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ABSTRACT 

Techniques for performing multi-sensor calibration on a vehicle are described. A method 

includes obtaining, from each of at least two sensors located on a vehicle, sensor data item of a 

road comprising a lane marker, extracting, from each sensor data item, a location information of 

the lane marker, and calculating extrinsic parameters of the at least two sensors based on 

determining a difference between the location information of the lane marker from each sensor 

data item and a previously stored location information of the lane marker.
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MULTI-SENSOR CALIBRATION SYSTEM 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This patent document claims the benefit of priority under 35 U.S.C. §119(a) and the 

Paris Convention to Chinese Patent Application No. 202010598425.2, filed on June 28, 2020.  

The entire content of the before-mentioned patent application is incorporated by reference 

herein.  

TECHNICAL FIELD 

[0002] This document describes techniques to perform multi-sensor calibration for sensors 

located in a vehicle with pre-defined and/or endurable markers.  

BACKGROUND 

[0003] A vehicle may include cameras attached to the vehicle for several purposes. For 

example, cameras may be attached to a roof of the vehicle for security purposes, for driving aid, 

or for facilitating autonomous driving. Cameras mounted on a vehicle can obtain images of one 

or more areas surrounding the vehicle. These images can be processed to obtain information about 

the road or about the objects surrounding the vehicle. For example, images obtained by a camera 

can be analyzed to determine distances of objects surrounding the autonomous vehicle so that the 

autonomous vehicle can be safely maneuvered around the objects.  

SUMMARY 

[0004] Exemplary multi-sensor calibration techniques to calibrate multiple sensors located 

on or in a vehicle are described. In an example embodiment, a method of autonomous vehicle 

operation includes obtaining, from each of at least two sensors located on a vehicle, sensor data 

item of a road comprising a lane marker, extracting, from each sensor data item, a location 

information of the lane marker, and calculating extrinsic parameters of the at least two sensors 

based on determining a difference between the location information of the lane marker from each 

sensor data item and a previously stored location information of the lane marker.  

[0005] In some embodiments, the obtaining sensor data item from each of the at least two 

sensors and the extracting the location information of the lane marker from each sensor data item 

comprises receiving, from a camera located on the vehicle, an image comprising the lane marker; 
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determining, from the image, pixel locations of corners of the lane marker; receiving, from a 

light detection and ranging (LiDAR) sensor located on the vehicle, a frame comprising point 

cloud data (PCD) of an area of the road that comprises the lane marker; and determining a set of 

three-dimensional (3D) world coordinates of the comers of the lane marker.  

[0006] In some embodiments, the set of 3D world coordinates of the corners of the lane 

marker are determined by obtaining, based on a location of the vehicle, a second set of 

previously stored three-dimension (3D) world coordinates of the comers of the lane marker, 

where the previously stored location information of the lane marker comprises the second set of 

previously stored 3D world coordinates of the corners of lane marker; and projecting the second 

set of previously stored 3D world coordinates of the corners of the lane marker to a coordinate 

system of the LiDAR sensor to obtain the set of 3D world coordinates of the comers of the lane 

marker in the frame.  

[0007] In some embodiments, the extrinsic parameters of the at least two sensors are 

calculated by calculating, for each corner of the lane marker, a first loss function that computes a 

distance between a pixel location of a corner of a lane marker and the previously stored 3D 

world coordinates of the corner of the lane marker obtained from the second set; calculating, for 

each corner of the lane marker, a second loss function that computes a distance between 3D 

world coordinates of the corner of the lane marker obtained from the set and the previously 

stored 3D world coordinates of the comer of the lane marker obtained from the second set; and 

estimating the extrinsic parameters for the camera and LiDAR sensor based on the first loss 

function and the second loss function, respectively..  

[0008] In some embodiments, the second set of previously stored 3D world coordinates of 

the corners of the lane marker are projected to the coordinate system of the LiDAR sensor by 

obtaining a transformed point cloud by correlating the PCD received from the LiDAR sensor to 

one or more points of a point cloud map reference; extracting a submap from a previously 

obtained PCD map; performing a registration of the transformed point cloud to the submap to 

obtain a first transformation matrix that describes transformation between the transformed point 

cloud and the submap, where the registration correlates the transformed point cloud to the 

submap; determining additional transformation matrixes that describes transformation between a 

position of the LiDAR sensor, the one or more points of the point cloud map reference, and a 

reference point associated with an inertial measurement unit-global navigation satellite system 
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(IMU-GNSS) sensor located in the vehicle; and calculating the set of 3D world coordinates of 

the corners of the lane marker in the frame based on the first transformation matrix, the 

additional transformation matrixes, and the second set of previously stored 3D world coordinates 

of the corners of the lane marker.  

[0009] In some embodiments, the PCD is correlated to the point cloud map reference based 

on a measurement provided by the IMU-GNSS sensor and a previously stored LiDAR to IMU 

extrinsic parameters, and the previously stored LiDAR to IMU extrinsic parameters describe a 

spatial relationship between positions and orientations of the LiDAR and the IMU-GNSS sensor.  

In some embodiments, the submap comprises 3D world coordinates of points within a pre

determined distance of the location of the vehicle when the PCD is received.  

[0010] An example embodiment discloses a system for calibration of multiple sensors on or 

in a vehicle, the system comprising a processor configured to obtain, from each of at least two 

sensors located on the vehicle, sensor data item of a road comprising a lane marker; extract, from 

each sensor data item, a location information of the lane marker; and calculate extrinsic 

parameters of the at least two sensors based on determining a difference between the location 

information of the lane marker from each sensor data item and a previously stored location 

information of the lane marker.  

[0011] In some embodiments, the processor is configured to obtain sensor data item from 

each of the at least two sensors and to extract the location information of the lane marker from 

each sensor data item by being configured to: receive, from a camera located on the vehicle, an 

image comprising the lane marker; determine, from the image, locations of corners of the lane 

marker; receive, from a light detection and ranging (LiDAR) sensor located on the vehicle, a 

frame comprising point cloud data (PCD) of an area that comprises the lane marker; and 

determine a set of three-dimensional (3D) world coordinates of the corners of the lane marker, 

where the at least two sensors comprises the camera and the LiDAR sensor.  

[0012] In some embodiments, the set of 3D world coordinates of the corners of the lane 

marker are determined by the processor configured to obtain, based on a location of the vehicle, 

a second set of previously stored three-dimension (3D) world coordinates of the comers of the 

lane marker, where the previously stored location information of the lane marker comprises the 

second set of previously stored 3D world coordinates of the corners of lane marker; and obtain 

the set of 3D world coordinates of the corners of the lane marker in the frame by using the 
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second set of previously stored 3D world coordinates of the corners of the lane marker and a 

coordinate system of the LiDAR sensor. In some embodiments, the extrinsic parameters of the 

camera are calculated by the processor configured to calculate, for a corner of the lane marker, a 

loss function that computes a distance between a location of the corner of a lane marker and the 

previously stored 3D world coordinates of the corner of the lane marker obtained from the 

second set; and estimate the extrinsic parameters for the camera based on the loss function.  

[0013] In some embodiments, the extrinsic parameters of the LiDAR sensor are calculated 

by the processor configured to calculate, for a corner of the lane marker, a loss function that 

computes a distance between 3D world coordinates of the corner of the lane marker obtained 

from the set and the previously stored 3D world coordinates of the comer of the lane marker 

obtained from the second set; and estimate the extrinsic parameters for the LiDAR sensor based 

on the loss function. In some embodiments, the second set of previously stored 3D world 

coordinates of the corners of the lane marker are used with the coordinate system of the LiDAR 

sensor by the processor configured to: obtain a transformed point cloud using the PCD received 

from the LiDAR sensor with one or more points of a point cloud map reference; perform a 

registration of the transformed point cloud to a submap to obtain a first transformation matrix 

that describes transformation between the transformed point cloud and the submap, where the 

submap is obtained from a previous PCD map; determine additional transformation matrixes that 

describes transformation between a position of the LiDAR sensor, the one or more points of the 

point cloud map reference, and a reference point associated with an inertial measurement unit

global navigation satellite system (IMU-GNSS) sensor located in the vehicle; and calculate the 

set of 3D world coordinates of the comers of the lane marker in the frame based on the first 

transformation matrix, the additional transformation matrixes, and the second set of previously 

stored 3D world coordinates of the comers of the lane marker. In some embodiments, the PCD 

is correlated to the point cloud map reference.  

