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ABSTRACT
Embodiments of the disclosure provide methods and systems for calibrating a plurality of
sensors. The method may include capturing, by a plurality of sensors associated with a
vehicle, a set of point cloud data indicative of at least one surrounding object as the vehicle
travels along a trajectory. The method may also include filtering, by a processor, the set of
point cloud data based on coplanarity associated with the set of point cloud data. The method
may further include adjusting, by the processor, at least one calibration parameter of the
plurality of sensors based on a model using the filtered set of point cloud data. The model
may include a weight corresponding to the coplanarity associated with the set of point cloud

data.
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INTEGRATED SENSOR CALIBRATION IN NATURAL SCENES

TECHNICAL FIELD
[0001] The present disclosure relates to methods and systems for sensor calibration, and
more particularly to, methods and systems for calibration of Light Detection And Ranging

(LiDAR) and navigation sensors.

BACKGROUND
[0002]  Autonomous driving technology relies heavily on an accurate map. For example,
accuracy of the navigation map is critical to functions of autonomous driving vehicles, such
as positioning, ambience recognition, decision making and control. High-definition maps
may be obtained by aggregating data acquired by various sensors and detectors on vehicles as
they drive around. For example, a typical data acquisition system for high-definition maps is
usually a vehicle equipped with multiple integrated sensors such as a LIDAR, a global
positioning system (GPS) receiver, an inertial measurement unit (IMU) sensor, and even one
or more cameras, to capture features of the road on which the vehicle is driving and the
surrounding objects. Data captured may include, for example, center line or border line
coordinates of a lane, coordinates and images of an object, such as a building, another
vehicle, a landmark, a pedestrian, or a traffic sign.
[0003] The point cloud data obtained by the integrated sensors may be affected not only by
the errors from the sensors themselves (e.g., laser ranging error, GPS positioning error, IMU
attitude measurement error, etc.), but also by the integration errors from the integration of the
LiDAR unit and the navigation unit (e.g., the GPS/IMU unit). The integration errors may
include the mounting angle error due to the unparalleled coordinate axes of the LIDAR unit
and the navigation unit, as well as the mounting vector error due to the offset between the
center of the LIDAR and the GPS antenna. As a result, the calibration of the integrated
LiDAR and navigation system becomes important for improving the accuracy of the point
cloud data.
[0004]  Existing integration sensor calibration methods use artificial calibration targets that
are dedicated for sensor calibration. For example, a dedicated calibration facility needs to be
built with artificial calibration targets arranged in a particular way to collect calibration data.
Those methods have limited the calibration efficiency and flexibility due to the specific
requirements on the design and arrangement of the calibration targets. Another calibration

approach attempts to acquire calibration data from planar objects in the natural scenes, which
1
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quantities the distance from each point to a nearby surface constructed from its surrounding
points, and the calibration is then implemented by optimizing its value of this distance.
However, a variety of moving objects (e.g., other vehicles) and static non-planar objects (e.g.,
plants) exist in the natural scenes, and their point cloud data, as non-coplanar data, can reduce
the calibration accuracy, thereby limiting application of this calibration method based on the
natural scenes.

[0005] Embodiments of the disclosure address the above problem by improved methods

and systems for integrated sensor calibration in natural scenes.

SUMMARY
[0006] Embodiments of the disclosure provide a method for calibrating a plurality of
sensors. The method may include capturing, by a plurality of sensors associated with a
vehicle, a set of point cloud data indicative of at least one surrounding object as the vehicle
travels along a trajectory. The method may also include filtering, by a processor, the set of
point cloud data based on coplanarity associated with the set of point cloud data. The method
may further include adjusting, by the processor, at least one calibration parameter of the
plurality of sensors based on a model using the filtered set of point cloud data. The model
may include a weight corresponding to the coplanarity associated with the set of point cloud
data.
[0007] Embodiments of the disclosure also provide a system for calibrating a plurality of
sensors. The system may include a plurality of sensors associated with a vehicle and
configured to capture a set of point cloud data indicative of at least one surrounding object, as
the vehicle travels along a trajectory. The system may also include a processor configured to
filter the set of point cloud data based on coplanarity associated with the set of point cloud
data. The processor may be further configured to adjust at least one calibration parameter of
the plurality of sensors based on a model using the filtered set of point cloud data. The model
includes a weight corresponding to the coplanarity associated with the set of point cloud data.
[0008] Embodiments of the disclosure further provide a non-transitory computer-readable
medium having instructions stored thereon that, when executed by one or more processors,
causes the one or more processors to perform operations. The operations may include
receiving a set of point cloud data indicative of at least one surrounding object captured by a
plurality of sensors associated with a vehicle, as the vehicle travels along a trajectory. The
operations may also include filtering the set of point cloud data based on coplanarity

associated with the set of point cloud data. The operations may further include adjusting at
2
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least one calibration parameter of the plurality of sensors based on a model using the filtered
set of point cloud data. The model includes a weight corresponding to the coplanarity
associated with the set of point cloud data.

