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(57) Abrégé/Abstract:

Examples relating to vehicle motion detection using radar technology are described. An example method may be performed by a
computing system and may involve receiving, from at least one radar sensor mourned on an autonomous vehicle, radar data
representative of an environment of the vehicle. The method may involve, based on the radar data, detecting at least one scatterer
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controlling the vehicle teed on the calculated velocity.
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system and may involve receiving, from at least one radar sensor mourned on
an autonomous vehicle, radar data representative of an environment of the ve-
hicle. The method may involve, based on the radar data, detecting at least one
scatterer present in the environment and. making a determination of a likeli-
hood, that the at 'least one scatterer is stationary with respect to the vehicle.
The method may involve, in- response to the likelihood being at least equal to a
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DETECTING MOTION OF AN AUTONOMOUS VEHICLE USING RADAR
TECHNOLOGY

FIELD

[0001] The present disclosure relates generally to detecting motion of an autonomous

vehicle and, in particular embodiments, to performing the detecting using radar technology.

BACKGROUND
[0002] Vehicles are often used for various tasks, such as for the transportation of people
and goods throughout an environment. With advances in technology, some vehicles are configured
with systems that enable the vehicles to operate in a partial or fully autonomous mode. When
operating in a partial or fully autonomous mode, some or all of the navigation aspects of vehicle
operation are controlled by a vehicle control system rather than a traditional human driver.
Autonomous operation of a vehicle can involve systems sensing the vehicle’s surrounding
environment to enable a computing system to plan and safely execute navigating routes to reach

desired destinations.

SUMMARY
[0003] In one aspect, the present application describes a method performed by a computing
system configured to control an autonomous vehicle. The method may involve receiving, by the
computing system, from at least one radar sensor mounted on the autonomous vehicle, radar data
representative of a physical environment of the autonomous vehicle. The method may also
involve, based on the radar data, detecting, by the computing system, at least one scatterer present
in the environment. The method may also involve, based on the radar data, making, by the
computing system, a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle. The method may also involve, in response to the likelihood
being at least equal to a predefined confidence threshold, calculating, by the computing system, a
velocity of the autonomous vehicle based on the radar data from the at least one radar sensor,
wherein calculating the velocity comprises one of: determining, by the computing system, an
indication that the autonomous vehicle is stationary, and determining, by the computing system,

an angular velocity of the autonomous vehicle and a linear velocity of the autonomous vehicle.
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The method may also involve controlling, by the computing system, the autonomous vehicle based
on the calculated velocity.

[0004] In another aspect, the present application describes an article of manufacture
comprising a non-transitory computer-readable medium having stored thereon instructions that,
when executed by a processor in a computing system, causes the computing system to perform
operations. The operations may comprise receiving, from at least one radar sensor mounted on an
autonomous vehicle, radar data representative of a physical environment of the autonomous
vehicle. The operations may also comprise, based on the radar data, detecting at least one scatterer
present in the environment. The operations may also comprise, based on the radar data, making a
determination of a likelihood that the at least one scatterer is stationary with respect to the
autonomous vehicle. The operations may also comprise, in response to the likelihood being at
least equal to a predefined confidence threshold, calculating a velocity of the autonomous vehicle
based on the radar data, wherein calculating the velocity comprises one of: determining an
indication that the autonomous vehicle is stationary, and determining an angular velocity of the
autonomous vehicle and a linear velocity of the autonomous vehicle. The operations may also
comprise controlling the autonomous vehicle based on the calculated velocity.