[0014] An example embodiment discloses a non-transitory computer readable storage 

medium having code stored thereon, the code, when executed by a processor, causing the 

processor to implement a method comprising obtaining, from each of at least two sensors located 

on a vehicle, sensor data item of a road comprising a lane marker; extracting, from each sensor 

data item, a location information of the lane marker; and calculating extrinsic parameters of the 

at least two sensors based on determining a difference between the location information of the 
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lane marker from each sensor data item and a previously stored location information of the lane 

marker.  

[0015] In some embodiments, the obtaining sensor data item from each of the at least two 

sensors and the extracting the location information of the lane marker from each sensor data item 

comprises: receiving, from a first sensor located on the vehicle, a first sensor data comprising the 

lane marker; determining, from the image, locations of corners of the lane marker; receiving, 

from a second sensor located on the vehicle, a second sensor data of an area of the road that 

comprises the lane marker; and determining a set of three-dimensional (3D) world coordinates of 

the corners of the lane marker.  

[0016] In some embodiments, the set of 3D world coordinates of the corners of the lane 

marker are determined by: obtaining, based on a location of the vehicle, a second set of 

previously stored three-dimension (3D) world coordinates of the comers of the lane marker, 

where the previously stored location information of the lane marker comprises the second set of 

previously stored 3D world coordinates of the corners of lane marker; and projecting the second 

set of previously stored 3D world coordinates of the comers of the lane marker to a coordinate 

system of the second sensor to obtain the set of 3D world coordinates of the corners of the lane 

marker in the second sensor data. In some embodiments, the extrinsic parameters of the at least 

two sensors are calculated by calculating, for each of at least two comers of the lane marker, a 

first loss function that computes a distance between a location of a comer of a lane marker and 

the previously stored 3D world coordinates of the comer of the lane marker obtained from the 

second set; calculating, for each of at least two corners of the lane marker, a second loss function 

that computes a distance between 3D world coordinates of the comer of the lane marker obtained 

from the set and the previously stored 3D world coordinates of the corner of the lane marker 

obtained from the second set; and estimating the extrinsic parameters for the first sensor and the 

second sensor based on the first loss function and the second loss function, respectively.  

[0017] In some embodiments, the second set of previously stored 3D world coordinates of 

the corners of the lane marker are projected to the coordinate system of the second sensor by: 

obtaining a transformed point cloud by correlating the second sensor data received from the 

second sensor to one or more points of a point cloud map reference; extracting a submap from a 

previously obtained map; obtaining, by correlating the transformed point cloud to the submap, a 

first transformation matrix that describes transformation between the transformed point cloud 
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and the submap; determining additional transformation matrixes that describes transformation 

between a position of the second sensor, the one or more points of the point cloud map reference, 

and a reference point associated with an inertial measurement unit-global navigation satellite 

system (IMU-GNSS) sensor located in the vehicle; and calculating the set of 3D world 

coordinates of the corners of the lane marker in the second sensor data based on the first 

transformation matrix, the additional transformation matrixes, and the second set of previously 

stored 3D world coordinates of the comers of the lane marker. In some embodiments, the 

submap comprises 3D world coordinates of points within a pre-determined distance of the 

location of the vehicle when the second sensor data is received.  

[0018] In another exemplary aspect, the above-described methods are embodied in the form 

of processor-executable code and stored in a non-transitory computer-readable storage medium.  

The non-transitory computer readable storage includes code that when executed by a processor, 

causes the processor to implement the methods described in the embodiments.  

[0019] In yet another exemplary embodiment, a device that is configured or operable to 

perform the above-described methods is disclosed.  

[0020] The above and other aspects and their implementations are described in greater detail 

in the drawings, the descriptions, and the claims.  

BRIEF DESCRIPTION OF THE DRAWING 

[0021] FIG. 1A shows a related calibration system to perform a static calibration operation 

with a camera on a vehicle.  

[0022] FIG. 1B shows a related pairwise calibration technique.  

[0023] FIG. 1C shows a functional block diagram of sensors located in a vehicle and 

calibrated using an exemplary technique.  

[0024] FIG. 2 shows an exemplary multi-sensor calibration system.  

[0025] FIG. 3 shows an overview of signal processing and pose estimation operations for an 

exemplary multi-sensor calibration technique.  

[0026] FIG. 4 shows an example of an image obtained from a camera where the image 

includes a plurality of lane blocks on either side of a road.  

[0027] FIG. 5 shows an exemplary flow diagram of operations performed by a camera 

frontend module.  
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[0028] FIG. 6 shows an exemplary frontend signal processing to identify tracked and 

untracked lane blocks in a plurality of images obtained from a camera as a vehicle is traveling 

towards a calibration road segment.  

[0029] FIG. 7 shows an exemplary flowchart of operations performed by a LiDAR frontend 

module.  

[0030] FIG. 8 shows multi-sensor calibration constraints.  

[0031] FIG. 9 shows an exemplary flow diagram of performing multi-sensor calibration.  

[0032] FIG. 10 shows an exemplary block diagram of a computer located in a vehicle to 

perform multi-sensor calibration techniques.  

DETAILED DESCRIPTION 

[0033] An autonomous vehicle includes cameras and Light Detection and Ranging (LiDAR) 

sensors mounted on the autonomous vehicle to obtain sensor data items (e.g., an image from 

camera and point cloud map from LiDAR sensor) of one or more areas surrounding the 

autonomous vehicle. These sensor data items can be analyzed by a computer on-board the 

autonomous vehicle to obtain distance or other information about the road or about the objects 

surrounding the autonomous vehicle. However, the cameras and LiDAR sensors on the 

autonomous vehicle need to be calibrated so that the computer on-board the autonomous vehicle 

can precisely or accurately detect an object and determine its distance. In a related calibration 

system, a well-trained technician sets up a calibration board for data collection and runs the 

calibration upon the data. The overall process can be extremely time-consuming and not-easy to 

operate.  

[0034] For autonomous driving, the autonomous vehicle sensors together should cover 360

degree field-of-view with redundancy to ensure the safety. There are multiple LiDARs and 

cameras mounted on the vehicle at different positions with specified orientation. Additionally, 

the related calibration techniques rely on an inertial measurement unit-global navigation satellite 

system (IMU-GNSS) sensor in the autonomous vehicle, where the IMU-GNSS sensor is aligned 

to the autonomous vehicle body frame by operating a precise, accurate and easy-to-operate 

calibration provided by the manufacturer. Since the IMU-GNSS performs at best during 

movement, an autonomous vehicle keeps moving through the process of the calibration. The 

calibration process estimates the relative translation and orientation of a specific sensor to a pre
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defined reference coordinate located on the vehicle body or a reference sensor, for example, an 

IMU. In a related calibration system, a dedicated and well-trained team is required to perform 

such elaborative task.  

[0035] FIG. 1A shows a related calibration system 100 to perform a static calibration 

operation with a camera on a vehicle. In the related calibration system 100, a vehicle 106 is first 

driven to a location where a target calibration board 102 is located. The target calibration board 

102 has a pre-defined pattern of black and white squares. Furthermore, the target calibration 

board 102 is located at a fixed distance from the vehicle 106 so that the distance from the camera 

104 and LiDAR sensor 108 and the target calibration board 102 is fixed. The camera 104 can 

take several pictures of the target calibration board 102, and the LiDAR sensor 108 can scan the 

region in front of the vehicle 106 comprising the target calibration board 102. The computer on

board the vehicle 106 can use space geometry relation to calculate the distance between the 

target calibration board 102 and the camera 104, and the distance between the target calibration 

board 102 and the LiDAR sensor 108. Such process needs to be performed repeatedly for each 

pair of camera and LiDAR and cannot be used to calibrate multiple pairs of sensors with IMU.  