[0009] Itis to be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not restrictive of the

invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] FIG. 1 illustrates a schematic diagram of an exemplary vehicle having sensors,
according to embodiments of the disclosure.
[0011] FIG. 2 illustrates exemplary calibration targets and vehicle trajectory in a natural
scene for calibrating the sensors, according to embodiments of the disclosure.
[0012] FIG. 3 illustrates a block diagram of an exemplary controller for calibrating the
sensors, according to embodiments of the disclosure.
[0013] FIG. 4 illustrates an exemplary method of calculating a normal vector difference in
varying scales, according to embodiments of the disclosure.
[0014] FIG. 5 illustrates a data flowchart of an exemplary method for filtering point cloud
data, according to embodiments of the disclosure.
[0015] FIG. 6 illustrates exemplary point clouds of the same object before and after sensor
calibration, according to embodiments of the disclosure.
[0016] FIG. 7 illustrates a flowchart of an exemplary method for calibrating a plurality of

sensors, according to embodiments of the disclosure.

DETAILED DESCRIPTION
[0017] Reference will now be made in detail to the exemplary embodiments, examples of
which are illustrated in the accompanying drawings. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the same or like parts.
[0018] FIG. 1 illustrates a schematic diagram of an exemplary vehicle 100 having a
plurality of sensors 140 and 150, according to embodiments of the disclosure. Consistent
with some embodiments, vehicle 100 may be a survey vehicle configured for acquiring data
for constructing a high-definition map or three-dimensional (3-D) city modeling. It is
contemplated that vehicle 100 may be an electric vehicle, a fuel cell vehicle, a hybrid vehicle,
or a conventional internal combustion engine vehicle. Vehicle 100 may have a body 110 and

at least one wheel 120. Body 110 may be any body style, such as a sports vehicle, a coupe, a
3
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sedan, a pick-up truck, a station wagon, a sports utility vehicle (SUV), a minivan, or a
conversion van. In some embodiments, vehicle 100 may include a pair of front wheels and a
pair of rear wheels, as illustrated in FIG. 1. However, it is contemplated that vehicle 100 may
have less wheels or equivalent structures that enable vehicle 100 to move around. Vehicle
100 may be configured to be all wheel drive (AWD), front wheel drive (FWR), or rear wheel
drive (RWD). In some embodiments, vehicle 100 may be configured to be operated by an
operator occupying the vehicle, remotely controlled, and/or autonomous.

[0019] Asillustrated in FIG. 1, vehicle 100 may be equipped with various sensors 140 and
150 mounted to body 110 via a mounting structure 130. Mounting structure 130 may be an
electro-mechanical device installed or otherwise attached to body 110 of vehicle 100. In
some embodiments, mounting structure 130 may use screws, adhesives, or another mounting
mechanism.

[0020] Consistent with some embodiments, sensors 140 and 150 may be configured to
capture data as vehicle 100 travels along a trajectory. For example, sensor 140 may be a
LiDAR scanner configured to scan the surrounding and acquire point clouds. LiDAR
measures distance to a target by illuminating the target with pulsed laser light and measuring
the reflected pulses with a sensor. Differences in laser return times and wavelengths can then
be used to make digital 3-D representations of the target. The light used for LIDAR scan may
be ultraviolet, visible, or near infrared. Because a narrow laser beam can map physical
features with very high resolution, a LIDAR scanner is particularly suitable for high-
definition map surveys. In some embodiments, a LIDAR scanner may capture point cloud.
As vehicle 100 travels along the trajectory, sensor 140 may continuously capture data. Each
set of scene data captured at a certain time range is known as a data frame.

[0021] In some embodiments, sensor 140 may include a combination of LIDAR scanner
and a 3-D camera configured to take digital images. As vehicle 100 travels along a
trajectory, both digital images and point clouds are acquired. The point clouds acquired from
the LIDAR scanner can be later matched with digital images taken of the scanned arca from
the scanner’s location to create realistic looking 3-D models. For example, each point in the
point cloud may be given the color of the pixel from the image taken located at the same
angle as the laser beam that created the point.

[0022] Asillustrated in FIG. 1, vehicle 100 may be additionally equipped with sensor 150,
which may be sensors used in a navigation unit, such as a GPS receiver and one or more IMU
sensors. A GPS is a global navigation satellite system that provides geolocation and time

information to a GPS receiver. An IMU is an electronic device that measures and provides a
4
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vehicle’s specific force, angular rate, and sometimes the magnetic field surrounding the
vehicle, using various inertial sensors, such as accelerometers and gyroscopes, sometimes
also magnetometers. By combining the GPS receiver and the IMU sensor, sensor 150 can
provide real-time pose information of vehicle 100 as it travels, including the positions and
orientations (e.g., Euler angles) of vehicle 100 at each time stamp.

