in a reverse order, depending on the functions involved. It should also be noted that
each block of the block diagram and/or flowchart, and combination of blocks of the block
diagram and/or flowchart, may be implemented with a dedicated hardware-based system
performing specified functions or actions, or may be implemented with a combination of the

dedicated hardware and computer instructions.

[ 00406] Specifically, the computer program product may be implemented by hardware,

software, or a combination thereof. In an alternative embodiment, the computer program
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product is embodied as a computer storage medium, and in another alternative embodiment,
the computer program product is embodied as a software product, such as a software

development package (SDK), or the like.

[ 00407] The embodiments of the disclosure are described as above, the above
descriptions are exemplary, rather than exhaustive, and are not limited to the disclosed
embodiments, either. Many modifications and variations will be apparent to those of ordinary
skill in the art without departing from the scopes and spirits of the illustrated embodiments.
The choice of terms as used here is intended to best explain the principles of the embodiments,
practical applications, or improvements to technologies available in the market, or to enable

other of ordinary skill in the art to understand the embodiments as disclosed here.
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CLAIMS

1. A sensor calibration method, comprising:

acquiring, by an image sensor and a radar sensor disposed on an intelligent device, a
plurality of scene images and a plurality of first point clouds of a target scene where the

intelligent device is located, respectively;

constructing, according to the plurality of scene images, a second point cloud of the

target scene in a global coordinate system;

determining, according to first feature point sets of the first point clouds and a second
feature point set of the second point cloud, a first distance error between the image sensor and

the radar sensor;

determining, according to a plurality of first feature point sets, a second distance error

of the radar sensor;

determining a reprojection error of the image sensor according to a first global
position of the second feature point set in the global coordinate system and first image
positions of pixel points corresponding to the second feature point set in the scene images;

and

calibrating the radar sensor and the image sensor according to the first distance error,
the second distance error and the reprojection error, to obtain a first calibration result of the

radar sensor and a second calibration result of the image sensor.

2. The method of claim 1, further comprising:

extracting feature points from the plurality of first point clouds, respectively, to

determine a first feature point set of each of the plurality of first point clouds; and

extracting feature points from the second point cloud, to determine the second feature
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point set of the second point cloud,

wherein the determining, according to first feature point sets of the first point clouds
and the second feature point set of the second point cloud, the first distance error between the

image sensor and the radar sensor comprises:

determining, for any one set of the first feature point sets, matched first feature point
pairs according to distances between first feature points in the first feature point set and
second feature points in the second feature point set, each of the first feature point pairs

comprising a first feature point and a second feature point;

determining, according to a plurality of matched first feature point pairs, a first sub-

error between the first feature point set and the second feature point set; and

determining, according to a plurality of first sub-errors, the first distance error between

the image sensor and the radar sensor.

3. The method of claim 2, wherein the extracting feature points from the plurality of first
point clouds, respectively, to determine the first feature point set of each of the plurality of

first point clouds comprises:

determining, for any one of the first point clouds, a point cloud sequence of the first
point cloud according to a relative position of at least one laser emission point of the radar

Sensor;

determining, according to the point cloud sequence of the first point cloud, a plurality
of first adjacent points corresponding to any one of first data points in the first point cloud;

determining, according to a coordinate of the first data point and coordinates of the

plurality of first adjacent points, a curvature corresponding to the first data point; and

determining, according to curvature of a plurality of first data points in the first point
cloud, the first feature point set in the first point cloud.
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4. The method of claim 3, wherein the determining, according to curvature of the plurality of
first data points in the first point cloud, the first feature point set in the first point cloud

comprises:

sorting the plurality of first data points according to the curvature of the plurality of

first data points, to obtain a sorting result;

selecting, in a descending order, n first data points in the sorting result as n edge points;

and/or,

selecting, in an ascending order, m first data points in the sorting result as m plane
points,

wherein n and m are positive integers, and the first feature point set comprises at least

the edge points or the plane points.

5. The method of claim 2, wherein the extracting feature points from the second point cloud,

to determine the second feature point set of the second point cloud comprises:

determining, for any one of second data points in the second point cloud, a plurality of

second adjacent points corresponding to the second data point from the second point cloud;

determining, according to a coordinate of the second data point and coordinates of the
plurality of second adjacent points, a distance between the second data point and at least one

of the second adjacent points, respectively; and

determining the second data point as the second feature point in the second feature
point set, in response to the distance between the second data point and at least one of the

second adjacent points being smaller than a first distance threshold.

6. The method of claim 5, wherein the second feature point set comprises a plurality of second
feature points, the method further comprising: determining at least edge points or plane points

from the plurality of second feature points,
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wherein the determining at least edge points or plane points from the plurality of

second feature points comprises:

determining, for any one of the second feature points, a covariance matrix of a
plurality of second adjacent points corresponding to the second feature point, and

decomposing the covariance matrix to obtain a multi-dimensional feature value; and

determining the second feature point as the edge point, in response to a difference
between any one-dimensional feature value of the multi-dimensional feature values and at

least one-dimensional feature value exceeding a difference threshold.