[0036] However, a related calibration system, like the related calibration system 100 

described in FIG. 1A, needs to have one or more target calibration boards that need to be 

properly setup (e.g., proper position and proper orientation) at one or more distances from the 

location of the vehicle. Such a system can be cumbersome to setup and can even lead to 

inaccurate calibrate if the target calibration board(s) are not located or positioned (e.g., angled) 

where they need to be. Second, while FIG. 1A shows a related calibration system with one 

camera 104 and one LiDAR sensor 108 for ease of description, a related calibration system 

includes multiple cameras and LiDAR sensors that are calibrated in a pairwise manner as shown 

in FIG. lB. In a related calibration pairwise calibration, a camera 11OA is calibrated with 

another camera 1OB using images captures by the cameras 110A-1OB, a LiDAR 112A is 

calibrated with the camera 11OA using image captured by camera 11OA and point cloud data 

captured by LiDAR 112A, and so on. In practice, the accuracy of the target calibration board 

corner detection in both camera and LiDAR is not perfect, there is a small error for each 

calibration, and consequently, it does not have mathematical accuracy to the cyclic consistency 

among three sensors.  
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[0037] FIG. 1C shows a functional block diagram of sensors located in a vehicle and 

calibrated using an exemplary technique. A related calibration technique can include a first 

camera 150 and a first LIDAR sensor 152 can be calibrated together using a first set of 

measurements obtained by the first camera 150 and first LiDAR sensor 152 of the area including 

the target calibration board; the first camera 150 and a second camera 154 can be calibrated 

using a second set of measurements obtained by the cameras 150, 154 of the area including the 

target calibration board; the first LiDAR sensor 152 and the second LiDAR sensor 156 can be 

calibrated using a third set of measurements obtained by the LiDAR sensor 152, 156 of the area 

including the target calibration board; and the first camera sensor 150 and an inertial 

measurement unit-global navigation satellite system (IMU-GNSS) sensor 158 can be calibrated 

using a fourth set of measurements obtained by the first camera sensor 150 and the IMU-GNSS 

sensor 158 of the area including the target calibration board. The first, second, third, and fourth 

set of measurements are obtained at separate points in time during a calibration session. Thus, 

such a pairwise calibration technique can not only be computationally intensive, but also time 

consuming. The techniques described in the present document may be used by some 

embodiments to solve the above-discuss problems, and others.  

[0038] Exemplary multi-sensor calibration techniques that can calibrate multiple sensors 

using simultaneous measurements obtained from the multiple sensors during a calibration 

session, are described. The obtained measurements can be used to calibrate multiple types of 

sensors such as cameras and LiDAR sensors.  

[0039] FIG. 2 shows an exemplary multi-sensor calibration system 200 that includes a 

vehicle 202 on a road 208, where the vehicle 202 includes a plurality of cameras and a plurality 

of LiDAR sensors. In FIG. 2, a single camera 204 and a single LiDAR sensor 206 is shown for 

ease of description. However, the plurality of cameras and the plurality of LiDAR sensors can 

be located on or positioned on the vehicle 202 to obtain sensor data items of a calibration road 

segment 212 towards which the vehicle 202 can be driven. The calibration techniques described 

herein for the camera 204 and LiDAR sensor 206 can be applied to other sensors (e.g., other 

cameras and other LiDAR sensors) that are located on the vehicle 202 and can obtain sensor data 

items of the calibration road segment 212. The vehicle 202 can be an autonomous vehicle.  

[0040] The road 208 includes a calibration road segment 212 that has lane markers that can 

be affixed on either side of the road 208. The lane markers include a first set of lane blocks 210a 
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located on a first side of the road 208, and a second set of lane blocks 210b located on a second 

side of the road 208 opposite to the first side. In each set of lane blocks, one lane block can be 

separated from another lane block by a pre-determined distance to form a set of broken lines on 

the road. A lane block 210a, 210b can have a rectangular shape and can have a white color. As 

shown in FIG. 2, the first and second set of lane blocks 210a, 210b can be parallel to each other 

and can extend for a length of 100 meters, 150 meters, or 200 meters to enable a computer 

located in the vehicle 202 to perform the multi-sensor calibration techniques described in some 

embodiments.  

[0041] The road 208 can be straight (as shown in FIG. 2) and can have an even top surface 

so that the sensors located on the vehicle 202 can easily obtain sensor data items of the 

calibration road segment 212. In some embodiments, the road 208 with a calibration road 

segment 212 can be a built as a private road outside or in a facility where the vehicle 202 is 

parked so that when the vehicle 202 is turned on to drive to a destination, the multiple sensors on 

the vehicle 202 can be calibrated on the private road. In some other embodiments, the road 208 

can be a public road where the calibration road segment 212 excludes an area with a stop sign or 

a traffic light where broken lines are absent. The road 208 can be selected or built so that the 

vehicle 202 can be driven across the calibration road segment 212 at approximately a constant 

speed to enable the sensors located on the vehicle 202 to obtain sensor data items of the 

calibration road segment 212 at a steady rate.  

[0042] Located in the vehicle 202 is a computer that stores a high-definition (HD) map 

(shown as "HD map database 1015" in FIG. 10). The HD map database includes the three

dimensional (3D) world coordinates of each corner 212a-212d of each lane block. The HD map 

database also includes a unique identifier of each lane corner of each lane block, a unique 

identifier for each lane block, and a LiDAR point cloud map of the calibration road segment 212 

represented in an earth reference.  

[0043] FIG. 3 shows an overview of signal processing and pose estimation operations for an 

exemplary multi-sensor calibration technique 300. A vehicle includes sensors (e.g., cameras and 

LiDAR sensors) that can each obtain a sensor measurement 302 of a calibration road segment as 

the vehicle can be driven towards or located adjacent to and facing the calibration road segment 

(as described in FIG. 2). An exemplary multi-sensor calibration technique 300 can perform 

signal processing on the sensor measurement in frontend signal processing 306 and pose 
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estimation in backend optimization 308. As further described in some exemplary embodiments, 

a computer located in the vehicle can perform the frontend signal processing 306 and backend 

optimization 308 to obtain calibration results 310 for each sensor measurement 302 based on the 

information about the lane blocks in the HD map database 304. The operations associated with 

the frontend signal processing 306 extracts lane block corners from images obtained from 

cameras and point cloud obtained from LiDAR sensors, and associates the extracted comers with 

3D world coordinates of those corners obtained from the HD map database 304. Given such 

associations of lane block corners, the operations associated with backend optimization 308 can 

be performed to estimate the extrinsic parameters for multiple sensors (e.g., cameras, LiDAR 

sensors, and IMU-GNSS).  

[0044] The example headings for the various sections below are used to facilitate the 

understanding of the disclosed subject matter and do not limit the scope of the claimed subject 

matter in any way. Accordingly, one or more features of one example section can be combined 

with one or more features of another example section.  

[0045] L(a) Frontend Signal Processing For Images Obtained from Cameras 

[0046] FIG. 4 shows an example of an image obtained from a camera where the image 

includes a plurality of lane blocks on either side of a road. A camera frontend module (shown as 

"1020" in FIG. 10) included in a computer located in the vehicle can detect in an image two 

broken lanes 402a, 402b, a plurality of lane blocks 404a-404b, and a plurality of lane corners 

406a-406d for each lane block. In an exemplary implementation, a deep neural network can be 

used to detect the two broken lanes 402a, 402b, the plurality of lane blocks 404a-404b, and the 

plurality of lane corners 406a-406d for each lane block.  

[0047] FIG. 5 shows an exemplary flow diagram of operations performed by a camera 

frontend module. At operation 502, the camera frontend module determines if the next image is 

obtained from a camera. If the camera frontend module determines that a next image is obtained 

at operation 502, the camera frontend module performs operations 504 to 510. And,ifthe 

camera frontend module determines that a next image is not obtained, the camera frontend 

module performs operations 512 to 516.  

[0048] At operation 504, the camera frontend module obtains the next image captured by the 

camera. At operation 506, the camera frontend module detects lane blocks and extracts comers 

of the blocks. At operation 508, the camera frontend module tracks the lane block from a 
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previous image frame if such a previous image frame exists. At operation 510, the camera 

frontend module assigns unique identifiers for each newly appeared lane block. After operation 

510, the camera frontend module performs operation 502 again.  

[0049] At operation 512, the camera frontend module fetches or obtains the lane blocks 

represented by corner points from the HD map. At operation 514, the camera frontend module 

associates the HD map obtained lane blocks with blocks detected from one image frame by map

image registration. At operation 516, the camera frontend module can associate all appeared 

lane blocks from image frames with the map lanes blocks by topological order.  