[0023] In some embodiments, the point cloud data acquired by the LiDAR unit of sensor
140 may be initially in a local coordinate system of the LIDAR unit and may need to be
transformed into a global coordinate system (e.g. the longitude/latitude coordinates) for later
processing. Vehicle 100°s real-time pose information collected by sensor 150 of the
navigation unit may be used for transforming the point cloud data from the local coordinate
system into the global coordinate system by point cloud data registration, for example, based
on vehicle 100°s poses at the time each point was acquired. In order to register the point
cloud data with the matching real-time pose information, sensors 140 and 150 may be
integrated as an integrated sensing system such that the cloud point data can be aligned by
registration with the pose information when they are collected. The integrated sensing
system may be calibrated with respect to a calibration target to reduce the integration errors,
including but not limited to, mounting angle error and mounting vector error of sensors 140
and 150. Through integration calibration, one or more sensor calibration parameters can be
optimized, such as mounting angles of the LIDAR unit and the navigation unit, offset of the
center of the LiDAR and the GPS receiver antenna.

[0024]  For example, FIG. 2 illustrates exemplary calibration targets and vehicle trajectory
in a natural scene for calibrating sensors 140 and 150, according to embodiments of the
disclosure. The calibration can be performed in a natural environment and may not rely on
any dedicated artificial calibration target and thus, has various advantages over existing
systems and methods, such as fully automation, high flexibility and efficiency, etc.

[0025]  Asillustrated in an aerial view image 210, a natural scene in which integrated
sensors (e.g., sensors 140 and 150) equipped on a vehicle (e.g., vehicle 100) can be calibrated
may include various surrounding objects, such as moving objects (e.g., other vehicles,
pedestrians, animals, etc.) and static objects (e.g., buildings, plants, roads, street lights, traffic
signs, traffic lights, etc.). A static object may be a planar object (e.g., walls or roads) or a
non-planar object (e.g., a plant). In some embodiments, surrounding objects that are static
planar objects, such as walls and roads, may be identified as the calibration targets. Data
indicative of the calibration targets, such as point cloud data and pose information, may be

captured by the integrated sensors of vehicle 100 as vehicle 100 travels along a trajectory. In
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some embodiments, surrounding objects that are moving objects (e.g., vehicles and
pedestrians) or static non-planar objects (e.g., plants) may be avoided as calibration targets.
The selection of the natural scene used for sensor calibration may be based on the existence
or the numbers of suitable calibration targets (i.e., static planar objects) and unsuitable
calibration targets (i.e., moving objects and static non-planar objects) in the scene. For
example, a scene including a large number of moving objects (e.g., more than 5 moving
objects) may not be used for sensor calibration. For example. aerial view image 210
illustrates a natural scene suitable for sensor calibration as it includes mainly buildings (with
walls) and roads.

[0026] Consistent with present disclosure, vehicle 100 may travel along a trajectory when
capturing the data indicative of the identified surrounding object (i.e., the calibration target).
In some embodiments, in order to ensure accurate calculation of normal vectors (described
below in detail), vehicle 100 may repeatedly travel along the same trajectory and alter the
Euler angles of vehicle 100 as it travels. For example, the trajectory may be arbitrary, but
include a change in yaw so that lateral and longitudinal offsets of the LiDAR unit can be
detected. In aerial view image 210, vehicle 100 travels repeatedly along an 8-shaped
trajectory 212 to collect data indicative of the building walls, such as a set of point cloud
data, as well as vehicle 100°s real-time pose information (e.g., the time, position, and
orientation) as it collects the point cloud data. A landscape view image 220 illustrates the
surrounding building walls identified as the calibration targets.

[0027] Referring back to FIG. 1, consistent with the present disclosure, vehicle 100 may
include a local controller 160 in body 110 of vehicle 100 or communicate with a remote
controller (not illustrated in FIG. 1) for calibrating integrated sensors 140 and 150 to optimize
the sensor calibration parameters and thus, reduce integration errors and improve the
accuracy of the acquired data. For example, FIG. 3 illustrates a block diagram of an
exemplary controller 300 for calibrating sensors 140 and 150, according to embodiments of
the disclosure. Consistent with the present disclosure, calibration parameters 301 of sensors
140 and 150 may be adjusted towards optimal values based on a set of point cloud data 303
captured by sensor 140.