[0005] In another aspect, the present application describes a computing system configured
to control an autonomous vehicle. The computing system may comprise at least one radar sensor
mounted on the autonomous vehicle and a processor configured to perform operations. The
operations may comprise receiving, from the at least one radar sensor, radar data representative of
a physical environment of the autonomous vehicle. The operations may also comprise, based on
the radar data, detecting at least one scatterer present in the environment. The operations may also
comprise, based on the radar data, making a determination of a likelihood that the at least one
scatterer is stationary with respect to the autonomous vehicle. The operations may also comprise,
in response to the likelihood being at least equal to a predefined confidence threshold, calculating
a velocity of the autonomous vehicle based on the radar data, where calculating the velocity
comprises one of: determining an indication that the autonomous vehicle is stationary, and
determining an angular velocity of the autonomous vehicle and a linear velocity of the autonomous
vehicle. The operations may also comprise controlling the autonomous vehicle based on the

calculated velocity.
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[0006] In yet another aspect, a system is provided that includes a means for receiving, from
at least one radar sensor mounted on the autonomous vehicle, radar data representative of a
physical environment of the autonomous vehicle. The system may also include a means for based
on the radar data, detecting at least one scatterer present in the environment. The system may also
include a means for based on the radar data, making a determination of a likelihood that the at least
one scatterer is stationary with respect to the autonomous vehicle. The system may further include
ameans for in response to the likelihood being at least equal to a predefined confidence threshold,
calculating a velocity of the autonomous vehicle based on the radar data, where calculating the
velocity comprises one of: determining an indication that the autonomous vehicle is stationary,
and determining an angular velocity of the autonomous vehicle and a linear velocity of the
autonomous vehicle. And the system may further include a means for controlling the autonomous
vehicle based on the calculated velocity.

[0006a] In another aspect, there is provided a method performed by a computing system
configured to control an autonomous vehicle, the method comprising: while the autonomous
vehicle is moving on a road, receiving, by the computing system, from at least one radar sensor,
radar data representative of a physical environment of the autonomous vehicle; based on the radar
data, detecting, by the computing system, at least one scatterer present in the environment; and
based on a determination of a likelihood that the at least one scatterer is stationary with respect to
the autonomous vehicle: calculating, by the computing system, a velocity of the autonomous
vehicle using at least a portion of the radar data from the at least one radar sensor that represents
the at least one scatterer, and controlling, by the computing system, the autonomous vehicle based
on the calculated velocity of the autonomous vehicle.

[0006Db] In another aspect, there is provided an article of manufacture comprising a non-
transitory computer-readable medium having stored thereon instructions that, when executed by a
processor in a computing system, causes the computing system to perform operations comprising:
while an autonomous vehicle is moving on a road, receiving, from at least one radar sensor, radar
data representative of a physical environment of the autonomous vehicle; based on the radar data,
detecting at least one scatterer present in the environment; and based on a determination of a
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle:

calculating a velocity of the autonomous vehicle using at least a portion of the radar data from the
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at least one radar sensor that represents the at least one scatterer, and controlling the autonomous
vehicle based on the calculated velocity of the autonomous vehicle.

[0006¢] In another aspect, there is provided a computing system configured to control an
autonomous vehicle, the computing system comprising: at least one radar sensor; a processor
configured to perform operations comprising: while the autonomous vehicle is moving on a road,
receiving, from the at least one radar sensor, radar data representative of a physical environment
of the autonomous vehicle; based on the radar data, detecting at least one scatterer present in the
environment; and based on a determination of a likelihood that the at least one scatterer is
stationary with respect to the autonomous vehicle: calculating a velocity of the autonomous vehicle
using at least a portion of the radar data from the at least one radar sensor that represents the at
least one scatterer, and controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle.

[0006d] In another aspect, there is provided a method performed by a computing system
configured to control an autonomous vehicle, the method comprising: receiving, by the computing
system, from two or more radar sensors mounted at different locations on the autonomous vehicle,
radar data representative of a physical environment of the autonomous vehicle; based on the radar
data, detecting, by the computing system, at least one scatterer present in the environment; and
based on a determination of a likelihood that the at least one scatterer is stationary with respect to
the autonomous vehicle: calculating, by the computing system, a velocity of the autonomous
vehicle using the radar data from the two or more radar sensors, wherein the calculated velocity
comprises an angular velocity and a linear velocity, and controlling, by the computing system, the
autonomous vehicle based on the calculated velocity of the autonomous vehicle.