[0050] In an example implementation, the camera frontend module can order the lane blocks 

detected in an image from bottom to top for each broken lane. The camera frontend module can 

order the lane blocks from bottom to top for each broken lane according to the detected pixel 

positions of the lane blocks in the image plane. The camera frontend module can determine or 

assign one or more unique lane block identifier to one or more lane blocks located at a bottom of 

the image based on information obtained from the HD map database. The camera front end 

module can also infer the unique lane block identifiers for others lane blocks in the image 

according to pixel locations in the image plane (e.g., being above the one or more lane block 

located at the bottom of the image).  

[0051] In some embodiments, it may be computationally intensive and difficult for the 

camera frontend module to associate a detected lane block from every image and a lane block 

identifier of the detected lane block from the HD map database at least because accurate extrinsic 

parameters of camera-IMU-GNSS may not be known before performing the multi-sensor 

calibration technique. It may be computationally more feasible and easier to associate a set of 

lane blocks detected from one image to their corresponding lane blocks from the HD map. In 

such embodiments, a manual association may be formed for a set of one or more lane blocks 

located in a first image obtained by the camera. For example, a driver or a person performing the 

calibration can use the computer located in the vehicle to manually associate the first set of one 

or more lane blocks with one or more lane block identifiers from the HD map database.  

[0052] In some embodiments, the camera frontend module can determine a presence of one 

or more lane blocks identified from an image obtained from the camera in a previous image 

obtained from the camera by, for example, estimating a homography between successive frames 

by RANSAC framework with point features. After the camera frontend module performs the 

12



homography operation, the camera frontend module can wrap the previous image frame to the 

current image frame. If the camera frontend module determines that the intersection-over-union 

(loU) between a lane blocks from a current image frame and another lane block from a previous 

image frame is large (e.g., over 80%), then the two lane blocks in the previous and current image 

frames can be considered to be the same.  

[0053] In some embodiments, for successfully tracked lane blocks between two or more 

image frames, the camera frontend module can assign lane block identifiers for successfully 

tracked lane blocks. In such embodiments, the lane block identifiers are the same as those 

assigned to the lane blocks in the previous frame. In some other embodiments, for untracked or 

new lane blocks in a current image frame not present in the previous image frame, the camera 

frontend module can assign lane block identifier for untracked lane blocks according to the lane 

block identifiers of the tracked lane blocks.  

[0054] FIG. 6 shows an exemplary frontend signal processing to identify tracked and 

untracked lane blocks in a plurality of images obtained from a camera as a vehicle is traveling 

towards a calibration road segment (as described in FIG. 2). FIG. 6 shows four images 602a

602d obtained from a camera located on a vehicle. As shown in FIG. 6, each image can include 

a plurality of lane blocks arranged in a broken line. The camera frontend module can detect and 

assign alphabet "a" to index a lane block in image plane. The camera frontend module can use 

numbers to index the lane blocks in HD map database 604. Thus, in an example implementation, 

the camera front end module can associate the lane block "a" from the image to lane block "1" in 

the HD map database 604 based on a location (e.g., latitude, longitude, and/or altitude) and 

attitude (e.g., pitch, yaw, and/or roll) of the vehicle that can be obtained from IMS-GNSS sensor.  

[0055] For the plurality of images 602a-602d, the camera frontend module can generate a list 

of associations between the lane blocks in the images 602a-602d and the lane blocks in the HD 

map database 604. For example, the camera frontend module can use symbol <a, 1> to represent 

a matched pair of lane blocks between the image 602a, 602b and the HD map database 604. At 

time t, the camera frontend module can generate <a, 1>, at time t+1, the camera frontend module 

can track or determine that lane block "a" in image 602b is the same as lane block "a" in image 

602a. Thus, for image 602b at time t+1, the camera frontend module can generate a symbol for 

lane block "b" as <b, 2> since lane block "b" is the upper neighbor of lane block "a" and lane 

block "2" is the upper neighbor of lane block "1" in HD map database 604. At time t+2, the 
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camera frontend module can determine that lane blocks "a" and "b" have been tracked in image 

602c, and the camera frontend module can generate a symbol for lane block "c" as <c, 3> since 

lane block "c" is the upper neighbor of lane block "b" and lane block "3" is also the upper 

neighbor of lane block "2" in HD map database 604, and so on.  

[0056] The camera frontend module can assign lane corner identifiers for each lane block 

detected by the camera frontend module in the images obtained from the camera. In FIG. 6, if 

the camera frontend module determines <a, > a lane block identified in an image 602a, then the 

four comers of the lane block "a" can be assigned identifiers to be the same as the corner 

identifiers of lane block "1" in the HD map database 604.  

[00571 . Frontend Signal Processing 

[00581 L(b) Frontend Signal Processing For Sensor Data Item Obtained from 

LiDAR sensors 

[0059] Extracting lane corners from point cloud measurement obtained by LiDAR sensors 

can be difficult due to the sparsity of point clouds for currently used 32-line or 64-line LiDAR 

sensors. To overcome this problem, multiple frames of point cloud can be obtained to obtain a 

dense point cloud. However, to accumulate dense point clouds, accurate LiDAR poses for each 

frame should be known. The LiDAR poses can be derived from IMU+GNSS sensor 

measurements and LiDAR-IMU extrinsic parameter. However, to complete multi-sensor 

calibration, dense point clouds need to be accumulated, but to accumulate dense point clouds, the 

calibration technique needs an accurate LiDAR-IMU extrinsic parameter, which is the parameter 

that needs to be solved by obtaining the dense point cloud.  

[0060] FIG. 7 shows an exemplary flowchart of operations performed by a LiDAR frontend 

module (shown as "1025" in FIG. 10). At operation 702, the LiDAR frontend module obtains 

point cloud data (PCD) of a frame obtained from measurements performed by a LiDAR sensor 

as a vehicle can be driven on a road towards or located adjacent to and facing the calibration road 

segment. As an example, a LiDAR sensor located on a vehicle can obtain in sensor 

measurements in a plurality of frames, where each frame includes PCD of at least a part of a 

calibration road segment (as described in FIG. 2).  

[0061] At operation 704, the LiDAR frontend module obtains a transformed single scan 

point cloud by registering the single point cloud obtained at operation 702 to a point cloud map 

reference using well developed techniques such as Iterative Close Point (ICP) and/or Normal 
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Distribution Transform (NDT). A point cloud map reference may be a previously obtained point 

cloud map reference that includes 3D world coordinates of various points previously obtained in 

a spatial region comprising the road that includes the calibration road segment, where the 3D 

world coordinates can be obtained by a LiDAR. The point cloud map reference may be stored in 

the HD map database so that the 3D world coordinates of the point cloud map reference can be 

obtained by the LiDAR frontend module from the HD map database. The obtained single scan 

point cloud is transformed to one or more point cloud map reference points at least because the 

LiDAR sensor and the IMU+GNSS sensor may be located in different regions of the vehicle and 

because the previously obtained point cloud map reference (further described in operation 706) 

describes 3D point cloud information of the road comprising the calibration road segment from 

the location or perspective of the IMU+GNSS sensor on the vehicle.  

[0062] The single scan point cloud obtained at operation 702 can be transformed to one or 

more point cloud map reference points based on a GNSS+IMU sensor provided measurement 

information (e.g., latitude, longitude, altitude, heading direction, pitch angle and/or yaw angle of 

Timu 
the vehicle) and previously stored or coarse LiDAR to IMU extrinsic parameters lidar . The 

previously stored LiDAR to IMU extrinsic parameters can describe a spatial relationship (e.g., 

angles or positions) of the LiDAR sensor and the IMU-GNSS sensor located on or in the vehicle 

or can describe the relationship between the positions or orientations of the LiDAR sensor and 

the IMU-GNSS sensor. The position of one or more points of the point cloud map reference are 

described with reference to the position of the IMU-GNSS sensor on the vehicle, whereas the 

PCD describes the position of various points with reference to the LIDAR sensor. The IMU

GNSS and LiDAR sensor may be located at different places on the vehicle and having different 

orientations. Thus, the transformation of the PCD to one or more point cloud map reference 

points is performed to correlate the PCD to the previously obtained dense point cloud map 

reference.  