[0028] In some embodiments, as shown in FIG. 3, controller 300 may include a
communication interface 302, a processor 304, a memory 306, and a storage 308. In some
embodiments, controller 300 may have different modules in a single device, such as an
integrated circuit (IC) chip (implemented as an application-specific integrated circuit (ASIC)

or a field-programmable gate array (FPGA), or separate devices with dedicated functions. In
6
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some embodiments, one or more components of controller 300 may be located inside vehicle
100 (e.g., local controller 160 FIG. 1) or may be alternatively in a mobile device, in the
cloud, or another remote location. Components of controller 300 may be in an integrated
device, or distributed at different locations but communicate with each other through a
network (not shown). For example, processor 304 may be a processor on-board vehicle 100,
a processor inside a mobile device, or a cloud processor, or any combinations thereof.

[0029] Communication interface 302 may send data to and receive data from components
such as sensors 140 and 150 via communication cables, a Wireless Local Area Network
(WLAN), a Wide Area Network (WAN), wireless networks such as radio waves, a
nationwide cellular network, and/or a local wireless network (e.g., Bluetooth™ or WiFi), or
other communication methods. In some embodiments, communication interface 302 can be
an integrated services digital network (ISDN) card, cable modem, satellite modem, or a
modem to provide a data communication connection. As another example, communication
interface 302 can be a local area network (LAN) card to provide a data communication
connection to a compatible LAN. Wireless links can also be implemented by communication
interface 302. In such an implementation, communication interface 302 can send and receive
electrical, electromagnetic or optical signals that carry digital data streams representing
various types of information via a network.

[0030] Consistent with some embodiments, communication interface 302 may receive data
captured by sensors 140 and 150, such as set of point cloud data 303 indicative of a
calibration target and pose information of vehicle 100, and provide the received data to
storage 308 for storage or to processor 304 for processing. Communication interface 302
may also receive calibration parameter 301 generated by processor 304, and provide
calibration parameters 301 to sensors 140 and 150, which will be used for calibrating sensors
140 and 150 accordingly.

[0031] Processor 304 may include any appropriate type of general-purpose or special-
purpose microprocessor, digital signal processor, or microcontroller. Processor 304 may be
configured as a separate processor module dedicated to calibrating sensors equipped on
vehicle 100 using non-artificial calibration targets in natural scenes. Alternatively, processor
304 may be configured as a shared processor module for performing other functions
unrelated to calibrating sensors.

[0032]  Asshown in FIG. 3, processor 304 may include multiple modules, such as a
coordinate transformation unit 310, a coplanarity calculation unit 312, a point cloud data

filter unit 314, a calibration parameter optimization unit 316, and the like. These modules
7
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(and any corresponding sub-modules or sub-units) can be hardware units (e.g., portions of an
integrated circuit) of processor 304 designed for use with other components or to execute a
part of a program. The program may be stored on a computer-readable medium, and when
executed by processor 304, it may perform one or more functions. Although FIG. 3 shows
units 310-316 all within one processor 304, it is contemplated that these units may be
distributed among multiple processors located near or remotely with each other.

[0033] Coordinate transformation unit 310 may be configured to transform a set of point
cloud data 303 captured by sensor 140 in a local coordinate system (e.g., the coordinate
system used by the LiDAR unit) into a global coordinate system based on the real-time pose
information of vehicle 100 acquired by sensor 150. Point cloud data 303 may contain a set of
data points on the external surfaces of objects (e.g., the identified calibration target) around it.
The pose information may include positions and orientations of vehicle 100 at each time
stamp. In some embodiments, point cloud data 303 may be recorded as vehicle 100
transitions through a series of poses (e.g., positions and orientations) in a time period.
Coordinate transformation unit 310 may project each point in the point cloud represented by
point cloud data 303 into the global coordinate system (e.g., the longitude/latitude
coordinates) based on vehicle 100’s poses at the time each point was acquired. Since point
cloud data 303 and the pose information are collected by integrated sensors 140 and 150,
initial calibration parameters of sensors 140 and 150 (e.g., the coordinate axes and centers)
may be also used as coordinate transformation. Prior to optimizing the calibration
parameters, the initial calibration parameters may be set as values measured roughly by
instrument , such as a rape. After being projected into the global coordinate system, each
data point in point cloud data 303 may be represented by a set of coordinates in the global
coordinate system and additional information, such as the laser intensity at the point or any
information derived from the pose information.

[0034] Coplanarity calculation unit 312 may be configured to determine coplanarity
associated with point cloud data 303 in the global coordinate system. As referred to herein,
coplanarity is the state or degree of two or more points being within the same plane. Since
points in space tend to lie on contiguous surfaces, proximity points may be considered as
coplanar points (i.e., with coplanarity above a threshold). Coplanar data (e.g., point cloud
data of a static planar object) is helpful to accurate sensor calibration, while non-coplanar
data (e.g., point cloud data of a moving object or a static non-planar object) may affect the

accuracy of sensor calibration. Thus, coplanarity calculation unit 312 may identify
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coplanarity of data points from point cloud data 303 by using point cloud data filter unit 314
to filter out non-coplanar data.