[0006e] In another aspect, there is provided a computing system configured to control an
autonomous vehicle, the computing system comprising: two or more radar sensors mounted at
different locations on the autonomous vehicle; a processor configured to perform operations
comprising: receiving, from the at least one radar sensors, radar data representative of a physical
environment of the autonomous vehicle; based on the radar data, detecting at least one scatterer
present in the environment; and based on a determination of a likelihood that the at least one
scatterer is stationary with respect to the autonomous vehicle: calculating a velocity of the

autonomous vehicle using the radar data from the two or more radar sensors, wherein the calculated

3a
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the velocity comprises an angular velocity and a linear velocity, and controlling the autonomous
vehicle based on the calculated velocity of the autonomous vehicle.

[0006f] In another aspect, there is provided an article of manufacture comprising a non-
transitory computer-readable medium having stored thereon instructions that, when executed by a
processor in a computing system, causes the computing system to perform operations comprising:
receiving, from two or more radar sensors mounted at different locations on the autonomous
vehicle, radar data representative of a physical environment of the autonomous vehicle; based on
a determination of a likelihood that the at least one scatterer is stationary with respect to the
autonomous vehicle: calculating a velocity of the autonomous vehicle using the radar data from
the two or more radar sensors, wherein the calculated velocity comprises an angular velocity and
a linear velocity, and controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle.

[0006g] In another aspect, there is provided a method performed by a computing system
configured to control an autonomous vehicle, the method comprising: receiving, by the computing
system, from at least one radar sensor mounted on the autonomous vehicle, radar data
representative of a physical environment of the autonomous vehicle; based on the radar data,
detecting, by the computing system, at least one scatterer present in the environment; and based
on a determination of a likelihood that the at least one scatterer is stationary with respect to the
autonomous vehicle: determining, by the computing system, using the radar data, an indication
that the autonomous vehicle is stationary, and controlling, by the computing system, the
autonomous vehicle based on the determined indication.

[0006h] In another aspect, there is provided a computing system configured to control an
autonomous vehicle, the computing system comprising: at least one radar sensor mounted on the
autonomous vehicle; and a processor configured to perform operations comprising: receiving,
from the at least one radar sensor, radar data representative of a physical environment of the
autonomous vehicle; based on the radar data, detecting at least one scatterer present in the
environment; and based on a determination of a likelihood that the at least one scatterer is
stationary with respect to the autonomous vehicle: determining, using the radar data, an indication
that the autonomous vehicle is stationary, and controlling the autonomous vehicle based on the

determined indication.

3b
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[0006i] In another aspect, there is provided an article of manufacture comprising a non-
transitory computer-readable medium having stored thereon instructions that, when executed by a
processor in a computing system, causes the computing system to perform operations comprising:
receiving, from at least one radar sensor mounted on an autonomous vehicle, radar data
representative of a physical environment of the autonomous vehicle; based on the radar data,
detecting at least one scatterer present in the environment; and based on a determination of a
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle:
determining, using the radar data, an indication that the autonomous vehicle is stationary, and
controlling the autonomous vehicle based on the determined indication.

[0007] The foregoing summary is illustrative only and is not intended to be in any way
limiting. In addition to the illustrative aspects, embodiments, and features described above, further
aspects, embodiments, and features will become apparent by reference to the figures and the

following detailed description.
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BRIEF DESCRIPTION OF THE FIGURES

{0008} Figure | is a functional block diagram illosirating an example vehicle.

{0809} Figure 2 depicts snexample physical configyration of a vehicle.

{0610 F igm‘a 3A flusteates & block diagram of a sensing system including a coupler.

{611} Figire 3B iflustrates a block diagram of another sensing system including a

coupler,

j0812] Figure 4A depicts a physical configuration of a vehicle.