[0063] In some embodiments, a PCD frame refers to single scan point cloud, the transformed 

PCD refers to transformed single scan point cloud, and the point cloud map and the point cloud 

submap refer to the 3D point cloud map which is usually generated from the LiDAR data.  

[0064] At the extracting operation 706, the LiDAR frontend module can extract a submap 

from the previously obtained point cloud map that includes dense point cloud of the road 

comprising the calibration road segment, where the LiDAR frontend module extracts the submap 
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based on a location of the vehicle that can be obtained from the GNSS+IMU sensor. A 

previously obtained point cloud map includes 3D world coordinates of various points previously 

obtained of the road comprising the calibration road segment, where the 3D world coordinates 

can be obtained by a LiDAR. The previously obtained point cloud map may be stored in the HD 

map database so that the 3D world coordinates of the previously obtained point cloud map can be 

obtained by the LiDAR frontend module from the HD map database. Thus, the previously 

obtained point cloud map generated from LiDAR data that can provide point cloud information 

within a region of about 150-200 meters in front of the vehicle. The submap can be extracted to 

identify a region within a pre-determined distance of a location of the vehicle (e.g., within 50 

meters in front of the location of the vehicle) when the single scan point cloud is obtained at 

operation 702. Extracting a submap is a beneficial technical solution at least because it reduces 

the amount of computation by registering the transformed point cloud map with a portion of the 

complete point cloud map. The submap is used by the LiDAR frontend module to register with 

the transformed single scan point cloud obtained from operation 704.  

[0065] At operation 708, the transformed single scan point cloud is registered with the 3D 

point cloud submap to perform a fitting operation where information from transformed single 

scan point cloud is fitted to or correlated to the 3D point cloud submap. Registration methods 

may include normal distribution transform (NDT) and/or iterative closest point (ICP). The 

LiDAR frontend module can denote the transformation matrix provided by performing the 

T 
registration at operation 708 as refine. The Trefne parameter is used to compare to the pre

determined Lidar-Imu extrinsic parameter in operation 704.  

[0066] At operation 710, the LiDAR frontend module calculates the transformation between 

a single scan point cloud obtained by the LiDAR sensor and a portion of the 3D point cloud map 

TPp T'"mu 
by solving for transformation matrix(es) ni Tlidar in Equation (1). Operations 702-708 built up 

a series of transformations, and the LiDAR frontend module can calculate the composition of the 

transformations describes therein. The LiDAR frontend module can denote P"aP and Plidar as 

the coordinates of a point in map reference and LiDAR reference, respectively.  

-- T TmapT'mu 
map -- refine imu lidarPlidar Equation(1) 
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Timu 
where lidar is the transformation between LiDAR frame (or translation and orientation of the 

LiDAR) to the IMU+GNSS frame (as an origin/reference point of IMU+GNSS sensor) which is 

obtained by previously stored or coarse LiDAR to IMU extrinsic parameters. '"" is the 

transformation between IMU-GNSS reference and one or more points of the point cloud map 

reference (e.g., ENU or east-north-up reference).  

[0067] At operation 712, the LiDAR frontend module calculates 3D world coordinates of the 

lane corners of each lane block. The LiDAR frontend module can obtain from the HD map 

database the 3D world coordinates of each lane comer. The LiDAR frontend module can solve 

Equation (2) for each lane corner to obtain the 3D world coordinates of each lane corner in the 

LiDAR frame. In Equation (2), the HD map database lane corner coordinates obtained from the 

Pmap HD map database can be included in 

Piia, =apT T iiePmap Equation (2) 

[0068] Based on the above described techniques, the 3D world coordinates and lane corner 

identifiers in LiDAR reference can be obtained by transforming lane corners in the point cloud 

map reference.  

[00691 I. Pose Estimation in Backend Optimization 

[0070] The backend optimization operations (as described in FIG. 3) can be performed by a 

backend calibration module (shown as "1030" in FIG. 10) to enable consistent and accurate 

calibration of all sensors. The backend calibration module can perform operations to 

simultaneously calibrate multiple sensors to optimize the extrinsic parameter. FIG. 8 shows 

multi-sensor calibration constraints, where Ti = (T2 o T3), where the symbol "o" represents 

some operator of adding T2 and T3, and where TI, T2, and T3 describe extrinsic parameters of 

one sensor relative to the extrinsic parameter another sensor. For example, as shown in FIG. 8, 

the extrinsic parameters between a camera and a LiDAR (T1) can be equivalent to the extrinsic 

parameters from that camera to the IMU-GNSS (T3) added to the extrinsic parameters from the 

IMU-GNSS to the LiDAR (T2). Since the IMU extrinsic parameters may be previously 

calibrated, this can provide a trustworthy localization information, and trustworthy information 

from the HD map.  
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[0071] Using the techniques described in Section II, the backend calibration module can 

calculate extrinsic parameters of sensors (e.g., camera, LiDAR) located on a vehicle based on 

determining a difference between the location information of the lane marker from each sensor 

data item (e.g., image obtained from camera and PCD obtained from LiDAR sensor) and a 

previously stored location information of the lane marker.  

[0072] An extrinsic matrix is a 4x4 matrix is shown below and is composed of 3 degrees of 

freedom (DoF) translations and 3 DoF rotations which can be represented with lie algebra as a 

3x3 rotation matrix. The variable r indicates elements of the 3x3 rotation matrix and the variable 

t indicates the 1x3 translation vector.  

11 52 53 

r21 r22 r23 tY 

r31 32 r33 tz 

0 0 0 ij 

[0073] Each transformation matrix from one sensor to another can be represented as a 

rotation and translation matrix. For example, if a vehicle includes three cameras, two LiDARs 

and two IMUs, there can be 12 transformation matrixes for the backend calibration module to 

estimate.  

[0074] IL(a) Intrinsic and Extrinsic Parameters 

[0075] The intrinsic and extrinsic parameters can be described as follows: 

[0076] The camera affine transformation: 

H = {REE 9112 ] 

[0077] The camera intrinsic and distortion: 

KE 915 ,D E 912 

[0078] The camera-IMU extrinsic: 

P " CSE SE(3),e so(3),p e 93, = )e 91(6) LI 0 iJ1 

[0079] The LiDAR-IMU extrinsic: 
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PL DAR - 0 E SE(3),#' so(3),p e 13,- E 9q-(6) L0 1] 

[0080] The LiDAR-Camera extrinsic: 

P CaR E SE(3),#e so(3),p[ f93,9 
0 11 1 

[00811 The LiDAR-LiDAR extrinsic: 

P ARD 0 E SE(3),#(E so(3),pE e 93,5 = E= 93 (6) 
0 1] 

[0082] IL(b) Loss Functions 

[0083] To estimate the parameters described above in Section II.(a), the loss function can be 

described as following. The loss function can be a sum of least-square of different observations 

from the at least two distinct sensors (e.g., camera and LiDAR sensor). The road markers can be 

fetched from the HD-map which becomes an observation of the IMU and can be observed by 

both camera and LiDAR sensor with some processing as described in some embodiments. The 

four comer points of one lane blocks can be used for the loss function related operations. The 

loss is then the sum of Euclidean distance of each comer point captured by different sensors 

either in 2D or 3D.  

