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(57) Abstract: A light detection and ranging (lidar) device may be coupled to a vehicle and configured to scan a surrounding environ-
ment to determine ranges to one or more objects in the surrounding environment of the vehicle. The lidar device may generate data that
can be used to form a range image, which includes or is based on range data determined for the one or more objects. The lidar device
may also generate data that can be used to form a corresponding background image, which includes background light intensity data
that the lidar device measures during the scan. The background image or background image data may be used to add range data to the
range image, correct range data in the range image, and/or evaluate the quality of the range data in the range image. In this way, the
background image or background image data can be used to generate an enhanced range image that includes range data that is more
comprehensive and/or more reliable than the range data included in the original range image.
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METHODS OF USING BACKGROUND IMAGES FROM A LIGHT DETECTION
AND RANGING (LIDAR) DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS
{0001} The present application claims priority to provisional ULS. Application No.
63/117.605, filed November 24, 2020, and nog-provisional U8, Application No. 17/5826,031,
filed November 15, 2021, the contents of each of which are heveby incorporated by reference
in their entirety.

BACKGROUND

HOO02] Unless otherwise mndicated herein, the materials described in this section are
not prior art 1o the claimes o this application and are not admitted to be prior ant by inclusion
1 this section,
8003 A light detection and ranging (lidar) device may be used to determuine a range
and direction to an object in its envivonment by enutting a hght pulse 1o a particular divection
toward the object and detecting a returning light pulse that corresponds to a portion of the
emitted hight pulse that 1s reflected by the object. The range may be calculated based on a
time difference between when the light pulse is emitted and when the returning light palse 1s
detected.
{0004] However, a lidar device may have a maximum range bevond which the lidar
device may be unable to determine distances 1o objects. In addition, adverse weathey
conditions, such as snow, rain, and fog can further limit the maxunun effective range of a
lidar device and can cause artifacts in the range data. Artifacts can also be caused by
retroreflectors or other highty reflective objects in the environment of the hidar device and by
contaminants {rain, dirt, etc.} such as on the aperture of the hidar device.
6005 Thus, there 18 a need to provide methods and systems for suproving range data

obtained by a lidar device.

SUMMARY
{006] In one aspect, a method is provided. The method involves scanning, by a light

detection and ranging (lidar) device, an environment surrounding the lidar device. The lidar
device includes one or more light enuttters and one or more hight detectors. The scanning
includes (1) using the one or more Light emitters to emit a plurality of emitted light pulses ina
plarality of directions and (11} using the one or more hight detectors to detect, for each
direction of the plurality of directions, a corresponding received hight signal, to obtain a

plurality of received hight signals for the plurality of directions. The method further involves
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determuiming, for each respective direction of the plurahity of directions, a corresponding
background light mtensity based on the received light signal corresponding to the respactive
divection, to obtain a plurality of background tight intenstites for the plurality of divections. In
addition, the method includes generating a background unage of the environment surrounding
the tidar device based on the plorality of background light intensities. Further, the method
mehudes identifving one or more returming light pulses in the plurality of recetved light
signals, Each returning Hyht pulse is indicative of reflection of an emitted light pulse by an
object in the environment surrounding the lidar device. Additionally, the method includes
gengrating a range image of the enviromment surrounding the lidar device based on the one or
more returning light pulses. The range unage includes range data indicative of ranges of one
or more ohjects in the environment surrounding the hidar device.

{6007} In another aspect, a system is provided. The system includes a light detection
ancd ranging (lidar) device and an image processor coupled to the lidar device. The ldar
device includes one or more hight enutters. The hidar device 1s configured to scan an
epviromment surrounding the lidar device using the one or more light emitters to emit a
phurality of enutted Hight pulses i a plurality of directions and using the one or more hight
detectors to detect, for each direction of the plurality of directions, a corvesponding received
light signal, to obtain a plarality of received light signals for the plurality of directions, The
lidar device 1s also configured to determine, for each respective divrection of the plurality of
divections, a corresponding background light intensity based on the recetved light signal
corresponding to the respective direction, to obtain a phurality of background light mtensities
for the plarality of directions. Additionally, the lidar device is configured to generate a
background image of the environment surronnding the idar device based on the plurality of
background hight intensities. Further, the idar device is configured to identify one or more
returning hight pudses in the plurality of recerved hight signals. Each returning light pudse 13
indicative of reflection of an emitted light pulse by an object in the environment surrounding
the tidar device. In addition, the lidar device is configured to generate a range image ot the
environment surrounding the lidar device based on the one or more returning light pulses.
The range image includes range data indicative of ranges of one or more objects in the
environment surrounding the lidar device. The image processor is configured to receive the
background image and the range image from the hidar device. The image processor is also
configured to generate an enhanced range image based on the background image and the
range image. The enhanced range image includes additional range data that was not included

1 the range image.
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{0008] In vet another aspect, a digital image 1s provided. The digital image includes
range data determined based on detection by a hight detection and ranging {lidar} device of
light having wavelengihs of approximately a specific wavelength. The Light is from one or
more objects m an enviromment surrounding the hidar device reflecting one or more laser hght
pulses emitted by the Hdar device in a plorality of different divections. The digital image also
mehudes background image data determined based on detection by the lidar device of a
respective background light intensity for each of the plurality of differemt directions.

{8009 in still another aspect, a method is provided. The method includes obtamning
range data that is determined based on detection by a light detection and ranging (lidar)
device of Hght having wavelengths of approximately a specific wavelength. The Bight is from
one or more objects m an enviromment surrounding the lidar device reflecting one or more
laser Light pulses enutted by the lidar device i a plurabity of different direciions. The method
also includes obtaining background image data that is determined based on detection by the
hidar device of a respective background light intensity for each of the plurality of different
directions. Additionally, the method includes generating a digital unage based on the range
data and the background image data.

{0010} These as well as other aspects, advantages, and aliernatives will become
apparent to those of ordinary skill in the art by reading the following detailed deseription with
reference where appropriate to the accompanying drawings. Fuorther, it should be understood
that the description provided in this summary section and elsewhere in this document is

intended to Hustrate the claimed subject matter by way of example and not by way of

limigation,
BRIEF BESCRIPTION OF THE DRAWINGS
[0011] Figure | is a functional block diagram iflustrating a vehicle, according to

example embodiments.

{6012} Figure 24 1s an llustration of a physical configuration of a vehicle, according
to example embodiments.

{0013] Figure 2B is an illustration of a physical configuration of a vehicle, according
to example embodiments,

0014 Figure 2C is an illustration of a physical configwation of a vehicle, according
to example embodiments.

LS Figure 2D 1s an illustration of a physical configuration of a vehicle, according
to example embodiments,

{8016} Figure 2E 15 an illustration of a physical configuration of a vehicle, according

Lk
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io example embodiments.

fO0E T} Figure 3 15 a conceptual iltustration of wireless commumcation between
vanous computing systems related to an autonomous vehicle, according to example
embodiments.

joaiB] Figore 4A illostrates a received light signal that is detected by a light detector
of a lidar device during a detection period, in which the received light signal includes a
returning light pulse, according to an example embodiment,

0019} Figure 48 illustrates a received light signal that 1s detected by a Light detector
of a lidar device during a detection period, in which the recerved light signal does not include

a returning hight pulse, according to an example embodiment.

[{0028] Figure 5 illustrates a range image, according to an example embodiment.
6021} Figure 6 illustrates a backgroand image, according to an example
embodiment.

{0022 Figare 7 itlustrates an enhanced range image that 15 generated based ow the

range image illustrated in Figure 5 and the background image iHlusteated m Figure 6,
according to an example embodiment.

{6023} Figure § is a block diagram iHlustrating a process of generating an enhanced
range image based on 8 range image and a background, according to an example
embodiment.

[0024] Figure 9 is a block diagram of an example system in an autonomous vehicle,

accordmng to an example embodunent.

8025 Figure 10 is an dlustration of a method, according o an example embodiment.
DETAILED DESCRIPTION
0026} Exemplary implementations are described herein. It should be understood that

the word “exemplary™ 1s used herein to mean “serving as an example, instance, or
itlustration.” Any implementation or feature described herein as “exemplary”™ or “illustrative”
is not necessarily to be construed as preferred or advantageous over other implementations or
features. In the figures, similar syvmbels typically identify similar components, unless context
dictates otherwise. The example implementations described herein are not meant to be
Bmiting. It will be readily understood that the aspects of the present disclosure, as generally
described herein and illustrated in the figures, can be arranged, substituted, combined,

separated, and designed in a wide variety of different configurations.

{027 Example methods and systems are contemnplated herem. Any example
embodiment or feature described herein 1s not necessarily o be construed as preferred or
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advantageous over other embodiments or features. The example embodiments deseribed
herein are not meant 1o be himiting. It will be readily undersiood that certain aspects of the
disclosed systems and methods can be arranged and combined n a wide vartety of dilferent
configurations, alt of which are contemplated herein.

j0028] Farthermore, the particular arvangements shown in the figures shoold ot be
viewed as liniting. It should be understood that other embodiments might include more or
less of each element shown in @ given figure. Further, some of the illustrated elements may be
combined or omitted. Yet further, an example embodiment may include elements that are not
itllustrated 1n the fgures.

{0029 Lidar devices as described herein can include one or more {ight emitters and
one or more detectors used for detecting hight that is emitted by the one or more light emitters
and reflected by one or more objects in an environment sorrounding the lidar device. As an
example, the surrounding environment could include an intertor or exterior environment,
such as mside a boilding or ountside of the building. Additionally or alternatively, the
surrounding environment could include an interior environment of a vehicle. Additionally or
alternatively, the surrcunding environment could include a vicinity around andior on a
roadway. Examples of objects in the surrounding environment inchude, but are not himited to,
other vehicles, traffic signs, pedestrians, roadway surfaces, buildings, terrain, et
Additionally, the one or more light emitters could emit hight into a local environment of the
lidar system itself. For example, emitted light from the one or more light emitters could
interact with a housing of the lidar system and/or surfaces or structures coupled to the lidar
system, In some cases, the lidar system could be mounted to a vehicle, In such scenarios, the
one or more hight emitiers can be configured to emit Light that interacts with objects within a
vicinity of the vehicle. The light emitters may inchude optical fiber amplifiers, laser diodes,
hight-enutting diodes (LEDs), etc.

8030 The following description and accompanying drawings will elucidate features
of various example embodiments. The embodiments provided are by way of example, and are
not intended to be lmiting. As such, the dinensions of the drawings are not necessariy to
scale.

8031} Example systems within the scope of the present disclosure will now be
described m greater detail. An example system may be implemented in or may take the form
of an automobile. Additionally, an example system may also be implemented in or take the
form of various vehicles, such as cars, frucks, motoreycles, buses, airplanes, helicopters,

drones, lawn mowers, earth movers, boats, submarines, all-terrain vehucles, snowmobiles,

L 1
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airgraft, recreational velicles, amusement park vehicles, farm equapment or vehicles,
construction equipment or vehicles, warehouse equipment or vehicles, factory equipment or
vehicles, trams, golf carts, trains, trolleys, sidewalk delivery vebicles, robot devices, etc.
Other vehicles are possible as well. Further, in some embodiments, example systems might
not include a vehicle.