7. The method of claim 6, wherein the determining at least edge points or plane points from

the plurality of second feature points further comprises:

fitting, for any one of the second feature points, a plane equation according to the
plurality of second adjacent points corresponding to the second feature point, and determining

a normal vector of the plane equation; and

determining the second feature point as the plane point, in response to products of the
plurality of second adjacent points corresponding to the second feature point and the normal
vector falling within a threshold range.

8. The method of claim 2, wherein the determining, for any one set of the first feature point
sets, matched first feature point pairs according to the distances between the first feature
points in the first feature point set and the second feature points in the second feature point set

comprises:

determining, for any one set of the first feature point sets, distances between the first
feature points in the first feature point set and the second feature points in the second feature
point set according to a pose transformation relationship between the radar sensor and the
image sensor and a coordinate transformation relationship between a camera coordinate

system of the image sensor and the global coordinate system; and

92



determining the first feature point and the second feature point between which the

distance is smaller than a second distance threshold as the matched first feature point pair.

9. The method of claim 8, wherein the determining, for any one set of the first feature point
sets, the distances between the first feature points in the first feature point set and the second
feature points in the second feature point set according to the pose transformation relationship
between the radar sensor and the image sensor and the coordinate transformation relationship
between the camera coordinate system of the image sensor and the global coordinate system

comprises:

determining, for any one set of the first feature point sets, first positions of the first
feature points in the first feature point set in the camera coordinate system according to the

pose transformation relationship between the radar sensor and the image sensor;

determining, according to the coordinate transformation relationship between the
camera coordinate system and the global coordinate system, second positions of the second

feature points in the second feature point set under the camera coordinate system; and

determining, according to the first position and the second position, the distances
between the first feature points in the first feature point set and the second feature points in

the second feature point set.

10. The method of claim 8 or 9, wherein the determining, for any one set of the first feature
point sets, the distances between the first feature points in the first feature point set and the
second feature points in the second feature point set according to the pose transformation
relationship between the radar sensor and the image sensor and the coordinate transformation
relationship between the camera coordinate system of the image sensor and the global

coordinate system further comprises:

determining, for any one set of the first feature point sets, second global positions of

the first feature points in the first feature point set in the global coordinate system according
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to the pose transformation relationship between the radar sensor and the image sensor and the
coordinate transformation relationship between the camera coordinate system and the global

coordinate system; and

determining, according to the second global positions and first global positions of the
second feature points in the second feature point set, the distances between the first feature

points in the first feature point set and the second feature points in the second feature point set.

11. The method of claim 2, wherein the first feature point pairs comprise at least an edge point

pair or a plane point pair,

wherein the determining, according to the plurality of matched first feature point pairs,

the first sub-error between the first feature point set and the second feature point set comprises:

determining, for any one of the first feature point pairs, a first vertical distance from a
second feature point in the first feature point pair to a straight line where a first feature point
in the first feature point pair is located, in response to the first feature point pair being the

edge point pair;

determining a second vertical distance from a second feature point in the first feature
point pair to a plane where a first feature point in the first feature point pair is located, in

response to the first feature point pair being the plane point pair; and

determining the first sub-error according to at least a plurality of first vertical distances

or a plurality of second vertical distances.

12. The method of any one of claims 1-3, wherein the determining, according to the plurality

of first feature point sets, the second distance error of the radar sensor comprises:

determining matched second feature point pairs according to distances between third
feature points in a third feature point set and fourth feature points in a fourth feature point set,

the third feature point set and the fourth feature point set being any two of the first feature
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point sets, and each of the second feature point pairs comprising a third feature point and a

fourth feature point;

determining, according to a plurality of matched second feature point pairs, a second
sub-error between the third feature point set and the fourth feature point set; and

determining, according to a plurality of second sub-errors, the second distance error of

the radar sensor.

13. The method of claim 12, wherein the determining matched second feature point pairs
according to the distances between the third feature points in the third feature point set and the

fourth feature points in the fourth feature point set comprises:

determining, according to a radar pose of the radar sensor when acquiring at least one
of the first point clouds, the distances between the third feature points in the third feature

point set and the fourth feature points in the fourth feature point set; and

determining the third feature point and the fourth feature point between which the

distance is smaller than a third distance threshold as the matched second feature point pair.

14. The method of claim 13, wherein the determining, according to the radar pose of the radar
sensor when acquiring at least one of the first point clouds, the distances between the third
feature points in the third feature point set and the fourth feature points in the fourth feature

point set comprises:

determining, according to the radar pose of the radar sensor when acquiring at least
one of the first point clouds, third global positions of the third feature points in the third
feature point set in the global coordinate system and fourth global positions of the fourth

feature points in the fourth feature point set in the global coordinate system; and

determining, according to the third global position and the fourth global position, the

distances between the third feature points in the third feature point set and the fourth feature
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points in the fourth feature point set.