[0084] Camera - IMU: compute loss from the distance of map points (e.g., 3D world 

coordinates of lane marker corners obtained from HD map) and image points in 2D image space: 

L Z = Nf(D KP CamkIMU _ pmg 

k k IMUI 

[0085] LiDAR - IMU: compute loss from the distance of map points and LiDAR points in 

3D space: 

L P I LiDAR, IMU LiDAR 2 

[0086] Camera - LiDAR: compute loss from the distance of image points and LiDAR points 

in 2D image space: 

L = 1: :L:NIf (Dk,KkpCkP DiDAR, mg 2M 

[0087] Camera - Camera: compute loss from the distance of points from two images in 2D 

image space: 
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[0088] LiDAR - LiDAR: compute loss from the distance of points from two LiDARs in 3D 

space: 

L -Pair NpLDAR, LiDARk _ LiDARV 

[0089] The backend calibration module can minimize the loss functions described above to 

obtain extrinsic parameters for the two sensors. In some embodiments, the backend calibration 

module can add constraints between image provided by a camera or PCD data of frames 

provided by LiDAR sensor to provide cyclic consistency between the images and between the 

PCD data of the frames. The constraint can be described as a form of loss with weight and it is 

defined as the Frobenius Norm of a multiplication of three transformation matrix. Thus, in order 

to secure multi-sensor consistency, the following constraints may be added: 

[0090] Affine constraint: used for cameras with large overlap FOV: 

Cam 1 am R R, Kca -11F 

[0091] Camera - LiDAR - IMU consistency constraint with Lie algebra: used for cameras 

and LiDARs with overlap FOV: 

Ill PCam D LiDARD IMU 
log(LDAR IMU Cam 

[0092] LiDAR-LiDAR constrains with Lie algebra: 

l PIMU p LiDARip LiDAR1 log ( LiDAR, LiDARj IMU |F 

[0093] IL(c) Vanishing Point (VP) constraint 

[0094] The VPs can also provide constraints for rotation matrix. Denote the direction vector 

of the lane in HD map as d, the homogeneous coordinates of lane VP in image plane as v, the 

intrinsic parameter matrix for camera as K, and rotation matrix from world frame to camera 

frame as . The VP constraint can be determined by v = KR,,""'d . The constraint can be as 

follows: 

1-I(KR "'d)- 1F 
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where H is the projection function which projects a 3D point from homogeneous coordinates to 

inhomogeneous ones, and V is the detected VP in image plane.  

[0095] FIG. 9 shows an exemplary flow diagram of performing multi-sensor calibration. At 

the obtaining operation 902, obtaining, from each of at least two sensors located on a vehicle, 

sensor data item of a road including a lane marker. At the extracting operation 904, extracting, 

from each sensor data item, a location information of the lane marker.  

[0096] In some embodiments, the obtaining sensor data item from each of the at least two 

sensors and the extracting the location information of the lane marker from each sensor data item 

includes receiving, from a camera located on the vehicle, an image includes the lane marker; 

determining, from the image, pixel locations of corners of the lane marker; receiving, from a 

light detection and ranging (LiDAR) sensor located on the vehicle, a frame including point cloud 

data (PCD) of an area of the road that includes the lane marker; and determining a set of three

dimensional (3D) world coordinates of comers of the lane marker.  

[0097] In some embodiments, the set of 3D world coordinates of the corners of the lane 

marker are determined by: obtaining, based on a location of the vehicle, a second set of 

previously stored three-dimension (3D) world coordinates of corners of the lane marker, where 

the previously stored location information of the lane marker includes the second set of 

previously stored 3D world coordinates of the corners of lane marker; and projecting the second 

set of previously stored 3D world coordinates of comers of the lane marker to a coordinate 

system of the LiDAR sensor to obtain the set of 3D world coordinates of corners of the lane 

marker in the frame.  

[0098] At the calculating operation 906, calculating extrinsic parameters of the at least two 

sensors based on determining a difference between the location information of the lane marker 

from each sensor data item and a previously stored location information of the lane marker.  

[0099] In some embodiments, extrinsic parameters of the at least two sensors are calculated 

by: calculating, for each corner of the lane marker, a first loss function that computes a distance 

between a pixel location of a corner of a lane marker and the previously stored 3D world 

coordinates of the corner of the lane marker obtained from the second set; calculating, for each 

comer of the lane marker, a second loss function that computes a distance between 3D world 

coordinates of the corner of the lane marker obtained from the set and the previously stored 3D 

world coordinates of the corner of the lane marker obtained from the second set; and estimating 
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the extrinsic parameters for the camera and LiDAR sensors based on the first loss function and 

the second loss function, respectively.  

[0100] In some embodiments, the second set of previously stored 3D world coordinates of 

corners of the lane marker are projected to the coordinate system of the LiDAR sensor by: 

obtaining a transformed point cloud by correlating the PCD received from the LiDAR sensor to 

one or more points of a point cloud map reference; extracting a submap from a previously 

obtained PCD map; performing a registration of the transformed point cloud to the submap to 

obtain a first transformation matrix that describes transformation between the transformed point 

cloud and the submap, where the registration correlates the transformed point cloud to the 

submap; determining additional transformation matrixes that describes transformation between a 

position of the LiDAR sensor, the one or more points of the point cloud map reference, and a 

reference point associated with an inertial measurement unit-global navigation satellite system 

(IMU-GNSS) sensor located in the vehicle; calculating the set of 3D world coordinates of 

comers of the lane marker in the frame based on the first transformation matrix, the additional 

transformation matrixes, and the second set of previously stored 3D world coordinates of the 

comers of the lane marker.  

[0101] In some embodiments, the PCD is correlated to the point cloud map reference based 

on a measurement provided by the IMU-GNSS sensor and a previously stored LiDAR to IMU 

extrinsic parameters, and the previously stored LiDAR to IMU extrinsic parameters describe a 

spatial relationship between positions and orientations of the LiDAR and the IMU-GNSS sensor.  

In some embodiments, the submap includes 3D world coordinates of points within a pre

determined distance of the location of the vehicle when the PCD is received.  

[0102] In some embodiments, the method includes receiving, from a camera located on the 

vehicle, an image comprising the lane marker; determining, from the image, locations of corners 

of the lane marker; receiving, from a light detection and ranging (LiDAR) sensor located on the 

vehicle, a frame comprising point cloud data (PCD) of an area that comprises the lane marker; 

and determining a set of three-dimensional (3D) world coordinates of the corners of the lane 

marker, where the at least two sensors comprises the camera and the LiDAR sensor. In some 

embodiments, the set of 3D world coordinates of the comers of the lane marker are determined 

by obtaining, based on a location of the vehicle, a second set of previously stored three

dimension (3D) world coordinates of the corners of the lane marker, where the previously stored 
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location information of the lane marker comprises the second set of previously stored 3D world 

coordinates of the corners of lane marker; and obtaining the set of 3D world coordinates of the 

comers of the lane marker in the frame by using the second set of previously stored 3D world 

coordinates of the corners of the lane marker and a coordinate system of the LiDAR sensor.  

[0103] In some embodiments, the extrinsic parameters of the camera are calculated by 

calculating, for a corner of the lane marker, a loss function that computes a distance between a 

location of the corner of a lane marker and the previously stored 3D world coordinates of the 

comer of the lane marker obtained from the second set; and estimating the extrinsic parameters 

for the camera based on the loss function. In some embodiments, the extrinsic parameters of the 

LiDAR sensor are calculated by calculating, for a corner of the lane marker, a loss function that 

computes a distance between 3D world coordinates of the corner of the lane marker obtained 

from the set and the previously stored 3D world coordinates of the comer of the lane marker 

obtained from the second set; and estimating the extrinsic parameters for the LiDAR sensor 

based on the loss function. In some embodiments, the second set of previously stored 3D world 

coordinates of the corners of the lane marker are used with the coordinate system of the LiDAR 

sensor by obtaining a transformed point cloud using the PCD received from the LiDAR sensor 

with one or more points of a point cloud map reference; performing a registration of the 

transformed point cloud to a submap to obtain a first transformation matrix that describes 

transformation between the transformed point cloud and the submap, where the submap is 

obtained from a previous PCD map; determining additional transformation matrixes that 

describes transformation between a position of the LiDAR sensor, the one or more points of the 

point cloud map reference, and a reference point associated with an inertial measurement unit

global navigation satellite system (IMU-GNSS) sensor located in the vehicle; and calculating the 

set of 3D world coordinates of the corners of the lane marker in the frame based on the first 

transformation matrix, the additional transformation matrixes, and the second set of previously 

stored 3D world coordinates of the comers of the lane marker. In some embodiments, the PCD 

is correlated to the point cloud map reference.  