[0035] In some embodiments, coplanarity may be determined by coplanarity calculation
unit 312 based on a difference of (i.e., A) normal vectors in a plurality of scales associated
with point cloud data 303. A normal vector (also known as “normal”) to a surface is a vector
perpendicular to the tangent plane to that surface at a given point. When calibrating
integrated sensors in natural scenes, sometimes moving objects or static non-planar objects
cannot be avoided. Consistent with the present disclosure, the difference of normal vectors in
varying scales may be used to distinguish static planar objects from moving objects and static
non-planar objects. For example, the difference of normal vectors in varying scales of static
planar objects is smaller than that of moving objects or static non-planar objects.

[0036] FIG. 4 illustrates an exemplary method of calculating a normal vector difference in
varying scales, according to embodiments of the disclosure. As shown in FIG. 4, P
represents a set of point cloud data {p/, p2, ..., py}, each of which is depicted as a dot. The
point cloud may be indicative of surfaces of a calibration object. The set of point cloud data
P may be associated with a multi-scale space, including a first scale defined by two far-end
points (large radius ;) as shown in 410 and a second scale defined by two near-end points
(small radius ;) that is smaller than the first scale as shown in 420. The normal vectors
associated with the same point p in the point cloud (represented as a large dot) in the first and
second scales are calculated in 410 and 420, respectively. In 410, a first normal vector 7j to
the tangent plane 7(p, r;) at point p in the first scale #; is calculated as 7(p, 7). In 420, a
second normal vector 7 to the tangent plane 7(p, ;) at point p in the second scale ry is
calculated as 7(p, rs). In 430, the difference of the first and second normal vectors A7 at
point p in the first and second scales 7y, r; is calculated as AR (p, rs, ri).

[0037] Referring back to FIG. 3, point cloud data filter unit 314 may be configured to filter
point cloud data 303 based on the coplanarity associated with set of point cloud data 303. As
described above, coplanarity, such as the difference of normal vectors in varying scales
associated with a point in the point cloud, may be used as the basis to identify non-coplanar
data (e.g., representing points on a moving or static non-planar object) and filter out the non-
coplanar data from point cloud data 303 to improve the data quality for calibration. In some
embodiments, a threshold may be used to determine whether a point is a non-coplanar point
by comparing the corresponding normal vectors difference at the point with the threshold.

That is, the points with relatively large normal vector differences (e.g., with respect to the
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threshold) may be identified as non-coplanar points, and their data in point cloud data 303
may be filtered out as non-coplanar noise data by point cloud data filter unit 314.

[0038] FIG. 5 illustrates a data flowchart of an exemplary method 500 for filtering point
cloud data, according to embodiments of the disclosure. Consistent with some embodiments,
in a point cloud 502, each point 504 may pass through point cloud data filter unit 314 based
on its normal vector difference in a first scale 506 and a second scale 508 associated with
point cloud 502. Each of first and second scales 506 and 508 may be defined by points in
point cloud 502. A first normal vector 510 associated with point 504 in first scale 506 may
be calculated. A second normal vector 512 associated with point 504 in second scale 508
may be calculated as well. A normal vector difference 514 of first and second normal vectors
510 and 512 may be calculated and compared with a threshold 516. For example, threshold
516 may be any suitable value predetermined based on prior experience. At 518, whether
normal vector difference 514 is above threshold 516 is determined. If normal vector
difference 514 is not above threshold 516 (i.e., relatively small difference of normal vectors
in first and second scales 506 and 508), then at 520, point 504 may be considered as a
coplanar point and thus, kept in point cloud 502. Otherwise, if normal vector difference 514
is above threshold 516 (i.e., relatively large difference of normal vectors in first and second
scales 506 and 508), then at 522, point 504 may be considered as a non-coplanar point and
thus, filtered out from point cloud 502. As a result, the filtered point cloud 502 will not
include point 504.

[0039] Referring back to FIG. 3, calibration parameter optimization unit 316 may be
configured to adjust calibration parameter 301 of sensors 140 and 150 based on a model
using the filtered set of point cloud data 303 as an input of the model, such that an output of
the model is decreased. The model may include a weight based on the coplanarity associated
with set of point cloud data 303. In some embodiments, the weight may be a reciprocal of the
difference of the normal vectors in varying scales at a point in the point cloud. By iteratively
adjusting calibration parameter 301 until the output of the model is minimized, calibration
parameter 301 may be optimized to achieve an optimal value used for calibrating sensors 140
and 150. An exemplary algorithm and model that can be implemented by calibration
parameter optimization unit 316 are described below in detail. It is contemplated that any
other suitable algorithms and/or models may be implemented as well by calibration parameter
optimization unit 316 to adjust calibration parameter 301 using filtered point cloud data 303.
[0040] The exemplary algorithm includes: (a) selecting a laser scan beam b; and its point