{0032] Referring now to the figures, Figure 1 15 a functional block diagram
ilustrating example vehicle 100, which may be configured to operate fully or partially in an
autonomous mode. More specifically, vehicle 100 may operate in an autonomous mode
without human interaction through receiving control instructions from a computing system.
Az part of operating in the awtonomous mode, vehicle 100 may use sensors to detect and
possibly identify objects of the surrounding environment to enable safe navigation,
Additionally, example vehicle 100 may operate in a partially avtonomous {i.e., semi-
autenomouns) mode i which some functions of the vehicle 100 are controlied by a human
driver of the vehicle 100 and some functions of the vehicle 100 are controlled by the
computing system. For example, vehicle 100 may also include subsystems that enable the
driver to control operations of vehicle 100 such as steering, acceleration, and braking, while
the computing system performs assistive functions such as lane-departure warmings / lane-
keeping assist or adaptive cruise control based on other objects (e.g., vehicles) in the
surrounding enviromnent.

j0033] As shown in Figure 1, vehicle 100 may include various subsystems, such as
propulsion system 102, sensor system 104, control system 106, one or more peripherals 108,
power supply 110, computer system 112 {counld also be referred to as a computing system),
data storage 114, and user mterface 116. In other examples, vehicle 100 may include more or
fewer subsystems, which can each include multiple elements. The subsystems and
components of vehicle 100 may be interconnected m varions ways. In addition, functions of
vehicle 100 described herein can be divided into additional functional or physical
components, or combined into fewer functional or physical components within embodiments.
For instance, the control system 106 and the computer system 112 may be combined into 8
single system that operates the vehicle 100 in accordance with various operations.

6034} Propulsion system 102 may include one or more components operable to
provide powered maotion for vehicle 100 and can include an engine/motor 118, an energy
source 119, a transmission 120, and wheels/tires 121, among other possible components. For
example, engine/motor 118 may be configured to convert energy sowrce 119 into mechanical

energy and can correspond to one or a combination of an internal combustion engine, an
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eleciric motor, steam engine, or Stirhng engine, among other possible options. For instance,
m some embodiments, propulsion system 102 may inclade multiple types of engines andior

gine and an electric motor.

e

motors, such as a gasoline en
j8035] Energy source 119 represents a source of energy that may, i full or m part,
power one of more systems of vehicle 100 (e g, engine/motor 118). For instance, energy
source 119 can correspond to gaseline, diesel, other petroleum-based fuels, propane, other
compressed gas-based fuels, ethanol, solar panels, batteries, andfor other sources of electrical
power. In sonme embodiments, energy source 119 may inclode a combination of fuel tanks,
batterigs, capacitors, and/or flywheels.

[0036] Transnussion 120 may ransmit mechamieal power from engine/motor 118 1o
wheels/tires 121 and/or other possible systems of vehicle 100, As such, transmission 120 mayv
mclude a gearbox, a cloich, a differential, and a drive shaft, among other possible
components. A dove shaft may include axles that connect to one or more wheels/tires 121,
{0037] Wheels/tires 121 of vehicle 100 may have various configurations within
example embodiments. For instance, vehicle 100 may exist in a unicyele, bicyele/motoreyele,
tricycle, or carftruck four-wheel format, among other possible configurations. As such,
wheels/tires 121 may connect to vehicle 100 m various ways and can exist in different
materials, such as metal and rubber,

{H038] Sensor system 104 can mclude various types of sensors, such as Global
Positioning System {GPS) 122, inertial measurement unit {IMU} 124, radar 126, laser
rangefinder / idar 128, camera 130, steering sensor 123, and throttle/brake sensor 128,
among other possible sensors. In some embodiments, sensor systeny 104 may also include
sensors condigared to monitor internal systems of the vehicle 100 {e.g., Oz monttor, fuel
gauge, engine oil temperature, brake wear).

{6039 GPS 122 may include a transcetver operable to provide mformation regarding
the position of vehicle 100 with respect to the Earth. IMU 124 may have a configuration that
uses one or more accelerometers andfor gyroscopes and may sense position and orientation
changes of vehicle 100 based on inertial acceleration. For example, IMU 124 may detect a
pitch and yaw of the vehicle 100 while vehicle 100 is stationary or in motion.

j8040] Radar 126 may represent one or more systems configured to use radio signals
to sense objects, including the speed and heading of the objects, within the local environment
of vehicle 100. As such, radar 126 may mclude antennas configared to transmit and recetve
radio signals. In some embodiments, radar 126 may correspond to a mountable radar system

configured to obtain measurements of the surronnding environment of vehicle 100
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LLHESE Laser rangefinder / lidar 128 may include one or more laser sources, a laser
scanner, and one or more detectors, among other system components, and may operate i a
coherent mode {e.g., using heterodyne detection} or in an incoherent detection mode (e,
tune-of-flight mode). in some embodiments, the one or more detectors of the laser
rangefinder / Hdar 128 may include one or more photodetectors. Such photodetectors may be
especially sensitive detectors. In some examples, such photodetectors may be capable of
detecting single photons {2.g., SPADSs). Further, such photodetectors can be arranged {e.u.,
through an electrical connection in series) into an array (e.g., as in a iPM). In some
examples, the one or more photodetectors are Geiger-mode operated devices and the hdar
mcludes subcomponents designed for such Gelger-mode operation.

{0042} Camera 130 may include one or more devices {e.g., still camera, video
camera, a thermal imaging camera, 8 stereo camera, a night vision camera, ete.) configured to
capture tmages of the swrounding environment of vehiele 160

{0043] Steering sensor 123 may sense a steering angle of velicle 100, which may
mvolve measuring an angle of the steering wheel or measuning an electrical signal
representative of the angle of the steering wheel. In some embodiments, steering sensor 123
may measure an angle of the wheels of the vehicle 100, such as detecting an angle of the
wheels with respect to a forward axis of the vehicle 100, Steering sensor 123 may also be
configured to measure a combination {or a subset) of the angle of the steering wheel,
electrical signal representing the angle of the steering wheel, and the angle of the wheels of
vehicle 1(R)

8044 Throttledbrake sensor 125 may detect the position of erther the throttle position
or brake position of vehicle 100. For instance, throttle/brake sensor 115 may measure the
angle of both the gas pedal (throttle) and brake pedal or may measure an electrical signal that
could represent, for instance, an angle of a gas pedal (throttle) andfor an angle of a brake
pedal. Throttlesbrake sensor 125 may alse measure an angle of a throttle body of velicle 100,
which may include part of the physical mechanism that provides moduolation of energy source
119 to engine/motor 118 {e.g., a butterfly valve or carburetor). Additionally, throttle/brake
sensor 125 mav measure a pressure of one or more brake pads on a rotor of vehicle 100 or a
combination {or a subset} of the angle of the gas pedal (throttle) and brake pedal, electrical
signal representing the angle of the gas pedal (throttle) and brake pedal, the angle of the
throttle body, and the pressare that at least one brake pad s applying to a rotor of vehicle 100,
1n other embodiments, throttle/brake sensor 125 may be configured to measure a pressure

apphied to a pedal of the vehicle, such as a throttle or brake pedal.

o



WO 2022/115288 PCT/US2021/059677

{045 Control svstem 106 mav inclode components configured to assist m navigating
vehicle 100, such as steering unit 132, throttle 134, brake unit 136, sensor fusion algorithm
138, computer vision system 140, navigation/pathing system 142, and obstacle avoidance
system 144, More specifically, steering unit 132 may be operable to adjust the heading of
vehicle 100, and throttle 134 may coutrol the operating speed of engine/motor H & to conirol
the acceleration of vehicle 100, Brake unit 136 may decelerate vehicle 100, which may
mvolve using friction 1o decelerate wheels/tires 121, In some embodiments, brake unit 136
may convert kinetic energy of wheels/tires 121 1o electric current for subsequent use by a
system of systems of vehicle 100,

0046} Rensor fusion algorithm 138 may inclode a Kalman filter, Bayesian network,
or other algorithms that can process data from sensor system 104, In sowe embodiments,
sensor fusion algortthm 138 may provide assessmenis based on incoming sensor data, sach as

evatuations of individual objects andfor features, evaluations of a particudar situation, andfor

evaluations of potential impacts within a given situation.
{0047} Computer vision svstem 140 may include hardware and software operable to

process and analyze images in an offort to determine objects, enviromnental objects {e.g.,
traffic lights, roadway boundaries, efc.), and obstacles. As such, computer vision system 140
may use object recognition, Structure From Motion {SFM ), video tracking, and other
algorithms used in computer vision, for mstance, to recognize objects, map an environment,
track objects, estimate the speed of objects, etc.

6048 Navigation/pathing system 142 may determine a driving path for vehicle 108,
which may involve dvnamically adjusting navigation during operation. As such,
navigation/pathing system 142 may use data from sensor fusion algorithm 138, GPS 122, and
maps, among other sources to navigate vehicle 100. Obstacle avoidance system 144 may
evaluate potential obstlacles based on sensor data and cause systems of vehicle 100 to avoid

or otherwise negotiate the potential obstacles.

[0049] As shown in Figure 1, vehicle 100 may also include peripherals 108, such as
wireless communication system 146, touchscreen 148, microphone 150, andfor speaker 152,

Peripherals 108 may provide controls or other elements for a user 1o interact with user
interface 116, For example, touchscreen 148 may provide information to users of vehicle 100
User interface 116 may also accept input from the user via touchscreen 148, Peripherals 108
may also enable vehicle 100 to communicate with devices, such as other vehicle devices.
{050] Wireless communication system 146 may wirelessly communicate with one or

more devices directly or via a communication network. For example, wireless
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communication system 146 could vse 3G cellular communication, such as code~division
multiple access (CDOMA), evolution-data optimized (EVDO), global system for mobile
commuications (GSM) / general packet radio service (GPRS), or cellular communication,
such as 4G worldwide interoperability for microwave access {WiMAX) or long-term
evolution {L.TE), or SG. Alternatively, wireless communication system 146 may
communicate with a wireless local area network {WLAN) using WIFI® or ether possible
connections. Wireless communication svstem 146 may also communicate directly with a
device using an infrared hnk, Bluetooth, or ZigBee, for example. Other wireless protocols,
such as various vehicular communication systems, are possible within the context of the
disclosure. For example, wireless communication system 146 may include one or more
dedicated short-range communications {DSRC) devices that counld mclude public and/or
private data commuuntcations between velucles and/or roadside statious.

8051} Vehicle 100 may include power supply 110 for powerning components, Power
supply 110 may inclode a rechargeable lithiem-ton or lead-acid battery in some
embodiments. For mstance, power supply 110 may include one or more batteries configured
to provide electrical power. Vehicle 100 may also use other tyvpes of power supplies. In an
example embodiment, power supply 110 and energy sovrce 119 may be mtegrated mio a
single cnorgy souree.

{052} Vehicle 100 may also include computer system 112 to perform operations,
such as operations described therein. As such, computer system 112 may include at teast one
processor 113 {which could include at least one microprocessory operable to execute
istructions 115 stored m a non-transitory, computer-readable medium, such as data storage
114, In some embodiments, computer svstem 112 may represent a plurality of computing
devices that may serve to control individual components or subsystems of vehicle 1001 a
distributed fashion.