{0013} Figure 48 depicls a physical configuration of a velicle,

HEH B3 Figure § tllustrates an example scenario of a vehicle using & radar system,

j0015] Figure 6 tlustrates an example scenario of a vehicle using a radar system,

g6 Figure 7 ts o flow chart of a wethod, according to an example implementation.

7 Figure & i & flow chaft of g toethod, according to an example implementation.

6818} Figure 9 depicts'a scheématic diagtam of ai example compter progran,
DETAILED DESCRIFTION

{0019 Fxample methods and systems are desoribed herein. It should be snderstood

that the-wonls “example” “exemplary,” and “tHustrative”™ are used higrein fo mean “serving

as an-example, instance, or Hlustration.” Any insplanentation or feanure deseribed herein as
being an “example” being ""ﬁtxﬁmz;}!&ry,_’"" or being. “illustestive™ is vot nevessaly 1o be
vonsirued as preferred o advantogeous over other implementations or features. The example
implementations deseribed herein are ot meant 1o be Himiting, 1t will be readily understood
that the sspects-of the present discloswre, as genesally described heretn, and dlustrated in the
figwres, can be amanged, substitated, combined, separated, and designed v & wide vaviety of
differant contigurations, all of which are explicitly contemplated bersin, Additionalty, in thig
disclosure, unless otherwise' speified andior unless the particular context cleardy dictates
otherwise, the terms “a7-08 “an™ means at ldast one, and 1he torm “the” means the atdeast ong.
jB020y Furthermore, the particwlar artangements showa i the Flgures should not be
viewed ax limiting, It should be understood that ether implementations might inchude mare
orless of cach element shown in 8 Biven Figure, Further, sonse of the illustaied elomants
may be combined ov omitted. Yot further, an example implementation may includé elementy
thist are not tlustrated i the Figures.

{00214 Muoreover, the-term “velocity” as used herein, may refer o a lincar velogity
andéor an angular velocity, Further, “velocity” may be a sclar quantity such as speed or'a

vertor quantity, suohias speed and angle.
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{08221 A vadoy systemefor 3 vehicke may be donfigured fo strite an sovivonment of the

vehicle and Captute measurements of the velicke’s surroundings. For example, the radar
systent miay tneasure the distance hetween the vehicle and another vehicle navigating in front
of the vehicle. 1o some instances, a somputing systomof a vehicle or a remote System may
use the radar data o determing control aperations, such as route navigation, spead control,
and obstacle svoidance. As a result, the radar system may-enable @ vehicls 1o operate ina
partial or filly. antonomous mode.  For instance, an example redar sysiem may also be
configwed to supplement other sensor systems of 2 vohicle within soms implementations, I
some implementations, the tadar systam may provide radar datd 10 an interface that a driver
may wse to assist with navigating the vehicle,

{0023] In practice, rosny vehicle systonss may implement Global Positoniag Rystem
(GPS), inertial sensors {e.g., socelerometers and gyroscopesy, wheel spesd sensors, andfor
other mechanismg to measurs s velocity of g vehicle.  Bach one of these mechanisms may af
tites provide accurale meastrements, bt may have vanous disadvaniages as well.  Fot
exaniple, wheel Spﬁmi:sammsmiigm lose traction and glip, even by a small amount, which
miy sepatively mpact the reliabihity of thie sensof measswremants. T may thas be desirable to
fplement ‘4 mechanism that cay detect relative motion betwesn the vehicle and the
environment ‘with higher accaracy and reliabifity, Addi&iﬂmﬁﬁy, systems sach as GPY may
onty have mn aceuraey of approsimately 4ometers. Thus, 2 GPS measurement may not be
able 1o provide an accurate measurement of whether or nota vehicle is stopped.