[0104] In some embodiments, the obtaining sensor data item from each of the at least two 

sensors and the extracting the location information of the lane marker from each sensor data item 

comprises: receiving, from a first sensor located on the vehicle, a first sensor data comprising the 

lane marker; determining, from the image, locations of corners of the lane marker; receiving, 
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from a second sensor located on the vehicle, a second sensor data of an area of the road that 

comprises the lane marker; and determining a set of three-dimensional (3D) world coordinates of 

the corners of the lane marker. In some embodiments, the set of 3D world coordinates of the 

comers of the lane marker are determined by: obtaining, based on a location of the vehicle, a 

second set of previously stored three-dimension (3D) world coordinates of the comers of the lane 

marker, where the previously stored location information of the lane marker comprises the 

second set of previously stored 3D world coordinates of the corners of lane marker; and 

projecting the second set of previously stored 3D world coordinates of the comers of the lane 

marker to a coordinate system of the second sensor to obtain the set of 3D world coordinates of 

the corners of the lane marker in the second sensor data.  

[0105] In some embodiments, the extrinsic parameters of the at least two sensors are 

calculated by: calculating, for each of at least two corners of the lane marker, a first loss function 

that computes a distance between a location of a comer of a lane marker and the previously 

stored 3D world coordinates of the comer of the lane marker obtained from the second set; 

calculating, for each of at least two corners of the lane marker, a second loss function that 

computes a distance between 3D world coordinates of the corner of the lane marker obtained 

from the set and the previously stored 3D world coordinates of the corner of the lane marker 

obtained from the second set; and estimating the extrinsic parameters for the first sensor and the 

second sensor based on the first loss function and the second loss function, respectively.  

[0106] In some embodiments, the second set of previously stored 3D world coordinates of 

the corners of the lane marker are projected to the coordinate system of the second sensor by: 

obtaining a transformed point cloud by correlating the second sensor data received from the 

second sensor to one or more points of a point cloud map reference; extracting a submap from a 

previously obtained map; obtaining, by correlating the transformed point cloud to the submap, a 

first transformation matrix that describes transformation between the transformed point cloud 

and the submap; determining additional transformation matrixes that describes transformation 

between a position of the second sensor, the one or more points of the point cloud map reference, 

and a reference point associated with an inertial measurement unit-global navigation satellite 

system (IMU-GNSS) sensor located in the vehicle; and calculating the set of 3D world 

coordinates of the corners of the lane marker in the second sensor data based on the first 

transformation matrix, the additional transformation matrixes, and the second set of previously 
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stored 3D world coordinates of the comers of the lane marker. In some embodiments, the 

submap comprises 3D world coordinates of points within a pre-determined distance of the 

location of the vehicle when the second sensor data is received.  

[0107] In some implementations, methods described in the various embodiments are 

embodied in a computer readable program stored on a non-transitory computer readable media.  

The computer readable program includes code that when executed by a processor, causes the 

processor to perform the methods described in some embodiments, including the method 

described in FIG. 9.  

[0108] FIG. 10 shows an exemplary block diagram of a computer located in a vehicle to 

perform multi-sensor calibration techniques described in some embodiments. The computer 

1000 includes at least one processor 1010 and a memory 1005 having instructions stored 

thereupon. The instructions upon execution by the processor 1010 configure the computer 1000 

to perform the operations described for cameras, LiDAR sensors, and various modules as 

described in FIGS. 2 to 9, and/or the operations described in the various embodiments.  

[0109] In this document the term "exemplary" is used to mean "an example of' and, unless 

otherwise stated, does not imply an ideal or a preferred embodiment.  

[0110] Some of the embodiments described herein are described in the general context of 

methods or processes, which may be implemented in one embodiment by a computer program 

product, embodied in a computer-readable medium, including computer-executable instructions, 

such as program code, executed by computers in networked environments. A computer-readable 

medium may include removable and non-removable storage devices including, but not limited to, 

Read Only Memory (ROM), Random Access Memory (RAM), compact discs (CDs), digital 

versatile discs (DVD), etc. Therefore, the computer-readable media can include a non-transitory 

storage media. Generally, program modules may include routines, programs, objects, 

components, data structures, etc. that perform particular tasks or implement particular abstract 

data types. Computer- or processor-executable instructions, associated data structures, and 

program modules represent examples of program code for executing steps of the methods 

disclosed herein. The particular sequence of such executable instructions or associated data 

structures represents examples of corresponding acts for implementing the functions described in 

such steps or processes.  
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[0111] Some of the disclosed embodiments can be implemented as devices or modules using 

hardware circuits, software, or combinations thereof. For example, a hardware circuit 

implementation can include discrete analog and/or digital components that are, for example, 

integrated as part of a printed circuit board. Alternatively, or additionally, the disclosed 

components or modules can be implemented as an Application Specific Integrated Circuit 

(ASIC) and/or as a Field Programmable Gate Array (FPGA) device. Some implementations may 

additionally or alternatively include a digital signal processor (DSP) that is a specialized 

microprocessor with an architecture optimized for the operational needs of digital signal 

processing associated with the disclosed functionalities of this application. Similarly, the various 

components or sub-components within each module may be implemented in software, hardware 

or firmware. The connectivity between the modules and/or components within the modules may 

be provided using any one of the connectivity methods and media that is known in the art, 

including, but not limited to, communications over the Internet, wired, or wireless networks 

using the appropriate protocols.  

[0112] While this document contains many specifics, these should not be construed as 

limitations on the scope of an invention that is claimed or of what may be claimed, but rather as 

descriptions of features specific to particular embodiments. Certain features that are described in 

this document in the context of separate embodiments can also be implemented in combination 

in a single embodiment. Conversely, various features that are described in the context of a single 

embodiment can also be implemented in multiple embodiments separately or in any suitable sub

combination. Moreover, although features may be described above as acting in certain 

combinations and even initially claimed as such, one or more features from a claimed 

combination can in some cases be excised from the combination, and the claimed combination 

may be directed to a sub-combination or a variation of a sub-combination. Similarly, while 

operations are depicted in the drawings in a particular order, this should not be understood as 

requiring that such operations be performed in the particular order shown or in sequential order, 

or that all illustrated operations be performed, to achieve desirable results.  

[0113] Only a few implementations and examples are described and other implementations, 

enhancements and variations can be made based on what is described and illustrated in this 

disclosure.  
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CLAIMS 

1. A method of autonomous vehicle operation, comprising: 

obtaining, from each of at least two sensors located on a vehicle, sensor data item 

of a road comprising a lane marker; 

extracting, from each sensor data item, a location information of the lane marker; 

and 

calculating extrinsic parameters of the at least two sensors based on determining a 

difference between the location information of the lane marker from each sensor data 

item and a previously stored location information of the lane marker.  

2. The method of claim 1, wherein the obtaining sensor data item from each of the at 

least two sensors and the extracting the location information of the lane marker from 

each sensor data item comprises: 

receiving, from a camera located on the vehicle, an image comprising the lane 

marker; 

determining, from the image, pixel locations of corners of the lane marker; 

receiving, from a light detection and ranging (LiDAR) sensor located on the 

vehicle, a frame comprising point cloud data (PCD) of an area of the road that 

comprises the lane marker; and 

determining a set of three-dimensional (3D) world coordinates of the corners of 

the lane marker.  

3. The method of claim 2, wherein the set of 3D world coordinates of the corners of the 

lane marker are determined by: 

obtaining, based on a location of the vehicle, a second set of previously stored 

three-dimension (3D) world coordinates of the corners of the lane marker, wherein 

the previously stored location information of the lane marker comprises the second 

set of previously stored 3D world coordinates of the corners of lane marker; and 

projecting the second set of previously stored 3D world coordinates of the comers 
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of the lane marker to a coordinate system of the LiDAR sensor to obtain the set of 3D 

world coordinates of the comers of the lane marker in the frame.  

4. The method of claim 3, wherein the extrinsic parameters of the at least two sensors 

are calculated by: 

calculating, for each corner of the lane marker, a first loss function that computes 

a distance between a pixel location of a corner of a lane marker and the previously 

stored 3D world coordinates of the corner of the lane marker obtained from the 

second set; 

calculating, for each corner of the lane marker, a second loss function that 

computes a distance between 3D world coordinates of the corner of the lane marker 

obtained from the set and the previously stored 3D world coordinates of the corner of 

the lane marker obtained from the second set; and 

estimating the extrinsic parameters for the camera and LiDAR sensor based on the 

first loss function and the second loss function, respectively.  