0053 in some embodiments, data storage 114 may contain mstructions 115 (e.g.,
program logic) executable by processor 113 to execute various functions of vehicle 160,
mchuding those described above in connection with Figure 1. Data storage 114 mayv contain
additional instructions as well, including mstructions to transmit data to, receive data from,
interact with, and/or control one or more of propulsion system 102, sensor system 104,
control svstem 100, and peripherals 108,

{654 In addition to instractions 115, data storage 114 may store data such as
readway maps, path information, among other information. Such information may be used by

vehicle 100 and computer system 112 during the operation of vehicle 100 in the autonomous,
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semi-autonomons, and/or manual modes.
O055] Vehicle 100 may include user nterface 116 for providing information o or

recelving input from a user of velucle 100, User interface 116 may control or enable control
of content andfor the layout of Interactive images that could be displayed on touchscreen 148
Further, user interface 116 could include one or more inpot/output devices within the set of
peripherals 108, such as wireless commumication system 146, touchscreen 148, microphone
150, and speaker 152

0056} Computer system 112 may control the function of vehicle 100 based on inputs
received from various subsystems {e.g., propulsion system 102, sensor system 104, and
control system 106}, as well as from user interface 116, For example, computer system 112
may utilize input from sensor system 104 in order to estimate the ountput produced by
propulsion system 102 and control system 106, Depending apon the embodiment, computer
system 112 could be operable to monitor many aspects of vehicle 100 and i3 subsystems. In
some embodiments, computer system |2 may disable some or all functions of the vebicle
100 based on signals received from sensor system 104,

{6057} The components of vehicle 100 could be configured 1o work m an
mterconnected fashion with other components within or outside their respective systems. For
tnstance, i an example embodiment, camera 130 could capture a plurslity of images that
could represent information about a state of a swrrounding environment of vehicle 100
operating in an autonomous mode. The state of the surrounding environment could mnclude
parameters of the road on which the vehicle is operating. For example, computer vision
system 140 may be able to recognize the slope (grade) or other features based on the plurality
of images of a roadway. Additionally, the combination of GPS 122 and the features
recognized by computer viston system 140 may be used with map data stoved in data storage
114 to determine specific road parameters. Further, radar 126 andfor laser rangefinder / Iidar
128, and/or some other envivonmental mapping. ranging, and/or positioning sensor system
may also provide mformation about the surroundings of the vehicle.

{0058 In other words, a combination of varions sensors (which could be termed
mput-indication and output-indication sensors) and compuyter system 112 could interact to
provide an indication of an input provided to control a vehicle or an indication of the
surroundings of a vehicle.

{59 In some emboduments, computer system 112 may make a determination about
various objects based on data that is provided by systems other than the radio system. For

example, vehicle 100 may have lasers or other optical sensors configured to sense objects ina
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field of view of the vehicle. Compater systema 112 may use the outputs from the various
sensors to determine information about objects in a field of view of the vehicle, and may
determine distance and direction information to the various objects. Computer system 112
may also determine whether objects are desirable or undesirable based on the outputs from
the varions sensors.

RHEaH Although Figure 1 shows various components of vehicle 100 (1.e., wireless
communication system 146, computer system 112, data storage 114, and user mterface 116)
as bemg integrated into the vehicle 100, one or more of these components could be mounted
or associated separately from vehicle 100. For example, data storage 114 could, in part or in
full, exist separate from vehicle 100. Thas, vehicle 100 could be provided in the form of
device elements that mav be located separately or together. The device elements that make up
vehicle 100 could be communicatively coupled together in a wired andfor wireless fashion.
j0061] Figures 2A-2E shows an example vehicle 200 (2.g., a fully awtonomous
vehicle or semi-astonomous vehicle) that can include some or all of the functions described
m connection with vehicle 100 in reference to Figure 1. Although vehicle 200} 15 iHustrated in
Figores 2A-2E as a van with side view muirvors 216 for iflustrative purposes, the present
disclosure is not so limied. For instance, the vehicle 200 can represent a truck, a car, 8 semi-
trailer truck, a motorevele, a golf cart, an off-road vehicle, a farm vehicle, or any other
vehicle that is described elsewhere herem (e.g., buses, boats, airplanes, helicopters, drones,
lawn mowers, earth movers, submarines, all-terrain vehicles, snowmobiles, aircraft,
recreational vehicles, amusement park vehicles, farm equipment, construction equipment or
vehicles, warchouse equipment or vehicles, factory equipment or vehicles, trams, trains,
trolleys, sidewalk delivery vehicles, and robot devices, etc.).
f62] The example vehicle 200 may inclade ong or more sensor systems 202, 204,
206, 208, 210, 212 214, and 218 In some embodiments, sensor systems 202, 204, 206, 208,
210, 212, 214, and/or 218 could represent one or more optical systems {e.g. cameras, eic.),
one or more hidars, one or more radars, one or more range finders, one or more inertial
Sensers, one or more humidity sensors, one or more acoustic sensors {e.g., microphones,
sonar devices, etc.), or one or more other sensors configured to sense mformation about an
environment surrounding the vehicle 200, In other words, any sensor systemn described
elsewhere herein could be coupled to the vehicle 200 andfor could be utilized in conjunction
with various operations of the velncle 200, As an example, a hidar system could be uvtilized in
self-driving or other types of navigation, planning, perception, and/or mapping operations of

the vehicle 200, In addition, sensor systems 202, 204, 206, 208, 214, 212, 214, and/or 218
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could represent a combination of sensors deseribed hervein (e.g., one or more hidars and
radars, one or more lidars and cameras, one or more cameras amd radars, etc.).

6063 In some examples, the sensor systems could be disposed m variouos other
locations on the vehicle 200 {e.g., at location 216, ete.} and could have fields of view that
correspond o internal andfor surronnding envivonments of the vebicle 200, While the one or
more sensor systems 202, 204, 206, 208, 210, 212, 214, andfor 218 are illustrated on certain
locations on vehicle 200, 1t will be understood that more or fewer sensor systems could be
utitized with vehicle 200, Further, the locations of such sensor systems could be adjusted,
modified, or otherwise changed as compared to the locations of the sensor systems llustrated
n Figures 2A-2E.

[0064] The one or more sensar systems 202, 204, 206, 208, 210, 212, 214, andfor 218
could include one or more Hidar sensors. For example, the hidar sensors could include a

plurality of light-emitter devices arranged over a range of angles with respect to a given plane

.

e.g., the x-v plane). For example, one or more of the sensor systems 202, 204, 206, 208, 210,
212, 214, andfor 218 may be configured to rotate or pivot about an axis (e.g., the z-axis)
perpendicular to the given plane so as to iluminate an environment surrounding the vehicle
200 with hight pulses. Based on detecting varions aspects of reflected light pulses {e.g.. the
clapsed time of flight, polarization, intensity, eic.), information about the survounding
epviromment may be determined.

{065] In an example embodiment, sensor systems 202, 204, 206, 208, 210, 212, 214,
and‘or 218 may be configured to provide respective point cloud miormation that may relate
to phvsical objects within the surrounding environment of the vehicle 200, While vehicle 200
and sensor systems 202, 204, 206, 208, 210, 212, 214, and 218 are illastrated as including
certain features, it will be understood that other types of sensor systems are contemplated
within the scope of the present disclosure. Further, the example vehicle 200 can include any
of the components described in connection with vehicle 100 of Figure 1.

ja0B66] Note that the number, location, and type of sensor systems {e.g., 202, 204,
etc.) depicted i Figures 2A-E are intended as a non-limiting example of the location,
nymber, and type of such sensor systems of an avtonomous or semi-autonomous vehicle,
Alternative numbers, locations, types, and configurations of such sensors are possible {e.g.., to
comport with vehicle size, shape, asrodvnamics, fuel economy, aesthetics, or other
conditions, to reduce cost, to adapt to specialized environmental or appheation circumstances,
etc.).

{6067} The sensor system 202 may be mounted atop the vehicle 200 and may mclude
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one or more sensors configured to detect information abowt an environment serrowding the
vehicle 200, and output indications of the mformation. For example, sensor system 202 can
mclade any combination of cameras, radars, lidars, range finders, mertial sensors, humidity
sensors, and acoustic sensors {e.g., microphones, sonar devices, etc.). The sensor system 202
can inclode one or more movable moants that conld be operable to adiust the orientation of
one of more sensors in the sensor system 202, In one embodiment, the movable mownt could
mchude a rotating platform that could scan sensors o as to obtain information from each
divection around the vehicle 200, In another embodiment, the movable mount of the sensor
system 202 could be movable in a scanning fashion within a particular range of angles andfor
arzimuths andfor elevations. The sensor system 202 could be mounted atop the roof of a car,
although other mounting locations are possible.

{6068} Additionally, the sensors of sensor system 202 conld be distribuied i different
locations and need not be collecated in a single location. Furthermore, sach sensor of sensor
system 202 can be configured to be moved or scanned independently of other sensors of
sensor system 202, Addittonally or aite;‘na{iveiy, muliiple sensors may be mounted at one or
more of the sensor locations 202, 204, 206, 208, 210, 212, 214, andfor 218, For example,
there may be two hdar devices mounted at a sensor location andfor there may be one hdar
device and one radar mounted at a sensor location.

{0069} In an example configuration, one or more radars can be located on vehicle
200. For example, one or more sensor systems 202, 204, 206, 208, 210, 212, 214, andfor 218
could include one or more radars. In some examples, one or more radars can be located near
the rear of the vehicle 200 {2.g., sensor systems 208, 210, etc.), to actively scan the
environment near the back of the vehicle 200 for the presence of radio-reflective objects.
Similarly, one or more radars can be located near the front of the vehicle 200 {e.g., sensor
systems 212, 214, ete ) to actively scan the environment near the front of the vebicle 200 A
radar can be situated, for example, 1 a location suttable to Hluminate a region including a
forward-moving path of the vehicle 200 without occlusion by other features of the vehicle
200. For example, a radar can be embedded in and/or mounted m or near the front bumper,
front headlights, cowl, and/or hood, ete. Furthermore, one or more additional radars can be
Jocated to actively scan the side and/or rear of the vehicle 200 for the presence of radio-
reflective objects, such as by mclnding such devices in or near the rear bumper, side panels,
rocker panels, andfor undercarriage, etc.