{0624] Accordimgly, disclosed horemn are methods and systems relating to vehicle
vetoctly caloulation ustig adar technology — vamely, asing al loast ooe maday semsor. Bor
example, & vehicle systamn may use radar data from teo oF fanfe radar sensors to determine
which objects in the environnient are Bikely stationary, and then use these objects to calculate

the-linegr and/or angular-veloachy of the vebicle fo which the twe or more radar sensors are

sitached
{0625] As a more parficular example, 3 vebicle system may be configused 1o reocive,

while the vehicle is moving oh 8 road of fravel, wdar dats seyttived from w0 o more fadar
sensor mounted at two different locations {or with two different orientations) en the vehicle,
The radar data way be representative of the snvironment of the vehicle. The systetn inay
then use-the radar data to detect 3 seatierer present th the envivonment. Hergin, ¥ “scatterer”
may refer to an object that scatters (e, reflects) radar waves when the radar waves
encounters the object. Further, the sysiem may be configured to determine a Tikelihood: that

the scatierer s stationary with respect to thevehicle:. In some-inplementations, the system

E¥ 53
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may be able {o use cohevent change dejection 1O determine i 4 scatter i3 moviag o ot

Coherent change detection may use a shiding window and compare the phase of returns from
thescatierer to deterinine movenient. Forexample, 3 coberent provessing inferval {CPO) mny
b ‘compared with another CPL (where 7 iy the' stee of the sliding window} o measure the
relative phase from the scatterer,

j0626] I the system determines that the likelihood of the scatterer being stationary is
at least equal to 3 predefined confidence threshold, the systern may responsively then
caleulatea veloowy of the vebicle based on the vadar date. The velocity. may melode a Hpear
velocity and/or an angularveloolty of the vehide,

{B827| Once the system bag calcutated the velockty of the vehicle, the system may
control the vehicle based on that velocity.  For example, 3f the syster defermines that the
caloulated angular velocity mests or exceeds a predefingd threshold, the system may cause
the vebicle to adjust s steering sople. reduce s fincar velocity, andfor redace its angalar
veloetty.  Addidionally or aliernatively, if the sysiem deterntines that the caltulated Hocar
velocity meets of exceeds'a predefined threshold, the systen may cause the vebicle w adjust
e steering angle, redute s Haearvelocity, andfot-reduce is snpuler welooity. The system
wmay take inte account other fastors to cantrol the vehicle as well

{0028} Farthermore, in practios, many vehicle systenis gy also implement sncoders,
inertial sensors, GRS, andfor other mechanismy $o measure whather s vehicle i stationary or
not.  In some Instances, such mechanisms may b configured to output that the velicle is
stationary in response {0 the mechasism having detected that - the vehicle™s messured velocity
is zevo andior i response W the mechanism having detected that the velicle™s measured

velocity is below 3 predefined detsction threshold, such as. I centimeter per second (¢

Encoders in particolar may be configured & suppoit motion detection in centimeters per

sscond.
{0629 However, such wechanisms smay have verying bsues.  As préviously

discussed, GPS, for example, may have high position noise snd high latency. As spother
sxample, acceleromelers may exhibit nolse that might Canse astrapdown inertal nayvigation
system {e.g. ab inertial sensor-based systern where the senvors are stfapped to thy vehicle) or
type of other inertial sensor systems to detect motion even when the vehicle is stationary.

(D30} Accordingly, further disclosed herein are methods and systems relating to
vehicle motion detection using radar technology. - For example, in line with the discussion
above, o vehicle systers way be configured to receive radar data acquired from & raday sensor

mounted on thee vehicle, where the radar data is representative of the environment of the
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vehicle, “The System thay then wse the radar data 1o deteet- & scatterer present in the
environment

{0031} Further, the system may be configmed to determine a Hkelihood ‘that the
scaiteres is stationary with Tespect fo the vehicle, such asby using Doppler measerements, as
discnssed above. I the system determings that the likelihood of the scatterer being stationary
is 11 least equal 108 predefined confidence: threshold, the system may-then determitne an
indication that the veldele s stgtionary, and then control movement of the vehicle based on
the indication.. Forinstance, the indication snay lake the formof a binary oulput {eg., 073

»

pot ssationgry, “T7 Af siationdry), and if the binary ouspuy indicates that the vehicle is
stationary, the systent may configure el to ipnore other movement sensor readings, such as
ingrtial sensor readings, but may reconfipure Hself to take inevtial seusor readings into
aceount once the binary vutput indicates that the vehicle i no Jonger statiobary.