set P(b;) from filtered set of point cloud data 303, which has been transformed into the global
10
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coordinate system using initial calibration parameters based on the pose information of
vehicle 100; (b) for laser scan beam bj, selecting a neighboring laser scan beam »; and its
point set P(n;) from filtered point cloud data 303; (c) selecting a point pi from point set P(n));
(d) selecting a point m from point set P(b;) that has the minimum distance from point px, and
calculating the normal vector #x at point my; and (f) calculating the distance between the point
pr and the surface of point my. As points pi and my are selected from filtered point cloud data
303 and close enough, they are on the same surface of static planar objects, but not moving
objects or static non-planar objects. For example, each of the normal vector differences at
points py and m is smaller than the threshold. Thus, the corresponding data of points px and
my may be coplanar data. Processes (a)-(f) above may be repeatedly performed by calibration
parameter optimization unit 316 until all the laser scan beams of sensor 140 have been
traversed.

[0041] The exemplary algorithm then uses the total distances calculated for all the points

in the point cloud as a cost function for the optimization:

10042] (O = 252y Tn'ly_n Thoy okl - (P~ mN?, pemyelplane data} (1]

nj#b;
[0043]  w, =2 2],

where i represents the numbering of each laser scan beam, b; € {1,2, -+, B} in which B
represents the total number of laser scan beams; j represents the neighboring laser scan beam
ofi,n; € {b; = N, -+, b; + N}, n; # b; in which N represents the number of neighboring laser
scan beams; 5 represents the normal vector. wy is a weight of the model as shown in
Equation [1], which represents the confidence level of the point cloud coplanarity, such as the
reciprocal of the normal vector difference 47 (described above in detail) as shown in
Equation [2]. That is, the weight of the model may be based on the coplanarity of each point.
For example, the point with high coplanarity (e.g., represented as small normal vector
difference in multiple scales) may be assigned with a large weight, while the point with low
coplanarity (e.g., represented as a large normal vector difference in multiple scales) may be
assigned with a small weight. Accordingly, the coplanarity associated with set of point cloud
data 303 may be not only used for filtering point cloud data 303 by point cloud data filter unit
314, but also used for determining the weights of each point in the model for optimizing
calibration parameter 301 by calibration parameter optimization unit 316.

[0044] By adjusting calibration parameter 301 of sensors 140 and 150, the value of cost

function J(x) may be changed. Calibration parameter optimization unit 316 may be
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configured to adjust calibration parameter 301 such that the value of J(x) is decreased. In
some embodiments, calibration parameter optimization unit 316 may adjust J(x) iteratively
until its value is minimized. The corresponding value of calibration parameter 301 becomes
the optimal value used for calibrating sensors 140 and 150.

[0045] For example, FIG. 6 illustrates exemplary point clouds 610 and 620 of the same
object (building walls) before and after sensor calibration, respectively, according to
embodiments of the disclosure. Point cloud 610 of the building walls are generated by data
collected by sensors 140 and 150 before sensor calibration (e.g., using arbitrary initial
calibration parameters). In contrast, point cloud 620 of the same building walls are re-
generated by data collected by sensors 140 and 150 after sensor calibration (e.g., using the
optimal calibration parameters). For example, the thickness of the building walls represented
in point cloud 620 (annotated in rectangles) is thinner than the thickness of the same building
walls represented in point cloud 610 (annotated in rectangles) since the integration errors of
sensors 140 and 150 are reduced by the optimal calibration parameters.

[0046] Referring back to FIG.3, memory 306 and storage 308 may include any appropriate
type of mass storage provided to store any type of information that processor 304 may need
to operate. Memory 306 and storage 308 may be a volatile or non-volatile, magnetic,
semiconductor, tape, optical, removable, non-removable, or other type of storage device or
tangible (i.e., non-transitory) computer-readable medium including, but not limited to, a
ROM, a flash memory, a dynamic RAM, and a static RAM. Memory 306 and/or storage 308
may be configured to store one or more computer programs that may be executed by
processor 304 to perform sensor calibration functions disclosed in this application. For
example, memory 306 and/or storage 308 may be configured to store program(s) that may be
executed by processor 304 to control sensor 140 to capture calibration target data and control
sensor 150 to acquire vehicle pose information when vehicle 100 travels along a trajectory,
and process the captured data to adjust the calibration parameters of sensors 140 and 150.
[0047] Memory 306 and/or storage 308 may be further configured to store information and
data used by processor 304. For instance, memory 306 and/or storage 308 may be configured
to store the point cloud data captured by sensor 140 and the real-time pose information
obtained by sensor 150, the model used for optimizing the calibration parameters, and the
initial, intermediate, and optimal values of the calibration parameters. These data,
information, and model may be stored permanently, removed periodically, or disregarded

immediately after each frame of data is processed.
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[0048] FIG. 7 illustrates a flowchart of an exemplary method 700 for calibrating a plurality
of sensors, according to embodiments of the disclosure. For example, method 700 may be
implemented by an integrated sensor calibration system of vehicle 100 that includes, among
other things, controller 300 and sensors 140 and 150. Method 700 may include steps S702-
S712 as described below.