FO70] The vehicle 200 can include one or more cameras. For example, the one or

more sensor systems 202, 204, 206, 208, 210, 212, 214, and/or 218 could include one or more
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cameras. The camera can be a photosensitive instrignent, such as a still camera, a video
camera, 8 thermal imaging camera, a stereo camera, a night vision camera, etc., that 1s
configured to capture a plurality of umages of the surrounding environment of the vehicle
200. To this end, the camera can be configured to detect visible ight, and can additionally or
alternatively be configured to detect hight from other portions of the spectrom, such as
mirared or uliraviolet hght. The camera can be a two-dimensional detector, and can
optionally have a three-dimensional spatial range of sensitivity. In some embodiments, the
camera can include, for example, a range detector configured to generate a two-dunensional
image indicating distance from the camera to a number of points in the surrounding
environmeni. To this end, the camera may use one or more range detecting techniques. For
example, the camera can provide range information by using a structared light technique
which the vehicle 200 ithauninates an object 1 the surrounding environment with a
predetermined light pattern, such as a grd or checkerboard pattern and uses the camera to
detect a reflection of the predetermumed Light pattern from environmental surroundings. Based
on distortions in the reflected light pattern, the vehicle 200 can determine the distance to the
points on the object. The predetermined light pattern may comprise infrared light, or radiation
at other suitable wavelengths for such measurements. In some examples, the camera can be
mounted inside g front windshield of the vehicle 200, Specifically, the camera can be situated
to capture images from a forward-looking view with respect to the orientation of the vehicle
200. Other mounting locations and viewing angles of the camera can also be used, either
inside or outside the vehicle 200. Further, the camera can have assoctated optics operable to
provide an adjustable field of view. Still further, the camera can be mounted to vehicle 200
with a movable mount to vary a pointing angle of the camera, such as via a pan/ult
mechanism,

6071} Although not shown i Figures 2A-2E, the vebicle 200 can inchude & wiveless
communication system. The wireless communication system may include wireless
transmitters and recetvers that could be configured to communicate with devices external or
mnternal to the vehicle 200. Specifically, the wireless conumunication system could miclude
transceivers configured to communicate with other vehicles andfor computing devices, for
instance, m a vehicular conmmmication system or a roadway station. Examples of such
vehicular communication svstems include DSRC, radio frequency identification (RFID), and
other proposed communication standards divected towards intelligent transport systems.
{72 The vehicle 200 may include one or more other components in addition o or

mstead of those shown. The additional components may imclade electrical or mechanical
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functionahty.

{0073] A control system of the vehicle 200 may be configured 10 control the vehicle
200 i accordance with a control strategy from among multiple possible control strateges.
The control systens may be configured to recetve information from sensors coupled to the
vehicle 200 {on or off the vehicle 200), modity the control strategy (and an associated driving
behavior) based on the information, and control the vehicle 200 in accordance with the
modified control strategy. The control svstem further may be configured to monitor the
information recelved from the sensors, and continuously evaluate driving conditions; and also
may be configured to modify the control strategy and driving behavior based on changes in
the driving conditions.

{6074] Figure 3 1s a conceptual lustration of wireless communication between
Various computing systems related to an autonomous vehicle, according to example
embodiments. In particular, wireless communication may occur between remote computing
system 302 and vehicle 200 via network 304, Wireless communication may also oceur
befween server computing system 306 and remote computing system 302, and between server
computing system 306 and vehicle 200

{8075 Vehicle 200 can correspond to various types of velicles capable of
transporting passengers or objects between locations, and may take the form of any one or
more of the vehicles discussed above. In some instances, vehicle 200 may operate in an
autonomous mode that enables a control system to safely navigate vehicle 200 between
destinations using sensor measurements. When operating in an antonomous mode, vehicle
200 mayv navigate with or without passengers. As a result, vehicle 200 may pick up and drop
off passengers between desired destinations.

{0076} Remote computing system 302 may represent any type of device related 1o
remote assistance techmiques, meluding but not imited to those descertbed herein. Within
examples, remote computing system 302 may represent any type of device configured to (3)
recerve information related to vehicle 200, (i) provide an interface through which a human
operator can in tuen perceive the information and input a response related to the information,
and {111} transmit the response to vehicle 200 or to other devices. Remote computing svstem
302 may take various forms, such as a workstation, a desktop computer, a laptop, a tablet, a
mobile phone {e.g., a smart phone), and/or a server. In some examples, remote computing
systern 302 may mclude multiple computing devices operating together in a network
configuration.

{0077 Remote computing system 302 may include one or more subsystems and
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components similar or wdentical to the subsystems and components of vebicle 200 Ata
minimum, remote comprting system 302 may include a processor configured for performing
vanous operations described herein. In some embodiments, remote computing system 302
may also include a user interface that meludes input/output devices, such as a touchscreen
and a speaker. Other examples are possible as well.

{78 Network 304 represents infrastructure that enables wireless comumumcation
between remote computing system 302 and vehucle 200. Nepwork 304 also enables wireless
conununication befween server computing system 306 and remote computing system 362,
and between server computing system 306 and vehicle 200.

{0079 The position of remote computing system 302 can vary within examples. For
mstance, remate computing svstent 302 may have a remote position from velucle 200 that has
a wireless conumunication via network 304, In another example, remote computing system
302 may correspond to a computing device withm vehicle 200 that 1s separate from vehicle
200, but with which a human operator can interact while a passenger or driver of vehicle 200,
in some examples, remote computing system 302 may be a computing device with a
touchscreen operable by the passenger of vehicle 200,

{8084} In some embodiments, operations described herein that are performed by
remote computing svsterm 302 mayv be additionally or alternatively performed by vehicle 200
{re., by any system(s} or subsystem{s) of vehicle 200}, In other words, vehicle 200 may be
configured to provide a remote assistance mechanism with which a driver or passenger of the
vehicle can interact.

{0081} Server computing system 306 may be configured to wirelessly communicate
with remote computing system 302 and vehicle 200 via network 304 {or perhaps directly with
remote computing system 302 andéor vehicle 2003, Server computing systemy 306 may
represent any computing device configured to recetve, store, determine, andfor send
information relating to vehicle 200 and the remote assistance thereof. As such, server
computing svstem 306 may be configured to perform any operation(s), or portions of such
operation(s}, that 1s/are described herein as performed by remote computing system 302
andfor vehicle 200, Some embodiments of wireless communication related 1o remote
assistance may utilize server computig system 306, while others may not.

0082} Server computing system 306 may include ong or more subsvstems and
components sunilar or identical to the subsystems and components of remote computing
system 302 and/or vehiele 200, such as a processor configured for performing various

operations described herein, and a wireless communication interface for receiving

.
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mnformation from, and providing mformation to, remote computing system 302 and velicle
200,

{6083} The vartous systems described above may perform vanous operations, These
operations and related features will now be described.

{0084} In Hine with the discussion above, a computing system {e.g., remote computing
system 302, server computing system 306, or a computing system local to vehicle 200) may
operate to use a camiera to capture images of the surrounding eavironment of gn autonomous
vehicle, In general, at least one computing system will be able to analvze the images and
possibly control the autonomous vehicle,

{085 In some embodiments, to facililate autonomous operation a vehicle {(e.g
vehicle 200) mayv receive data representing objects i an enviromment surrounding the vehicle
{also referred to herern as “environment data”) 1 a variety of ways. A sensor system on the
vehicle may provide the enviromment data representing objects of the surrounding
environment. For example, the vehicle mayv have varous sensors, including a camera, a radar
unit, a laser range finder, a microphone, a radio unit, and other sensors. Bach of these sensors
may commumnicate environment data to a processor in the vehicle abowt information each
TESPeCtive Sensor recaives.

j8086] In onc example, a camera may be configured to capture still images andior
video. In some embodiments, the vehicle may have more than one camera positioned in
different orientations. Also, in some embodiments, the camera may be able to move to
capture images andfor video in different divections. The camera may be configured to store
captured images and video to & memory for later processing by a processing system of the
vehicle. The captured images and/or video may be the environment data. Further, the camera
may inclode an inmage sensor as described herein.

j0087] In another example, a radar anit mway be configured to transmit an
electromagnetic signal that will be reflected by various objects near the vehicle, and then
capture electromagnetic signals that reflect off the objects. The captured reflected
electromagnetic signals may enable the radar system {or processing svstem} to make various
determinations about objects that reflected the electromagnetic signal. For example, the
distances to and positions of various reflecting objects may be determined. In some
embodiments, the vehicle may have more than one radar in different orientations. The radar
syster may be configured to store captured information to a memory for later processing by
a processing system of the vehicle. The mfonmation captured by the radar system may be

environment data.
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fOU8R] In another example, a laser range finder may be configured to ransymt an
electromagnetic signal {e.g., infrared light, such as that from a gas or diode laser, or other

possible light source} that will be reflected by target objects near the vehicle. The laser range
finder may be able to capture the reflected electromagnetic {e.g., infrared light) signals. The
captured reflected electromagnetic signals may enable the range-finding system (or
processing system) to determune a range to various objects. The laser range finder may alse
be able to determine 8 velocity or speed of target objects and store it as environment data,
{0089 Additionally, in an example, a microphone may be configured to capture audio
of the environment surrounding the vehicle. Sounds captured by the microphone may include
emergency vehicle sirens and the sounds of other vehicles. For example, the microphone may
capture the sound of the siren of an ambulance, fire engine, or police vehicle. A processing
system may be able to dentily that the captured audio signal 15 indicative of an emergency
vehicle. In another example, the mucrophone may capture the sound of an exhaust of another
vehicle, such as that from a motorevele. A processing system may be able to 1dentify that the
captured audio signal 1s indicative of a motorcyele. The data captured by the microphone may
form a portion of the environment data.

{8094 In vet another example, the radio wiit may be configured to transmmt an
electromagnetic signal that may take the form of a Bluetooth signal, 802,11 signal, andfor
other radio technology signal. The first electromagnetic radiation signal may be transmitted
via ong or more antennas located m a radio unit. Farther, the first electromagnetic radiation
signal may be transmitted with one of many different radio-signaling medes. However, in
some embodiments it is desirable to tranumit the first electromagnetic radiation signal with a
signaling mode that requests a response from devices located near the autonomous vehicle.
The processing system may be able to detect nearby devices based on the responses
communicated back to the radio unit and vse this communicated information as a portion of
the environment data.

{0091} In some embodiments, the processing svstem may be able to combine
mformation from the various sensors in order to make further determinations of the
surrounding enviromment of the vehicle. For example, the processing system may combine
data from both radar information and a captured unage to determine if another vehicle or
pedestrian is in front of the awtonomouns vehicle. In other embodiments, other combinations
of sensor data may be used by the processing system to make deternunations about the
surrounding environment.

{6092} While operating in an autonomouns mode (or semi-autonomous mode), the

19



WO 2022/115288 PCT/US2021/059677

vehicle may control s operation with hitle~io-no haman input. For example, a wanan~
operator may enter an address into the vehicle and the vehicle may then be able to drive,
without further mput from the buman {e.g., the human does not have to steer or touch the
brake/gas pedals), to the specified destination. Further, while the vehicle is operating
aptonomously, the sensor system may be recetving environment data. The processing system
of the velucle may alter the control of the velicle based on envirenment data received from
the various sensors. In some examples, the vehicle may alter a velocity of the vehicle in
response fo enviromment data from the various sensors. The vehicle may change velocity in
order to avoud obstacles, obey traffic laws, etc. When a processing svstem in the vehicle
wdentifies objects near the vehicle, the vehicle may be able to change velogity, or alter the
movement in another way.

{6093} When the vehicle detects an object but 15 nol highly conflident in the detection
of the object, the velucle can request a human operator (or a more powerful computer) o
perform one or more remote assistance tasks, such as (1) confirm whether the object 15 1 fact
present in the surrounding environment {e.g., if there is actually a stop sign or 1f there is
actually no stop sign present), {i1) confirm whether the vehicle’s identification of the object is
correct, {111) correct the identification if the identification was incorrect andfor {1v) provide a
supplemental instruction {or modify a present instruction) for the sutonomous vehicle,
Remnote assistance tasks may also include the human operator providing an instruction to
control operation of the vehicle {e.g., instroct the vehicle 1o stop at a stop sign if the buman
operatar determines that the object is a stop sign), although in some scenarios, the vehicle
itsell may control its own operation based on the human operator’s feedback related to the
identification of the object.