{0632} In practice, objects i the covironment that have 3 threshald high Tikelibood of
being siationary scaltérers may appear v the radar data gs clutter,  Thus, the msthods and
systems described herein may differ from known radar fmplementations in that miany Knows
radar inplementations snvolve removing o otherwise disregarding clutter that appears’in
radar data. By contrast, these methods and systems niay invalve isolating of otherwise taking
into consideration clutter in the radar date-and using the clutter as 1 basts for t:ali:uiaﬁz‘ag 8
veloeity of the vehicle and/or determining whether the vehicle is stationary of not,

j0833] The described methods and systams may provide other impravements 1o radar
technology andfor mofion sensing/messurements as well, For example, atrhorme-based radar
s¥sterns may {ransmit Yaday waves at ¢ low raleand o grealor-distances (g, thousands or
{ens of thousands of meters) in.order to seuse objects on the ground, abd atiempts 1o sense
such objects on the ground may often result in aliasing or other undesirable effects. in
addition, due tothe low rate; such radar svstems might not be able to isolate a single scatterer
i tadar data, By conirast, the present yethods and systerus nvolve Sansniiiting radar wwaves

at 8 higher rate and at shorter distances {e.g, hundreds of meters or less) in order o sense

ohjeets,
{0034) Operations deseribed herein with regard to vadasbased vehicle motion

detection in particular -may facilitate motion detection. with higher accuracy, highet
sensitivity, and Tower latency, among other possible improvements. By way of example,
such operations may facilitate. motion: detcction in millimeters per second —~ pamely,

oulputting that the vehicle is stationary in response to detecting that the vebicle's measured
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veloactly 1% below o predefined-thrashold of spprodimately 1 mlbmigter pef secoud {mmysy -
therehy providing about ton thimes the precision of existing motion detection mechanisims.

{0035] Aithngh implermentations deseribed herein ate penerally discussed  with
regard to-radar systems, it should Be noled that the vehicle veiaﬂity caleutation andéor velicle
motion detection operations discussed could be performed using LIDAR. systems as wall,
sdditionatly or aliematively to using radar. By way example, the vebicle system may use at
least one frame of LIDAR data to detect gt least one scatterer and then determine g Hkelihood
that the et least one scaltorer i stationary, perhops ouly sonsidering DIDAR data, or peshaps
considering: LIDAR date in combination with other types of data (o.z., tadar, inages, maps,
andbor remote assistapce). For instance, the vehicle system may receive multiple frames of
LIDAR data from one or more. LIDAR sensors and determine to what exieat there has been o
change in the portionsof the LIDAR data that is estimated to be associated with af Ieast one
scatterer.  The vebicde system may then determine whether the at lesst one scafterer s
statfonary based on how the detenmined extent of chadge compares with a predefined change
thteshild. A another sxample, the vehicle system may use at least one hybnd
LIDARDoppler: sensor fo doquite "LIDAR-baséd Doppler messurements o8 scaltersy
candidates, and then use those measuremets i mansess similar to those described above in

ood thay thie scatterer candidates

order o determnine various information, such as (i) the kel
are stutionary . (i) whether the vehicle is stationary, andior (i) a velocity of the vehicle,
j0836] Exanple systems ‘within the scope of the present. disclosure will now be
described in greater detail. An example system may be implemented i or may take the form
of an automobile. However, an example system may also be implemented inor take the form
of wiher vehicles, such as cars, trucks, motoreycles, buses, boats, aitplanes, helicopiers, lawn
mowers, earth movers, boats, snowmobiles, aiveraft, recreational vehicles, amusement park
veltoles, farm equipment, construcHion equipment, amis; golfoarts, irains, wollevs, and wbot
devices. Other vebicles ars possible s well,