5. The method of claim 3 or claim 4, wherein the second set of previously stored 3D 

world coordinates of the comers of the lane marker are projected to the coordinate 

system of the LiDAR sensor by: 

obtaining a transformed point cloud by correlating the PCD received from the 

LiDAR sensor to one or more points of a point cloud map reference; 

extracting a submap from a previously obtained PCD map; 

performing a registration of the transformed point cloud to the submap to obtain a 

first transformation matrix that describes transformation between the transformed 

point cloud and the submap, wherein the registration correlates the transformed point 

cloud to the submap; 

determining additional transformation matrixes that describes transformation 

between a position of the LiDAR sensor, the one or more points of the point cloud 

map reference, and a reference point associated with an inertial measurement unit

global navigation satellite system (IMU-GNSS) sensor located in the vehicle; and 

calculating the set of 3D world coordinates of the corners of the lane marker in 
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the frame based on the first transformation matrix, the additional transformation 

matrixes, and the second set of previously stored 3D world coordinates of the corners 

of the lane marker.  

6. The method of claim 5, 

wherein the PCD is correlated to the point cloud map reference based on a 

measurement provided by the IMU-GNSS sensor and a previously stored LiDAR to 

IMU extrinsic parameters, and 

wherein the previously stored LiDAR to IMU extrinsic parameters describe a 

spatial relationship between positions and orientations of the LiDAR and the IMU

GNSS sensor.  

7. The method of claim 5 or claim 6, wherein the submap comprises 3D world 

coordinates of points within a pre-determined distance of the location of the vehicle 

when the PCD is received.  

8. A system for calibration of multiple sensors on or in a vehicle, the system comprising 

a processor configured to: 

obtain, from each of at least two sensors located on the vehicle, sensor data item 

of a road comprising a lane marker; 

extract, from each sensor data item, a location information of the lane marker; and 

calculate extrinsic parameters of the at least two sensors based on determining a 

difference between the location information of the lane marker from each sensor data 

item and a previously stored location information of the lane marker.  

9. The system of claim 8, wherein the processor is configured to obtain sensor data item 

from each of the at least two sensors and to extract the location information of the 

lane marker from each sensor data item by being configured to: 

receive, from a camera located on the vehicle, an image comprising the lane 

marker; 

determine, from the image, locations of corners of the lane marker; 
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receive, from a light detection and ranging (LiDAR) sensor located on the vehicle, 

a frame comprising point cloud data (PCD) of an area that comprises the lane marker; 

and 

determine a set of three-dimensional (3D) world coordinates of the corners of the 

lane marker, 

wherein the at least two sensors comprises the camera and the LiDAR sensor.  

10. The system of claim 9, wherein the set of 3D world coordinates of the corners of the 

lane marker are determined by the processor configured to: 

obtain, based on a location of the vehicle, a second set of previously stored three

dimension (3D) world coordinates of the corners of the lane marker, wherein the 

previously stored location information of the lane marker comprises the second set of 

previously stored 3D world coordinates of the corners of lane marker; and 

obtain the set of 3D world coordinates of the comers of the lane marker in the 

frame by using the second set of previously stored 3D world coordinates of the 

corners of the lane marker and a coordinate system of the LiDAR sensor.  

11. The system of claim 10, wherein the extrinsic parameters of the camera are calculated 

by the processor configured to: 

calculate, for a corner of the lane marker, a loss function that computes a distance 

between a location of the corner of a lane marker and the previously stored 3D world 

coordinates of the corner of the lane marker obtained from the second set; and 

estimate the extrinsic parameters for the camera based on the loss function.  

12. The system of claim 10 or claim 11, wherein the extrinsic parameters of the LiDAR 

sensor are calculated by the processor configured to: 

calculate, for a corner of the lane marker, a loss function that computes a distance 

between 3D world coordinates of the corner of the lane marker obtained from the set 

and the previously stored 3D world coordinates of the comer of the lane marker 

obtained from the second set; and 

estimate the extrinsic parameters for the LiDAR sensor based on the loss function.  
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13. The system of any one of claims 10 to 12, wherein the second set of previously stored 

3D world coordinates of the comers of the lane marker are used with the coordinate 

system of the LiDAR sensor by the processor configured to: 

obtain a transformed point cloud using the PCD received from the LiDAR sensor 

with one or more points of a point cloud map reference; 

perform a registration of the transformed point cloud to a submap to obtain a first 

transformation matrix that describes transformation between the transformed point 

cloud and the submap, wherein the submap is obtained from a previous PCD map; 

determine additional transformation matrixes that describes transformation 

between a position of the LiDAR sensor, the one or more points of the point cloud 

map reference, and a reference point associated with an inertial measurement unit

global navigation satellite system (IMU-GNSS) sensor located in the vehicle; and 

calculate the set of 3D world coordinates of the corners of the lane marker in the 

frame based on the first transformation matrix, the additional transformation matrixes, 

and the second set of previously stored 3D world coordinates of the corners of the 

lane marker.  

14. The system of claim 13, wherein the PCD is correlated to the point cloud map 

reference.  

15. A non-transitory computer readable storage medium having code stored thereon, the 

code, when executed by a processor, causing the processor to implement a method 

comprising: 

obtaining, from each of at least two sensors located on a vehicle, sensor data item 

of a road comprising a lane marker; 

extracting, from each sensor data item, a location information of the lane marker; 

and 

calculating extrinsic parameters of the at least two sensors based on determining a 

difference between the location information of the lane marker from each sensor data 

item and a previously stored location information of the lane marker.  
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16. The non-transitory computer readable storage medium of claim 15, wherein the 

obtaining sensor data item from each of the at least two sensors and the extracting the 

location information of the lane marker from each sensor data item comprises: 

receiving, from a first sensor located on the vehicle, a first sensor data comprising 

the lane marker; 

determining, from the image, locations of corners of the lane marker; 

receiving, from a second sensor located on the vehicle, a second sensor data of an 

area of the road that comprises the lane marker; and 

determining a set of three-dimensional (3D) world coordinates of the corners of 

the lane marker.  

17. The non-transitory computer readable storage medium of claim 16, wherein the set of 

3D world coordinates of the corners of the lane marker are determined by: 

obtaining, based on a location of the vehicle, a second set of previously stored 

three-dimension (3D) world coordinates of the corners of the lane marker, wherein 

the previously stored location information of the lane marker comprises the second 

set of previously stored 3D world coordinates of the comers of lane marker; and 

projecting the second set of previously stored 3D world coordinates of the comers 

of the lane marker to a coordinate system of the second sensor to obtain the set of 3D 

world coordinates of the comers of the lane marker in the second sensor data.  

18. The non-transitory computer readable storage medium of claim 17, wherein the 

extrinsic parameters of the at least two sensors are calculated by: 

calculating, for each of at least two corners of the lane marker, a first loss function 

that computes a distance between a location of a comer of a lane marker and the 

previously stored 3D world coordinates of the corner of the lane marker obtained 

from the second set; 

calculating, for each of at least two corners of the lane marker, a second loss 

function that computes a distance between 3D world coordinates of the comer of the 

lane marker obtained from the set and the previously stored 3D world coordinates of 

the comer of the lane marker obtained from the second set; and 
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estimating the extrinsic parameters for the first sensor and the second sensor 

based on the first loss function and the second loss function, respectively.  

19. The non-transitory computer readable storage medium of claim 17 or claim 18, 

wherein the second set of previously stored 3D world coordinates of the corners of 

the lane marker are projected to the coordinate system of the second sensor by: 

obtaining a transformed point cloud by correlating the second sensor data 

received from the second sensor to one or more points of a point cloud map reference; 

extracting a submap from a previously obtained map; 

obtaining, by correlating the transformed point cloud to the submap, a first 

transformation matrix that describes transformation between the transformed point 

cloud and the submap; 

determining additional transformation matrixes that describes transformation 

between a position of the second sensor, the one or more points of the point cloud 

map reference, and a reference point associated with an inertial measurement unit

global navigation satellite system (IMU-GNSS) sensor located in the vehicle; and 

calculating the set of 3D world coordinates of the corners of the lane marker in 

the second sensor data based on the first transformation matrix, the additional 

transformation matrixes, and the second set of previously stored 3D world 

coordinates of the corners of the lane marker.  

20. The non-transitory computer readable storage medium of claim 19, wherein the 

submap comprises 3D world coordinates of points within a pre-determined distance 

of the location of the vehicle when the second sensor data is received.  
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