{0094] To facilitate this, the vehicle may analyze the environment data representing
objects of the swrrounding environment to determine at least one object having a detection
confidence below a threshold. A processor in the velicle may be configured to detect various
objects of the surrounding environment based on environment data from various sensors. For
example, i1 one embodiment, the processor may be configured to detect objects that may be
mnportant for the vehicle to recognize. Such objects may include pedestrians, street signs,
other vehicles, indicator signals on other vehicles, and other various objects detected in the
captured environment data.

{H695] The detection confidence may be indicative of a likelihood that the determined
object is correctly identified in the surrounding environment, or is present m the surrounding

environment. For example, the processor may perform object detection of objects within
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image data n the received environment data, and determine that at least one object has the
detection confidence below the threshold based on being unable to identify the object with a
detection confidence above the threshold. I a result of an object detection or object
recognition of the object is nconclusive, then the detection confidence mayv be low or below
the set threshold.

{00196] The vehicle may detect objects of the surrounding environment in various
wavs depending on the source of the environmment data. In some embodiments, the
environment data may come from a camera and be image or video data. In other
embodiments, the environment data may come from a lidar unit. The vehicle may analyze the
captured image or video data to identify objects in the image or video data. The methods and
apparatuses may be configured to monitor image and’or video data for the presence of objecis
of the surrounding environment. In other embodiments, the environment data may be radar,
auchio, or other data. The vehicle may be configured to identify objects of the surrounding
environment based on the radar, andio, or other data.

{097} In some embodiments, the techniques the vehicle uses to detect objects may be
based on a set of known data. For example, data related to environmental objects may be
stored to a memory located in the vehicle. The vehicle may compare received data to the
stored data o determine objects. In other embodiments, the vehicle may be configured to
determine objects based on the context of the data. For example, street signs related to
construction mayv generally have an orange color. Accordingly, the vehicle may be configured
to detect objects that are orange, and located near the side of roadways as construction-related
street signs. Additionally, when the processing svstem of the vehicle detects objects in the
captured data, it also may calculate a confidence for each object.

[H098] Fuarther, the vebicle may also have a confidence threshold. The confidence
threshold may vary depending on the type of object being detected. For example, the
confidence threshold may be lower for an object that may require a quick responsive action
from the vehicle, such as brake lights on another vehicle. Howeser, in other embodiments,
the confidence threshold may be the same for ali detected objects. When the confidence
associated with a detected object is greater than the confidence threshold, the vehicle may
assume the object was correctly recognized and responsively adjust the control of the vehicle
based on that assumption.

H199] When the confidence associated with a detected object 1s {ess than the
confidence threshold, the actions that the vehicle takes may vary. In some embodiments, the

vehicle may react as if the detected object is present despite the low confidence level. In other
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embaodiments, the vehicle may react as 1f the detected object s not present.

{01 08] When the vehicle detects an object of the surrounding environment, 1t may
also calculate a confidence associated with the specific detected object. The contidence may
be calculated in various ways depending on the embodiment. In one example, when detecting
objects of the surrounding environment, the vehicle may compare environment data to
predetermined data relating to known objects. The closer the match between the environment
data and the predetermuned data, the higher the confidence. In other embodiments, the vehicle
may use mathematical analysis of the environment data to determine the confidence
associated with the objects.

fouint] In response to delermining that an object has a detection confidence that is
below the threshold, the vehicle may transmit, to the remote computing system, a request for
remote assistance with the identification of the object. As discussed above, the remote
computing system may take various forms. For example, the remote computing system may
be a computing device within the vehicle that 1s separate from the vehicle, but with which a
human operator can interact while a passenger or driver of the vehicle, such as a touchsereen
mterface for displaying remote assistance information. Additionally or altematively, as
another example, the remote computing system may be a remote computer terminal or other
device that is located at a location that is not near the vehicle.

[oo1o2] The request for remote assistance may include the environment data that
mchudes the object, such as image data, audio data, etc. The vehicle may transmit the
environment data to the remote computing system over a network (2.g., network 304), and in
some embodiments, via a server (2.g., server computing svstem 306). The human operator of
the remote compuiing system may i turn use the environment data as a basis for responding
to the request.

j60103] In some embodiments, when the object is detected as having a confidence
below the confidence threshold, the object may be given a preluminary wdentification, and the
vehicle may be configured to adjust the operation of the vehicle in response to the
prelinuinary identification. Such an adjustment of operation may take the form of stopping the
vehicle, switching the vehicle to a human-controlled mode, changing a velocity of the vehicle
{e.g., a speed and/or direction}, among other possible adjustments.

j00104] in other embodiments, even if the vehicle detects an object having a
confidence that meets or exceeds the threshold, the vehicle may operate in accordance with
the detected object (e.g., come to a stop if the object 1s identified with high confidence as a

stop sign), but may be configured to request remote assistance at the same time as {orat a
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later time from} when the vehicle operates 1w accordance with the detected object,

{O0105] A lidar device {(e.g., the first lidar unit 204 or the second lidar unit 206 shown
and described with reference to Figores 2A-2E) may be used to determune a distance or range
to an object by emitting a light pulse from a light emitter and detecting, by a hight detector, a
returning light pulse that corresponds 10 a portion of the emitted light pulse that has been
reflected by an object in the surrounding envivonment of the lidar device. The range, R, to the

object can be calculated as follows:

(1) R={cAti

where At is the time difference between when the light pulse is
emitted and when the returning light pulse ig detected, and ¢ is the
speed of light.

{601086] To detect a returning hight pulse, the hight detector mav detect a recerved hight
signal during a detection period. The recetved hght signal can inclode a component that
results from light that originated from the light emitter (i.e., a returning Hght pulse). The
received hight stgnal may also include a component that resulis from light that onginated
from other light sources {(g.g., light from the sun or other ambient light sources). Such light
front other hight sources can be regarded as notse that limits that light detector’s ability 1o
detect a returning Hght pulse. For example, a returning light pulse could be sufficiently weak
that 1t cannot be reliably detected over the noise.

[00107] To reduce the noise, the light detector can be arranged to recevve light through
a wavelength-selective filter, The filter may pass 8 narrow range of wavelengths that melodes
the wavelength of the light emitted by the light emitter. For example, the Light emitier may
emit Hght with a wavelength of about 905 nm or 1550 nm, and the filier may have a 20 am
passhand centered at about 903 nm or 1350 nm. In other words, the filter may pass fight
having wavelengths of approximately a specific wavelength (2.g., approximately a
wavelength of 903 wm or gpproximately a wavelength of 1550 nm). It is also undesstood that
other passband widths and center wavelengths are possible and are contemplated herein. For
example, a § mw passband, a 10 nm passband, a 13 nm passband, a 25 awm passhand, a 30 om
passband, a 35 nm passband, a 40 nm passband, etc. are also possible. Farther, additional or
alternative technigues may be used to linnit analvzed light to only wavelengths of

approximately a specific wavelength. For example, a detector may detect a broad spectram of

e
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light, bot a digital filter may be applied to the detection data (e.g., a captured image, poit, or
point-cloud) to eliminate detected lght that 15 cutside a specified range of wavelengths (e.g..
to eliminate detected light that 1s not of approximately a specific wavelengih).

j00108| Even with such filtering, the light detector may detect a significant amount of
Hght from ambient light sources {(particularly the son), which results in noise in the received
light signal. To address the presence of noise, a portion of the received light siznal can be
analyzed to determine a background light intensity. A returning light pulse can then be
detected In the received light signal as a peak that exceeds the background light intensity.
This approach is illustrated In Figure 44,

[ou109] Figore 4A shows an example veceived light signal 410 that is detected by a
lipbt detector during a detection period. In this example, the hight detector 15 a sinule photon
detector, such as an array of SPADs, so the recetved hight signal corresponds 1o a photon
count as a function of ume. It i3 to be understood, however, that a lidar device may include
other types of light detectors, such as avalanche photodiodes (APDs) operating i an analog
maode.

j00110] As shown in Figure 4A | the detection period includes three, sequential time
periods, labeled as T1, T2, and T3. A hight pulse 13 emitted from a hight enutter durmg the
time period T2, at an emission time E1. The time period T1 occurs before the time period T2
and mcludes a first segment 412 of the received light signal 410, The time period T3 occurs
after the time period T2 and includes a second segment 414 of the received light signal. In
this example, the hight detector is deactivated or unused during the time period T2 (e.g., to
prevent the light detector from being swamped by internal reflections of the enutted gt
pulse), so there is no received light signal in the thme period T2.

[o0E11] Because the time period T1 occurs before the light pulse is emitted, the first
segment 412 15 only noise resuliing from ambient hight sources. Thus, the first segment 412
can be used to determine a background light intensity, for example, as an average photon
count during the time period T1. The background light intensity could also be determined in
other ways, such as from the received light signal in time period T3 (e g., based on a standard
deviation of the received light signal in time period T3).

j{60112] The time period T3 occurs after the light pulse is emitted, so the second
segment 414 may include a reflected tight pulse. To detect a reflected light pulse, the second
segment 414 may be compared to the background light intensity determined from the first
segment 412, If a portion of the second segment 414 exceeds the background hght imtensity

by at least a threshold amount, then that portion of the second segment 414 may be regarded
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as a retuening light palse resulting from an object m the serrounding environment reflecting
the emitted light pulse. In the example shown in Figure 44, the second segment 414 includes
a returning fight pulse 416,

j00113| A returming light pulse that s detected in the received light signal can be
associated with a detection time, for example, the time at which the returing light pulse s at
its peak value. As shown in Figure 44, the returnmg light pulse 416 has a detection time D1
corresponding to the peak of the returning light pulse 416, A range 1o the object that cansed
the returning light pulse can be calcnlated based on the time difference between the enussion
time, El, and the detection time, D1, A reflectivity of the object andfor other information
regarding the object could also be deternuined based on other aspects of the received light
pulse, such as the height of the pulse, the width of the pulse, or the shape of the pulse.
[60114] In many cases, however, the received light signal that s detected by the hght
detector will not mnclude a reflected light pulse. For example, Figure 4B tlustrates a received
Light signal 420 that includes a segment 422 1o time peniod T1 and a segment 424 1n time
pertod T3, The background lizht intensity can be determined using segment 422, as described
above. And a light pulse is emitted duning the time period T2, at an emission time E2. In this
case, however, no returning hght pulse 1s detected m segment 424,

ja0115] The lack of a returning tight pulse may indicate that there s no object within
the maximum range of the hidar device. However, 1t 1s also possible that an object that is
within the maxinmum range results in a returning light pulse that is too weak to be detected.
This can occur because the object has a low reflectivity, because snow, rain, fog, or other
weather conditions have obscured the emitted andfor returning light pulse, or because water,
dirt, or other contaminants on the aperture of the hdar device have obscured the emitted
andfor returning hight pulse.

j00116] The length of time period T3 may be set based on the maximon range of the
lidar device. In particular, the latest possible detection time for a returnng light pulse may
correspond to the end of the time period T3, which is labeled as Dmax m Figuwres 4A and 4B.
The maximum range that can be determined 15 based on the time difference between Dmax
and the emission time (E1 in Figure 4A, E2 in Figure 4B). An object that is farther away than
this maximum range may stil reflect the emitted light pulse, but the returning light pulse may
not be detected because it is received after the end of the light detector’s detection period.
However, it is also possible that the returning lght pulse may be detected in a subsequent
detection periad. For example, an enutted light pulse that is reflected by a highly reflective

object (e.g., a retroveflector) that 1s farther away than the hdar device™s maximum range may
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result i a refurning hight polse that 1s detected in a detection period that s later than the
detection periad m which the enutted Hight pulse is emitted. This can lead to ambiguity in
determining ranges to retroreflectors or other highly reflective objects.