15. The method of claim 12, wherein the second feature point pairs comprise at least an edge

point pair or a plane point pair,

wherein the determining, according to the plurality of matched second feature point
pairs, the second sub-error between the third feature point set and the fourth feature point set

comprises:

determining, for any one of the second feature point pairs, a third vertical distance
from a third feature point in the second feature point pair to a straight line where a fourth
feature point in the second feature point pair is located, in response to the second feature point

pair being the edge point pair;

determining a fourth vertical distance from a third feature point in the second feature
point pair to a plane where a fourth feature point in the first feature point pair is located, in

response to the second feature point pair being the plane point pair; and

determining the second sub-error according to at least a plurality of third vertical

distances or a plurality of fourth vertical distances.

16. The method of claim 1, wherein the determining the reprojection error of the image sensor
according to the first global position of the second feature point set in the global coordinate
system and the first image positions of pixel points corresponding to the second feature point

set in the plurality of scene images comprises:

for any one of the scene images, according to a first global position of any one of
second feature points in the second feature point set and camera parameters of the image

sensor, determining a second image position of the second feature point in the scene image;

determining a reprojection sub-error corresponding to the scene image according to

second image positions of a plurality of second feature points and first image positions of
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pixel points corresponding to the plurality of second feature points in the scene image; and

determining, according to reprojection sub-errors corresponding to the plurality of

scene images, the reprojection error of the image sensor.

17. The method of claim 1 or 16, wherein the image sensor comprises a plurality of image
sensors comprising a reference image sensor and at least one non-reference image sensor, and
the plurality of scene images comprise a plurality of reference images acquired by the
reference image sensor and a plurality of non-reference images acquired by the non-reference

image sensor,

wherein the determining the reprojection error of the image sensor according to the
first global position of the second feature point set in the global coordinate system and the
first image positions of pixel points corresponding to the second feature point set in the

plurality of scene images comprises:

for any one of non-reference images, according to a first global position of any one of
second feature points in the second feature point set, camera parameters of the reference
image sensor and a pose transformation relationship between the non-reference image sensor
and the reference image sensor, determining a third image position of the second feature point

in the non-reference image;

determining a reprojection sub-error corresponding to the non-reference image
according to third image positions of a plurality of second feature points and fourth image
positions of pixel points corresponding to the second feature points in the non-reference

image; and

determining, according to reprojection sub-errors corresponding to the plurality of

non-reference images, the reprojection error of the non-reference image sensor.

18. The method of claim 1, wherein the calibrating the radar sensor and the image sensor

according to the first distance error, the second distance error and the reprojection error, to
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obtain the first calibration result of the radar sensor and the second calibration result of the

image sensor comprises:

optimizing a radar pose of the radar sensor, camera parameters of the image sensor
and the second feature point set according to the first distance error, the second distance error

and the reprojection error; and

re-performing the sensor calibration method according to the optimized radar pose,
optimized camera parameters and optimized second feature point set, until the radar pose of
the radar sensor and the camera parameters of the image sensor are converged respectively, to
obtain the first calibration result of the radar sensor and the second calibration result of the
image sensor, the first calibration result comprising the converged radar pose, and the second

calibration result comprising the converged camera parameters.

19. The method of any one of claims 1-18, wherein the intelligent device comprises any one
of an intelligent vehicle, an intelligent robot, or an intelligent robot arm; the radar sensor
comprises any one of a laser radar or a millimeter wave radar; the image sensor comprises at
least one of a monocular Red-Green-Blue (RGB) camera, a binocular RGB camera, a time-of-
flight (TOF) camera, or an infrared camera; and the camera parameters of the image sensor

comprise camera internal parameters and camera poses.

20. A sensor calibration apparatus, comprising:

an acquisition module configured to acquire, by an image sensor and a radar sensor
disposed on an intelligent device, a plurality of scene images and a plurality of first point

clouds of a target scene where the intelligent device is located, respectively;

a point cloud construction module configured to construct, according to the plurality
of scene images, a second point cloud of the target scene in a global coordinate system;

a first distance error determination module configured to determine, according to first

feature point sets of the first point clouds and a second feature point set of the second point
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cloud, a first distance error between the image sensor and the radar sensor;

a second distance error determination module configured to determine, according to a

plurality of first feature point sets, a second distance error of the radar sensor;

a reprojection error determination module configured to determine a reprojection error
of the image sensor according to a first global position of the second feature point set in the
global coordinate system and first image positions of pixel points corresponding to the second

feature point set in the scene images; and

a calibration module configured to calibrate the radar sensor and the image sensor
according to the first distance error, the second distance error and the reprojection error, to
obtain a first calibration result of the radar sensor and a second calibration result of the image

Sensor.

21. An electronic device, comprising:
a processor; and
a memory configured to store instructions executable by the processor,

wherein the processor is configured to call the instructions stored in the memory, to
perform the method of any one of claims 1-19.

22. A computer-readable storage medium having stored thereon computer program
instructions that when executed by a processor, implement the method of any one of claims 1-
19.

23. A computer program, comprising computer-readable codes that when running in an
electronice device, enable a processor of the electronic device to execute to implement the

method of any one of claims 1-19.
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