[0049] In step S702, an object surrounding vehicle 100 in a natural scene may be identified
as a calibration target. Vehicle 100 may be a survey vehicle travels repeatedly along a
trajectory in a natural scene for calibrating sensors 140 and 150 equipped on vehicle 100.
The calibration target may include a static planar object in the scene, such as a building wall
or aroad. The data collected with respect to static planar object is ideal for calibration.
Accordingly, moving objects and non-planar objects, such as another vehicle or a plant in the
scene may be removed to improve calibration accuracy. As a result, a dedicated calibration
facility and/or artificial calibration targets are not necessary for sensor calibration, thereby
increasing the calibration efficiency and flexibility.

[0050] In step S704, sensor 140 may capture a set of point cloud data indicative of the
surrounding object (i.e., the identified calibration target), as vehicle 100 travels along a
trajectory in the natural scene for sensor calibration. Vehicle 100 may be equipped with
sensor 140, such as a LIDAR laser scanner. As vehicle 100 travels along the trajectory,
sensor 140 may continuously capture frames of scene data at different time points in the form
of a set of point cloud data in a local coordinate system. Vehicle 100 may be also equipped
with sensor 150, such as a GPS receiver and one or more IMU sensors. Sensors 140 and 150
may form an integrated sensing system. In some embodiments, when vehicle 100 travels
along the trajectory in the natural scene and when sensor 140 captures the set of point cloud
data indicative of the calibration target, sensor 150 may acquire real-time pose information of
vehicle 100. ,

[0051] In step S706, processor 304 may project the set of point cloud data in the local
coordinate system into a global coordinate system based on the pose-information of vehicle
100. In some embodiments, any suitable values may be used for the initial calibration
parameters for correlating the point cloud data and the pose-information for data registration
in the global coordinate system, such as the longitude/latitude coordinates. For example,
processor 304 may project the points in the point cloud into the global coordinate system
based on vehicle 100’s poses at the time each point was acquired.

[0052] In step S708, processor 304 may determine coplanarity associated with the set of

point cloud data in the global coordinate system. In some embodiments, the coplanarity may
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be determined based on a difference of normal vectors in a plurality of scales associated with
the set of point cloud data. For example, for each point in the point cloud, processor 304 may
calculate a first normal vector associated with the point in a first scale and a second normal
vector associated with the point in a second scale different from the first scale, and then
calculate the difference of the first and second normal vectors. The normal vector difference
may be an indication of the coplanarity associated with the set of point cloud data. The
higher the normal vector difference is, the more likely the corresponding point may be a non-
coplanar point (i.e., a point that is on the surfaces of a moving object or a static non-planar
object).

[0053] In step S710, processor 304 may filter the set of point cloud data based on the
coplanarity. In some embodiments, a threshold may be used to determine whether a point
(and its corresponding data) should be removed from the point cloud (and the set of point
cloud data). For example, the normal vector difference associated with a point may be
compared with the threshold. If the normal vector difference is not above the threshold, the
point data will remain in the set of point cloud data because the point is deemed as a coplanar
point on a surface of a static planar object. Otherwise, the point data will be filtered out from
the set of point cloud data because the point is deemed as a non-coplanar point on a surface of
a moving object or a static non-planar object.

[0054] In step S712, processor 304 may adjust the calibration parameters of sensors 140
and 150 based on an optimization model using the filtered set of point cloud data as the input
of the model, such that the cost function value of the model is decreased. The model may
include a weight based on the coplanarity associated with the set of point cloud data. In some
embodiments, the weight may be a reciprocal of the difference of the normal vectors
associated with each point in the filtered set of point cloud data. Processor 304 may
continuously adjust the calibration parameters until the cost function value of the model is
minimized. The corresponding calibration parameters then have the optimal values for the
calibration of sensors 140 and 150.

[0055]  Another aspect of the disclosure is directed to a non-transitory computer-readable
medium storing instructions which, when executed, cause one or more processors to perform
the methods, as discussed above. The computer-readable medium may include volatile or
non-volatile, magnetic, semiconductor, tape, optical, removable, non-removable, or other
types of computer-readable medium or computer-readable storage devices. For example, the
computer-readable medium may be the storage device or the memory module having the

computer instructions stored thereon, as disclosed. In some embodiments, the computer-
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readable medium may be a disc or a flash drive having the computer instructions stored
thereon.

[0056] It will be apparent to those skilled in the art that various modifications and
variations can be made to the disclosed system and related methods. Other embodiments will
be apparent to those skilled in the art from consideration of the specification and practice of
the disclosed system and related methods.