[80117] in the examples shown n Figures 4A and 4B, the light emitter of the hdar
device emits a Hight pulse in a particelar divection, and the Hght detector of the liday device is
able to detect lipht within a field of view that corresponds to that divection. In practice, a lidar
device may scan a portion of the surrounding eavironment by using a light emitter to emit
light pulses in a pherality of different directions and, for each direction, using a light detector
to detect light within a corresponding field of view. The different directions may result from a
rotation or other movement or other steering of the hidar device. For example, a lidar device
may rotate about an axis (e.g., a vertical axis} while emitting light pulses, so as to scan
through a 360-degree portion of the surroanding environment. Alternatively or additionally,
one or more optical components within the lidar device may change the directions m which
Light pulses are emitted and retarning hight pulses are received. For example, a fidar device
may include a rotating mirror that deflects emitted hight pulses in different directions. Other
examples of beam steering are also possible, including non-mechanical techniques.

[00118] In some implementations, a lidar device may mclude a plurality of hight
emitters and a plurality of light detectors. In such implementations, scanning the surrounding
environment may involve different Hight emitters entting light pulses in different directions
at the same or about the same time and the light detectors detecting light in corvesponding
fields of view, in addition to rotation or other motion of the lidar device andior adjustment of
dirgctions by one or more optical components within the hidar device.

j00119] Based on a scan of the surroanding environment, the hdar device may
generate a range image based on the ranges that are determined from retumning bight pulses
that are detected during the scan. The range tmage may correspond to a portion of the
surrounding environment based on the different directions in which light pulses are emitted
during the scan. In some examples, each divection may iclode a respective pitch angle {e.g.,
an angle with respect to a horizontal angle} and a respective yaw angle {e.g., an angle in the
horizontal plane), such that the range image inclodes a plurality of pitch angles and a plurality
of vaw angles. The lidar device may also generate a background image based on the
background light intensities that are determined for each direction in the scan (e.g., as
described above for Frgures 4A and 4B). Thus, the background image may include the same
pitch angles and vaw angles as the range mmage.

{60128] Figure 5 illustrates an example range intage 300 that mclodes eight pitch

ot

26



WO 2022/115288 PCT/US2021/059677

angles {8t through 8:) and eight vaw angles (& through §4), and Figure 6 illustrates a
corresponding background image 600 that mcludes the same pitch angles and vaw angles. It
18 to be ynderstood that these are merely examples, as a range mmage or background image
could melude a greater or fewer number of pitch angles or yaw angles.

joai2y Each square within the range image 500 represents & “pixel™ that can include a
range to an object {and possibly other data regarding the object, such as reflectivity) that was
determined based on a light pulse that was emitted in the direction indicated by the
corresponding pitch angle and yvaw angle and that resulted in a returning light pulse being
detected. For example, pixel 502 includes a range, R(7,1), that was determined based on a
Hight pulse enmitied in a direction with pitch angle 8y and vaw angle &1, pixel 304 includes a
range, R{5,3), that was determuned based on a huht pulse emitted in a divrection with pitch
angle 8s and vaw angle ¢, and pixel 506 includes a range, R{6,8}, that was determuined based
on a light pulse that was emitted in a direction with piich angle 8« and vaw angle s, In this
example, many of the pixels in the range image 300 are blank, indicating that no returning
Light pulse was detected and, thus, no range was determined for those directions.

[60122] For purposes of illustration, range image 500 will be further described for an
example in which the lidar device is coupled to a vehicle and is used to obtain range data
regarding the environment in front of the vehicle. In this example, range image 500 includes
range data for the road surface on which the vehicle is traveling (indicated by bounding box
S12), range data for another vehicle (indicated by bounding box 514), and range data for a
sign (Indicated by bounding box 516). Thus, pixel 5302 is one of sixteen pixels that include
ranges to the road surface, pixel 504 is one of six pixels that include ranges to the other
vehicle, and pixel 506 is one of four pixels that include ranges to the sign.

{O0 23] With the other vehicle being represented by only six pixels, range image 500
may be regarded as “sparse.” In practice, a range image for thys surroundmg environment
could have a much higher resolution and could include a much larger number of pixels for the
other vehicle and for the other objects detected m the scene.

{01 24] Figure 6 ilustrates the corresponding background image 600. As shown, each
pixel in background image 600 includes a background light intensity that was determined by
the lidar device for a particular pitch angle and yaw angle. For example, pixel 602 mcludes a
background light intensity, 7,1}, that was determined for pitch angle 87 and vaw angle 1,
pixel 604 mcludes a background hight intensity, I{3,3), that was determuned for pitch angle 85
and yaw angle &, and pixel 606 includes a background light intensity, 1{6,8), that was

determined for pitch angle 8¢ and vaw angle ¢s. Unlike the range image 300 in which some
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pixels are blank because no retarming hght palse was detected, a background light mteusity

could be determyined for each direction regardless of whether a returning hight pulse 1s

detected.
{00125] The background Light mtensities included in the background mnage 600 counld

be determined, for example, as described above for Figures 4A and 4B. Thug, each
background light mntensity could be based on a portion of the received hght signal occurring
before the light pulse is enmutted {the received Hght signal during time period T1).
Alternatively, another portion of the received light signal could be used to determine the
background light intensities. For example, a portion of the received light signal occurring
after the light pulse 13 emitied {the received light signal during time period T3 or during a
portion of this period) could be used to determine a background light intensity.

[60126] As noted above, the background light that s measured 1s from ambient hight
sources, particularty the sun. Thus, the background image 600 will generally have higher
background light intensities during the day than at night, and will generally have higher
background light mntensities during clear days than during cloudy days. Within the
background image 600, pixels with high background hight intensities may correspond to

gths {e.g.,

fot >

ambient light sources {sun, sky, ete.) and objects that reflect the detected wavelen

§o)

{

near infrared wavelengths) with high efficiency, whercas pixels with low background light
mntensities may correspond to less reflective objects. In this way, the background mnage 600
can depict or can be used to depict objects in the scene, much like a conventional camera
image.

{00127 Each pixel in background image 600 can be correlated with a respective pixel

in the range image 300 as having the same pitch angle and vaw angle. Thas, pixels 602, 604,
and 600 in background tmage 600 can be correlated with pixels 502, 504, and 5006,
respectively, in range nmage 560, The objects wdentifled in the range image 500 may also be
identified 1 the background image 600, In particular, the road surface is mndicated by a
bounding box 612, the other vehicle is indicated by a bounding box 614, and the sign is
mndicated by a bounding box 616,

{00128] However, the background image 600 can show objects in the scene differently
than in the range image S00. For example, the bounding box 616 for the sign 1s smaller in the
background image 600 than the bounding box 516 for the sign in the range image 500. As
discussed below, the difference may result from some of the range data for the sign being

spurious (e.g., resulting from cross-talk). In addition, the background image 600 shows

another object, a building indicated by bounding box 618, The buwilding 1s not shown in the
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range image 500 because it 18 farther away than the maximum range of the lidar device.

O 29] As the examples shown in Figures 3 and 4 dlustrate, the background image
can mclude information regarding objects in the surrounding environment that is different
than the range data that is mcluded i the corresponding range image. Moreover, the
nformation frow the background image can be used to supplement, correct, or annotate the
range data included in the range image.

{60130 In some embodiments, the background image may be used to determine
additional range data, such as ranges to objects that are farther away than the lidar device’s
maximum range. Different techniques may be used to determine range data using the
background image. In one approach, an object may be identified in the background image and
a range to the object may be estimated based on the size of the object of the hackground
mmage. For example, an object that has a known or typical physical size (e.g, asign, a
vehicle, or a pedestrian) may be identified in the background mage, and the physical size of
the object may be compared to the size of the object in the background image to estimate a
range to the object. In some cases, information regarding the vehicle’s location may be used,
along with map data, to identify objects and determine their physical sizes. For example, to
wdentify the beilding m bounding box 618 and deternune #ts size, the vehicle’s focation may
be used to identify the building in the background image 600 as corresponding to a building

described in map data {and the map data may include data indicative of the size of the

building).
{60131} I another approach, estimated ranges to objects shown in the backyground

image may be determined using a trained machine learning svstem, such as a trained neural
network. As one example, a generative adversarial network {GAN) may be nsed. GANg have
been used 1o perform image-to-image transtation in which the GAN takes an image as input
and maps it to a generated output image with ditferent properties. In this application, the
background image could be provided as an input to 3 GAN that is trained to provide a
transiated background image that mcludes range data for the objects shown m the background
mnage. This can be posed as a colorization problem that associates ranges with colors,

[60132] In some implementations, the background mmage and the range image can both
be provided as inputs to the GAN, and the output generated by the GAN may be an enhanced
range image that includes the best range data that can be determined from the input images.
In many cases, ranges for shorter distances {g.g., distances within the lidar device’s maximam
range} may correspond to ranges included in the range image, whereas ranges for fonger

distances mav be ranges that are estimated from the background image. The backgroand
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image may also be used to resolve ambigaities m the range data included m the range mage.
As noted above, the ranges determined for retroreflectors can be associated with ambiguity
because of the possibility that a returning light pulse may be detected during a subsequent
detection period rather than the same detection pertod as the emitted light pulse. The
background image can be used to resolve such range ambiguities.

{133 Other unage processing technigues (e.g., Fourier analysis, mpainting, etc.)
may be used to determine range data from the background image,

[00134] In some embodiments, the background image may be used to identify one or
more ranges in the range image as being unreliable (e.g., artifacts) and, potentially, 1o remove
or correct such unreliable range data. Ranges in the range image may be unreliable for
various reasons, lu some cases, a retroreflector or ather highly reflective object may be
lamimated by one or more hight pulses from the Lidar device. The light intensity from the
returning hgbt pulses may be so high as to cause cross-talk, blooming, or other artifacts that
appear in the range image as spurious or inaccurate range data. Other artifacts may be caused
by contanunants on the aperture of the lidar device or by weather conditions {e.g.. snow, rain,
or fog).

[80135] in general. such artifacts mav be ideatified based on range data i pixels n the
range image that do not have corresponding object pixels i the background image. For
exampie, the background image 600 shows that the sign is smaller than indicated by the range
data 1n the range image 500 (the sign takes up four pixels in the range image 500 but takes up
only one pixel in the background 1mage 600}, From this comparison, it is possible to mfer
that three of the fowr pixels in the range image 500 have ranges that are merely artifacts {e.g.,
cross-talk resuliing from the sign’s retroreflective surface).

{0 E36] In one approach, a trained convolutional nearal network (ONN} may be used
to identify artitacts m the range image based on the background image. The CNN may
perform a semantic analysis on the background mmage to identify objects {e.g., retroreflectors}
that may cause cross-talk or other spurious range data in neighboring pixels. The
corresponding pixels in the range image that may have such spurious ranges may be flagged
or filtered ont.