{0837} Referring now to ithe figures, Figure 1 ds 2 functionsl block diagram
iltasntinig example vehicle 104, which may be vonfigured to operate Rilly or partially man
autonmous mode.  Move specifically, vebicle 100 may operate in b autonomons mode
without human. inferaction thﬁoﬁgh fz‘.eas::x:iviﬁg_ sontrol lastructions froim a computing system:
As part'of operating in the autonemous mode, vehicle 100 may use sensors to detect snd
possibly’ ii'{fem:ify ohjects of the surrounding environment to enable safe pavigation. In some
vplementations, vehicle 100 may also inchade subsysterns that enable 3 driver to vontrol

operations of vehicle 100
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{0638} As shown in Figaed 1 vehicle 100 nuty -include varios sublsvstonss, sach 3y

propulsion system 102, senses systerm 104, control system 106, one or more peripherals 108,
power supply 110, computer system 112, data storage 114, and user inteeface 116, In other
examples, vehicle i@i’}ﬁmay ochude more or fewer ‘su&sysiem;«r, which ‘can cath fuclude
multiple elements: The subsystenss and components‘of vehicle 100 may be interconnected iy
various wavs, In addition, functions of wehicle 100 described herein can he divided into
sdditional funetional or physics! components, or combined ioto fower functional or physical
components within vuplementations.

{0039} Propulsicn Svstern 102 may include one: or Juore comiponents opetable o
provide powered motion for vehicle 100-and can include an enginefmotor TR, an energy
scurce 119, a tramsmission 120, and wheels/tires 121, among other possible conponents. For
sxample; engine/motor- 118 may be configured © convert edergy sowree 119 into mechanical
entrpyand cmn corrgspond I ong o w combimdioss of au internal conbuastion engine; an
electric motor, steam engine, or Stirlig enging, among other possible options. For instinee,
in some implementations, propulsion system 102 may inglude maltiple types of engines
sndéor mictors, such as'a pasolime engine and an slecttic motor

{0040} Energy source 119 represents § source of vuergy that may, in full or in paxt,
power one or more systems of vehicle 100 {e.g., engine/motor 11 8. For instsnce, energy
soures. HY can correspond o gascling, diesel, other patrolenmebased fuels, propane, ofbier
compressed gas-based fuels, ethanol, solar panels, batteries, andior other sources of electrical
power.  In some implementations, energy smurce 119 may include a combination of fuel
tanks, batleries, capacitors, andfor Hywheels,

{00411 Transmissioh 120 may wansmit mechaival power fiom shgindfmotor 118 1o
wheels/tires 121 andfor other possible systems of vehicle 108, As such, transnuission 120
wiay bchude a gowrBox, o clutoh, a differential, and a drive Shall, among other possible
components. A-drive shall mayv include axles that connect to one of more wheels/tires 121,
{06421 Wheelsitires 121 of vehicls 100 may have virious configurations within
guafiple. implementafions.  For instande, vehicle 0 may exXist v 4 wnicwls
bieycle/motorcyele,  tricvele, o Carruck Tour-wheel format, among other possible
conftgurations. As such, wheelsitives 121 Y conmeet o vehicle 100 in vafious ways dhd
canexist o different naterials, suchaas metal and rubber.