[0057] Itis intended that the specification and examples be considered as exemplary only,

with a true scope being indicated by the following claims and their equivalents.
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CLAIMS

1. A method, comprising:

capturing, by a sensor associated with a vehicle, a set of point cloud data
indicative of at least one surrounding object as the vehicle travels along a trajectory;

filtering, by a processor, the set of point cloud data based on coplanarity
associated with the set of point cloud data to remove point cloud data representing at
least one of a moving object or a non-planar object; and

adjusting, by the processor, at least one calibration parameter of the sensor
based on a model using the filtered set of point cloud data, wherein the model
includes a weight corresponding to the coplanarity associated with the set of point

cloud data.
2. The method of claim 1, further comprising determining the coplanarity based on a
difference of normal vectors in a plurality of scales associated with the set of point

cloud data.

3. The method of claim 1, wherein the at least one surrounding object includes a

static planar object in a natural scene.

4. The method of claim 1, wherein the vehicle repeatedly travels along the trajectory

when the set of point cloud data are being captured.

5. The method of claim 1, wherein the sensor includes a light detection and ranging

(LIDAR) laser scanner.
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6. The method of claim 1, wherein filtering the set of point cloud data based on the
coplanarity associated with the set of point cloud data comprises:

calculating a first normal vector associated with a point in a point cloud
represented by the set of point cloud data in a first scale;

calculating a second normal vector associated with the point in a second scale;

calculating a difference of the first normal vector and the second normal vector;
and

removing the point from the point cloud based on the difference being greater

than a threshold.

7. The method of claim 2, wherein the weight is a reciprocal of the difference of the

normal vectors.

8. A system, comprising:

a sensor associated with a vehicle and configured to capture a set of point cloud
data indicative of at least one surrounding object, as the vehicle travels along a
trajectory; and

a processor configured to:

filter the set of point cloud data based on coplanarity associated with the set of
point cloud data to remove point cloud data representing at least one of a moving
object or a non-planar object; and

adjust at least one calibration parameter of the sensor based on a model using
the filtered set of point cloud data, wherein the model includes a weight corresponding

to the coplanarity associated with the set of point cloud data.
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9. The system of claim 8, wherein the processor is further configured to determine
the coplanarity based on a difference of normal vectors in a plurality of scales

associated with the set of point cloud data.

10. The system of claim 8, wherein the at least one surrounding object includes a

static planar object in a natural scene.

11. The system of claim 8, wherein the vehicle repeatedly travels along the trajectory

when the set of point cloud data are being captured.

12. The system of claim 8, wherein the sensor includes a light detection and ranging

(LIDAR) laser scanner.

13. The system of claim 9, wherein to filter the set of point cloud data based on the
coplanarity associated with the set of point cloud data, the processor is further
configured to:
calculate a first normal vector associated with a point in a point cloud represented
by the set of point cloud data in a first scale;
calculate a second normal vector associated with the point in a second scale;
calculate a difference of the first normal vector and the second normal vector; and
remove the point from the point cloud based on the difference being greater than

a threshold.

14. The system of claim 9, wherein the weight is a reciprocal of the difference of the

normal vectors.
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15. A non-transitory computer-readable medium having instructions stored thereon
that, when executed by one or more processors, the instructions cause the one or
more processors to perform operations comprising:

receiving a set of point cloud data indicative of at least one surrounding object
captured by a sensor associated with a vehicle, as the vehicle travels along a
trajectory;

filtering the set of point cloud data based on coplanarity associated with the set of
point cloud data to remove point cloud data representing at least one of a moving
object or a non-planar object; and

adjusting at least one calibration parameter of the sensor based on a model using
the filtered set of point cloud data, wherein the model includes a weight corresponding

to the coplanarity associated with the set of point cloud data.
16. The non-transitory computer-readable medium of claim 15, wherein the
operations further comprise determining the coplanarity based on a difference of

normal vectors in a plurality of scales associated with the set of point cloud data.

17. The non-transitory computer-readable medium of claim 15, wherein the at least

one surrounding object includes a static planar object in a natural scene.

18. The non-transitory computer-readable medium of claim 15, wherein the vehicle
repeatedly travels along the trajectory when the set of point cloud data are being

captured.
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19. The non-transitory computer-readable medium of claim 15, wherein filtering the
set of point cloud data based on the coplanarity associated with the set of point cloud
data comprises:

calculating a first normal vector associated with a point in a point cloud
represented by the set of point cloud data in a first scale;

calculating a second normal vector associated with the point in a second scale;

calculating a difference of the first normal vector and the second normal vector;
and

removing the point from the point cloud based on the difference being greater

than a threshold.

20. The non-transitory computer-readable medium of claim 16, wherein the weight is

a reciprocal of the difference of the normal vectors.
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