{60137] An enhanced range image may be generated based on the range image and the
background image, using any of the techniques described above. Thus, the ephanced range
mmage may mclude additional range data that is not included i the oniginal range image,
based on objects identified in the background mmage. Alternatively or additonally, one or

more ranges included in the range image may not be included in the enhanced range image,
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based on analysis of the background image.

jOE38] Figure 7 shows an enhanced range image 700 that may be generated based on
the range image 500 and the background nmage 600. The range data included i the enhanced
range image 700 is different than the range data included in the original range image 500, As
indicated by the boonding box 718, enhanced rauge image 700 includes ranges for the
butlding identufied in the background image (Indicated by bounding box 618}, whereas the
corresponding pixels in the range mmage 300 are blank. As indicated by the bounding box
716, enhanced range image 700 includes range data for the sign only in pixel 706
{corresponding to pixel 306 in range image 500 and pixel 606 in background image}. Thus,
ihe spurions range data in the neighboring pixels, resulting from cross~talk caused by the
retroreflective surtace of the sign, has been removed in the enhanced range image 700
{60139] Figure  1s a functional block diagram that iflustrates the basic approach of
providing a range image 800 and a background image 802 10 a machine learning system 804
that generates an enhanced range image 806 as ovtpuot. The range data incladed in the
ephanced range image 806 may be more comprehensive and/or more reliable than the range
data mcloded i the range nmage 800, The enbanced range image 806 may, in turn, be used to
control a vehicle operating in an autonomons mode.

jo0140) Figure 9 illustrates an example vehicle 900 that includes g Hidar dovice 902, an
mnage processor 904, and a computing device 986, The lidar device 902 includes one or more
light emitters and one or more light detectors. The lidar device 902 is configured to scan a
surrounding environment around the vehicle %K), The lidar device 902 generates a range
image and a background image based on the scan and transmits the images to the image
processor 904,

HESY In some mplementations, the range image and background image may be
transnutied using a standardized interface, such as an interface according to Mobile Indasiry
Processor Interface {MIPI} specifications. Thus, the hdar device 902 may transnit the range
image and the background nmage in MIPI frames, as shown o Figue 9.

[00142] The image processor 904 could be, for example, a field-programmable gate
array (FPGA), application specific integrated circuit {ASIC), or other type of processor
configured to apply a trained machine learning system that generates an enhanced range
image based on the range image and background image from the lidar device 902, The image
processor 904 could transmit the enhanced range image to the computing device 906. The
computing device 906 could be configured to control the vehicle 900 m an autonomous or

senti-autonomous mode of operation {e.g., control a speed, acceleration, or direction of the
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vehicle 900) based on vartous sowrces of information, including the enhanced range image.
{00 E43] In addition to range unages, other types of images could be generated based on
returning bight pulses, such as returning hight pulse 416 shown in Figure 4A. As one example,
the intensity of each returning light pulse (e.g., intensity based on the height or maximum
alie of each returning lght pulse) could be used to determine the reflectivities of one or
more objects o the surrounding environment. The reflectivities could be in terms of
equivalent Lambertian reflectivities. Thus, a reflectivity image could include data indicative
of reflectivities of one or more objects in the surrounding environment, As another example,
the number of photons in each retuming light pulse could be counted and used to generate a
returning photon image. Thus, a retwning ghoton image could include data indicative of the
number of returning photons detected for one or more objects in the surrounding
environment. As vet another example, the elongation of each returning light pulse could be
measured to generate 3 pulse elongation unage. Thus, 8 pulse elongation umage could include
data indicative of the pulse elongations measured for one or more objects m the surrounding
epvirommnent. Like range image 500, such other returning pulse based images could include
mdividual data values {e.g., reflectivity, photon count, or pulse elongation) for different pitch
and yaw angles. Further, the background image can be used to enhance such retuming pulse
based tmages to include data that is more comprehensive and/or more reliable than the data
mcluded in the original returning pulse based image.

001 44] Figure 10 is a flowchan diagram of a method 1000, according to example
embodiments. In some embodiments, the method 1000 may be performed by a lidar device
{e.g., the first lidar unit 204 or the second lidar unit 206 shown and described with reference
to Figures 2A-2E).

{001 45] At block 1002, the method 1000 may include scanning, by a light detection
and ranging (hdar) device, a swrounding environment of the lidar device. The hidar device
may include one or more light enufters and one or more light detectors. The scanning may
include {1) using the one or more light emitters to emit a plurality of emitted light pulses in o
plurality of divections and (i1} using the one or more light detectors to detect, for each
divection of the plurality of directions, a corresponding received hight signal, to obtain a
plurality of received light signals for the plurality of directions.

j801406) At block 1004, the method 1000 may include determuning, for each respective
direction of the plurality of directions, a corresponding background hight intensity based on
the recetved light signal corresponding to the respective direction, to obtain a plurality of

background hght intensities for the plurality of directions.
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{oiE47] At block 1006, the method 1000 may nclude generating a background image
of the surrounding environment based on the plurality of background light mtensities.
[60148] At block 1008, the method 1000 may melude sdentifying one or more
returning bight pulses i the plorality of received light signals. Each returning light pulse may
be indicative of reflection of an emitted light pulse by an object in the suvoonding
ERVIFOINNERt.

{60149] At block 1010, the method 1000 may include generating a range image of the
surrounding environment based on the one or more returning light pulses. The range image
may include range data indicative of ranges of one or more objects in the surrounding
environment.

{60130] In some embodiments, the method 1000 may also include generating an
enhanced range tmage based on the background image and the range mmage (e.g., stimilar o
the enhanced range image 700 ilustrated 1n Figure 7). The enhanced range mmage may be
generated by a processor executing a trained machine feaming system, for examptle. The
ephanced range image may include additional range data that is not included in the base
range image. Such additional range data may be based on objects identified in the
background image, for example. Additionally or alternatively, one or more ranges inchuded
the base range image mav not be included in the enhanced range image, based on an analysis
of the background mmage.

{O0151] The particular arrangements shown in the Figures should not be viewed as
Himiting. It should be understood that other implementations may include more or less of sach
element shown in a given Figure, Further, some of the illustrated elements may be combined
or omitted. Yet further, an exemplary tmplementation may include elements that are not
ithustrated in the Figures, Additionally, while various aspects and implementations have been
disclosed herein, other aspects and mmplementations will be apparent to those skilled in the
art. The various aspects and implementations disclosed herein are for purposes of illustration
and ave not intended to be limuting, with the troe scope and spirit being indicated by the
following clanns. Other implementations may be utilized, and other changes may be made,
without departing from the spirit or scope of the subject matter presented herein. It will be
readily understood that the aspects of the present disclosure, as generally described herein,
and illustrated in the figures, can be arranged, substituted, combined, separated, and designed
i a wide variety of different configurations.

[0152] Embodiments of the present disclosure may thus relate to one of the

enumerated example embodiments {EEEs) histed below,

]
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{0153 EEE 115 a method, comprising:

scanmung, by a ight detection and ranging (lidar) device, an environment surrounding
the hidar device, wherein the lidar device comprises one or more light emitters and one or
more light detectors, and wherein the scanning comprises (i} using the one or more hight
enttters to emit a plurality of emitted Light pulses in a plorality of directions and (1) using the
one of more Hght detectors to detect, for each direction of the plurality of divections, a
corresponding recetved light signal, to obtain a plurality of received light signals for the
phurality of directions;

determining, for each respective direction of the plurality of directions, a
corresponding background Light intensily based on the received light signal comesponding to
the respective direction, to obtain a plurality of background light intensities for the plurality
of directions;

generating a background image of the epvironment surrounding the lidar device based
on the plarality of background hight intensities;

identifying one or more returning lght pulses i the plurality of received light signals,
wherein each returning hight pulse 1s indicative of reflection of an emitted light pulse by an
object in the environment surrounding the idar device; and

generating a range image of the environment surrounding the Hidar device based on
the one or more returning light pulses, wherein the range image includes range data mdicative
of ranges of one or more objects in the environment surrounding the lidar device.
[O0154] EEE 2 is the method of EEE 1, further comprising:

determining additional range data using the background image.
jO01S5) EEE 3 is the method of EEE 2, wherein determining additional range data
using the background image comprises:

wentifving an object in the background tmage; and

determining a range to the object based on a size of the object m the background

image.

[00156] EEE

4 is the method of FEE 2 or EEE 3, wherein the additional range data
comprises data indicative of ranges of one or more objects that gre not included in the range
image.

j80157] EEE § is the method of any of EEEs 2-4, wherein the additional range data
comprises data indicative of ranges of one or more objects that are more distant than the one
or more objects included in the range image.

{60158] EEE 6 is the method of any of EEEs 1-5, further comprising:
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generating an enhanced range tmage based on the background image and the range
mnage, wherein the enhanced range image mcludes additional range data that was not
mcladed in the range image.
[B0159] EEE 7 15 the method of EEE 6, wherew generating the enhanced range image
based on the backgroond image and the range image comprises:

providing the background image and the range image as inputs to a trained machine
learning systeny; and

recetving the enhanced range image as an output of the trained machine learning
system,

{050} E

% B 15 the method of EEE 7, wherein the trained machine learning system
comprises a generative adversarial network (GAN),
{00161] EEE 915 the method of EEE 8, wherein the GAN Is configured to apply a
colorization that associates ranges with colors.
[o0E62] EEE 10 is the method of any of EEEs 1-9, further comprising:

using the background image to detect artifacts in the range image.
[00163] EEE 11 is the method of EEE 10, wherein using the background hmage o
detect artifacts 1 the range image comprises:

performing a semantic analysis of the background image using a convolutional neural
netwark, wherein the semantic analysis identifies one or more objects in the background
nnage that are indicative of unreliable range data in the range image.
jo0164| EEE 12 iz the method of any of EEEs 111, hwrther comprising

using the background image to identify one or more ranges in the range image as
being unreliable.
{001 65] EEE 13 is the method of EEE 12, wherein using the background image to
wdentify one or more rapges i the range unage as bemg uareliable comprises:

wdentifying a retrorefiector in the background image.
H 1T EEE 14 is the method of EEE 12 or EEE 13, further comprising:

adjusting the range data in the range image based on the background image.
[00167] EEE 15 is the method of any of EEEs 1-14, further comprising:

generating a reflectivity image of the environment surrounding the hdar device based
on the one or more returning Hght pulses, wherein the reflectivity image includes reflectivity
data indicative of reflectivities of the one or more objects in the environment surrounding the
lidar device.

{60168] EEE 16 is the method of EEE 13, Aurther comprising:
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generating an enhanced reflectiviiy unage based on the background mage and the
reflectivity mmage.
[00169] EEE 17 1s the method of any of EEEs 1-16, huther conprising:

generating a returning photon image based on the one or more returning light pulses,
wherein the returning photon image inchudes returning photon data indicative of the number
of returning photons detected for the one or more objects i the environment surrounding the
lidar device.
80174 EEE 18 is the method of EEE 17, futher comprising:

generating an enhanced returning photon image based on the background image and
the returming photon image.
{00171} EEE 19 15 the method of anv of EEEs 1-18, wherein the scanning comprises:

emitting, by a light emitter of the one or more light emutters, a {irst light pulse ina
first direction at a first emission time;

detecting, by a Light detector of the one or more hight detectors, a first received hght
signal during a first detection period, wherein the Hght detector has a first field of view that
covresponds to the first divection during the tirst detection period;

emitting, by the light emitter, a second hight pulse in a second direction at a second
emission time; and

detecting, by the light detector, a second received light signal during a second
detection period, wherein the light detector has a second field of view that corresponds to the
second direction during the second detection period,

wherein the first received light signal and the second received hight signal are used to
generate the background image and the range tmage.
{001 72] EEE 20 is the method of any of EEEs 1-19, wherein the one or more light
emitters inchude a first light ematter and a second light emitter and the one or more light
detectors include a first hight detector and a second light detector, wherein the scanning
comprises:

during a first light-emission period, emitting, by the first hight enitter, a first hight
pulse in a first direction and emitting, by the second light emitter, a second light pulse ina
second direction;

during a first light-detection period, detecting, by the first light detector, a first
received light signal and detecting, by the second hight detector, a second recetved light
signal, wherein the first light detector has a first field of view that corresponds to the first

divection during the first Hght-detection period and the second light detector has a second
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field of view that corresponds to the second direction during the first light-detection pertod;

durmg a second light-enussion period, emitting, by the first Hght emitter, a third light
pulse in a third direction and emitiing, by the second light emitter, a fourth light pulse ina
fourth direction; and

during a second light-detection period, detecting, by the first Hght detector, a third
received light signal and detecting, by the second light detector, a fourth received light signal,
wherein the first light detector has a third field of view that corresponds to the third direction
during the second hight-detection period and the second light detector has a fourth field of
view that corresponds to the fourth direction during the second light-detection period,

wherein the first recetved Hght signal, the second received Hyght signal, the third
received light signal, and the fourth recetved hipht signal are used to generate the background
mmage and the range image.
j60173] EEE 21 13 the method of any of EEEs 1-20, wherein each light detector of the
one or more hght detectors comprises an atray of SPADa.

[00174]

FEE 22 is a system, comprising:
a hght detection and ranging (lidar) device, wherein the hdar device comprises one or
more light emitiers and one or more light detectors, and wherein the hidar device 18
configured to:
scan an environment surrounding the lidar device using the one or more hght
emitters to emit a plurality of emitted lght pulses in a plorality of directions and using
the one or more light detectors to detect, for each direction of the plurality of
directions, a corresponding received hight signal, to obtain a plurality of received light
signals for the plurality of directions;
determine, for each respective direction of the plurality of directions, a
corresponding background Light mtensity based on the received light signal
corresponding to the respective direction, to obtain a plurality of background light
intensities for the plurality of directions;
generate a background image of the environment suwrrounding the hidar device
based on the plorality of background light intensities;
dentify one or more returning light pulses in the plurality of received light
signals, wheremn each returning light pulse is indicative of reflection of an emitted
hight pulse by an object in the environment surrounding the fidar device; and
generate a range image of the environment surrounding the lidar device based

on the one or more returning light pulses, wherein the range pmage includes range

b
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data imdicattve of ranges of oue or more objects in the environment surrounding the

Hdar device: and

an nmage processor coupled to the hidar device, wherern the image processor 18
configured to (i) receive the background image and the range image from the Hdar device and
{11} geverate an enhanced range image based on the backgroond tmage and the range tmage,
wherein the enhanced range image includes additional range data that was not included in the
range age.
[80175] EEE 23 is the system of EEE 22, wherein the image procegssor is configured to
gengrate the enhanced range image using a trained maching learning system.
[Ou176] El

B 23, wherein the Hdar device 1s

5 24 1s the system of EEE 22 or E ,
coupled 1o a velucle, wherein the image processor is configured to transmit the enhanced
range image o a computing device, wherein the computing device is configured to control
the vehicle in an autonomous mode.
[00177] EEE 25 15 a digital image, comprising:
range data determined based on detection by a light detection and ranging (lidar)
device of light having wavelengths of approximately a specific wavelength, wherein the light
is from one or more objects in an environment surrounding the hidar device reflecting one or
more laser hight pulses emitted by the lidar device in a plurality of different directions; and
background image data determined based on detection by the hdar device of a
respective background light intensity for each of the plurality of different directions.
j60178] EEE 26 ix the digital image of EEE 25, wherein the background light

intensities are indicative of ambient light intensities in the environment surrounding the Hidar

device.
{O0E79] EEE 27 is the digital image of EEE 25 or EEE 26, wherein the lidar device

detects a background hight intensity for each given direction prior 1o emitiing a laser light
puilse i the given direction.

{00180] EEE 28 is the digital image of any of EEEs 2527, wherein the lidar device
detects a background hight intensity for each given direction after emitting a laser light pulse

i the given divection.

jO0181] EEE 29 is the digital image of any of EEEs 25-28, wherein the backgreund
image data comprises data indicative of light received by the lidar device beyond an
anambiguous range of the hdar device.

[00182] El

5 30 18 a method, comprising:

obtaining range data that is determined based on detection by a light detection and

Lad
A
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ranging (hdar) device of hight having wavelengths of approximately a specific wavelength,
wherein the light 13 from one or more objects i an enviromment surrounding the hdar device
reflecting one or more laser light pulses emitted by the hdar device tn a plorality of different
directions;

obtaining backeround image data that s determined based on detection by the hdar
device of a respective background lizht intensity for each of the plurality of different
directions; and

generating a digital image based on the range data and the background image data.
j00183] EEE 31 is the method of EEE 30, further comprising:

generating additional range data based on the background image data, wherein the
digital image includes the additiona! range data,
{00184] EEE 32 15 the method of EEE 30 or EEE 31, {urther comprising:

correcting the range data based on the backuround tmage data, wheretn the digital
image Includes the corrected range data.

{OO18S] EEL

33 s the method of any of EEEs 30-32, further comprising:
determining a guality of the range data based on the backgrouand image data, wherein

the digital smage mcludes an indication of the quality of the range data.

e
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CLAIMS

What is clammed 1s:
i. A method, comprising:

scanning, by a light detection and ranging (lidar) device, an environment surrounding
the tidar device, wherein the lidar device comprises one or more light emitters and one or
more light detectors, and wherein the scanning comprises (1) using the one or more Huht
emnitters to emit a pluraliny of emitted light pulses i a plurality of directions and (i1} using the
one or more hight detectors to detect, for each direction of the phurality of directions, a
corresponding received light signal, to obiain a plurality of received light signals for the
plarality of directions;

determumng, for each respective direction of the plurality of directions, a
corresponding hackgroand hight intensity based on the recetved light signal correspounding to
the respective divection, to obtam a plurality of background light intensities for the plurality
of directions;

generating a backgrouwnd mmage of the enviromnent surroundmg the lidar device based
on the plurality of background light intensities;

wentifying one or more returning light pulses in the plurality of recerved light signals,
wherein each returning light pulse is indicative of reflection of an emitted light pulse by an
object in the environment surrounding the lidar device; and

generating a range image of the environment swrounding the hidar device based on
the one or more returning Huht pulses, wherein the range image includes range data indicative

of ranges of one or more objects n the environment surrounding the Hdar device,

2. The method of claim 1, further comprising:
determiming additional range data using the background unage.
3. The method of claim 2, wherein determining additional range data using the

backgrownd image comprises:
identifving an object n the background image; and
determining a range to the object based on a size of the object m the background

mage.

4. The method of claim 2, wherein the additional range data comprises data indicative of

ranges of one or more objects that are not included in the range image.

40
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) The method of claim 2, wherem the additional range data comprises data indicative of
ranges of one or more objects that are more distant than the one or more objects included in

the range unage.

8. The method of claim 1, further comprising
generating an enhanced range image based on the background image and the range
image, wheremn the enhanced range unage mcludes additional range data that was not

included n the range image.

7. The method of ¢claim 6, wherein generating the enhanced range nage based ou the
background 1image and the range nage comprises:

providing the background image and the range image as mputs 1o a trained machine
learning system; and

recetving the enhanced range tmage as an output of the trained machine learning

systen.

8 The method of claim 7, wherein the trained machine fearning svstem comprises a

generative adversarial network (GAN).

9. The method of claim &, wherein the GAN is configured to apply a colorization that

associates ranges with colors,

. The method of claim 1, further comprising

using the background mage to detect artifacts in the range image.

11, The method of claim 10, wherein using the background image to detect artifacts in the
range HNAage COMpIises:

performing 8 semantic anglysis of the background image using a convolutional neural
network, wherein the semantic analysis identifies one or more objects in the background

image that are indicative of unreliable range data in the range image.

12, The method of claim 1, further comprising:

using the background image to identify one or more ranges 10 the range 1mage as
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being unreliable.

13, The method of claim 12, wherein using the background image to sdentify one or more
ranges in the range image as being unreliable comprises:

identifying a retroreflector in the background image.

14, The method of ¢laim 12, further comprising

adjusting the range data in the range image based on the background mmage.

g
L7

The method of claim 1, farther comprising

generating a reflectivity mage of the environment surrounding the lidar device based
on the one or more returning hight palses, wherein the reflectivity timage includes reflectivily
data inclicative of reflectivities of the one or more objects i the environment surrounding the

Lidar device,

6. The method of claim 15, further comprising:
generating an enhanced reflectivity image based on the background image and the

Poc

reflectivity tmage,

17, The method of claim 1, further comprising

generating a returning photon image based on the one or more returning Hght pulses,
wherein the returning photon image includes returning photon data indicative of the number
of returning photons detected for the one or more objects in the environment swrounding the

hidar device.

18, The method of claim 17, further comprising:
generating an enhanced returning photon image based on the background image and

the returning photon image.

18 A system, comprising:

a light detection and ranging (hidar) device, wherein the lidar device comprises one or
more light emitters and one or more light detectors, and wherein the hidar device 1s
configured to:

scan an environment surrounding the lidar device using the one or more light

42



WO 2022/115288 PCT/US2021/059677

enuitters to emit a plurabity of emitted hght pulses in a plurahiy of directions and using
the one or more light detectors to detect, for each direction of the plurality of
directions, a corresponding recetved light signal, to obtain a plurality of recetved hight
signals for the plurality of directions;
determine, for cach respective divection of the plurality of divections, a
correspording background light intensity based on the received hght signal
corresponding to the respective direction, to obtain a plurality of background ight
uitensities for the plurality of directions;
generate a background mage of the environment surrounding the lidar devics
hased on the plurality of backgrownd Bght intensities;
wdentify one or more returning hght pulses o the plurality of received light
signals, wheretn each returning light pulse s indicative of reflection of an emitted
Hight pulse by an object in the environment swrronnding the hidar device; and
generate a range image of the environment swrroonding the hdar device based
on the one or more returning light pulses, wherem the range mage includes range
data indicative of ranges of one or more objects in the environment surrounding the
fidar device; and
an image processor coupled to the lidar device, wherein the image processor is
configured to {1} receive the background umage and the range image from the lidar device and
{11} generate an enhanced range mmage based on the background image and the range image,
wherein the enhanced range image includes additional range data that was not included in the

range image.

200 A method, comprising:

obtaining range data that 1s determined based on detection by a light detection and
ranging {hdar} device of light having wavelengths of approximately a specific wavelength,
wherein the light is from one or more objects in an environment surrounding the lidar device
reflecting one or more laser light pulses enitted by the lidar device in a plurality of different
directions;

obtaining background image data that is determined based on detection by the hdar
device of a respective background light intensity for ach of the plurality of different
directions; and

generating a digital image based on the range data and the background image data.
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