{0043} Sensor systent 104 can include. varions types of sonsoss, such as GPS 122,
inertial mcastrement woit (IMU} 124, radar 126, laser rangefinder / LIDAR. 128, camera 130,

stesring sensor 123, and theottlebrake sensor 125, ainong other possible sensors. o some
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imnplementations; sensor sysiem 104 may also indhude Sensors configured fo monitor uleenal

svstemns of the vehicle 100 {e.g., Oy monitor, tuel gauge, engine oll temiperature, brike wear).
j0044] GPS 122 may include a transeeiver opirable to provide information regsrding

the 'gmsi{im of vehicle 100 with respect tothe Farth. IMU 124 oy bave aconfiguration that

uses one of more aceelerometors andfor gyroscopes and may sense position and orientation
ghanges of vehicle 100 based on inertial acogleration, - For example, IMU 124 may detecta
pitch-and yaw of the vebicle 100 while veliele 100 is stationary or in motion,

{0845] Radar 126 way represent one ormons systems configured 1o wse vadio signals
to sense objects, meiuding the speed and heading of the objects, within thy locsl envivopment
of vehicle 100 As soch, radar 126 muay inclade anterwmas configured (o travismit and receive
radio signals.  In some implementations, madar 126 may correspond to-a mountable radar
system confipured o obin measurernents of the surrounding environment of vehicle 104,
{06:46] Laser rangefinder / LEDAR 128 may include ong or more laser sourges, a laser

scanner; and one ‘'or more detedtors, among other sysien componenss, and may Operate ina

coherent mode (6., using heterodyne detection} or i an incoherent detection mode, Camera
130 may inclade ong 0f miore devices {e.g., still camerm orvideo cameral configured to
capiure inmages of the envirenment of vehicle 100,

{00:47) Steering sensor 123 may sense 8 steering angle of vehicle 100, which may
involve measurisg an-angle of the steering wheel or messuring an eolectrical signal
representative of the angle of the steering whesl, In some implementations, steering sensor
123 may measuare an sngle of the wheels of the vehicle 100, such as detecting anangle of the
whesls with reapect to-a forward axis of the vehicle 100, Steering sensor 123 may-also be
configured 10 measure & combination {or a subset) of the angle of the stesring whesl,
electrical signal sepresenting the angle of the steering wheel, and the angle of the wheels of
vohicle G

{048} Thiottle/brake senvor 128 may detect thé position of either the throttle position
or rake position of vehicle 100, For instance, throttlebrake sensor 125 may measwre the
angte of both the gas padal (throitie) and beake padal ormay measure an electrical signal that
could represent, for insiante, an angle ‘of a gas pedal (throttle) andfor an angle of g brake
pedal. Thiottle/brake sensor 125 may also mensure an angle of 2 threttle body of vehicle 100,
whieh may nclade part of the physical meclianism that provides modutation of energy sorce
L9 to engine/motor 118 {eg, & butterlly valve or carburetor).  Additionally, throttleibrake
sensor 128 may measure o prossure of one or more brake pads on'a sotor of vehicle 100 ora

comsbination {or a subsel) of the angle of the gas pedal (throtile) and brake pedal, slectrical

1
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signal representing the angle ‘6f the gay pedal (hrottdey and brake pedal, the angle of the
throttle body, and the pressure that ab fedst 'one brake pad is applying 10 a rotor of vehicle 100,
T other embodiments, throtie/brake sensor 125 may be configored 1o measure a pressure
apphied fo 2 pedal of the vebicle, such as 3 throtte or brak ».{Jt‘.ééi,

{0049} Control system 106 may inclade components configured 1o assist in navigating
vehicle 100, such as steering unit 132, throtile 134, brake nait 136, sensor-fusion algorithm
138, computer viston systemy 140, navigation { pathing system 142, and obstacle avoidance
svstem 144, More speoifically, steoring unit 133 may beoperable to adjust (he beading of
velticle 100, and throftie 134 may control the operating speed of engine/motor 118 10 control
the acceleration of vehicle 100, Brake unit 136 may decelerate vehicle 100, which may
mvolve using friction to decelerate wheelstires 121, In some implementations; brake. unit
136 may convert kinetic snergy of wheelsdires 121 1o glectric current for subsequent use by a
system or svsterms of vehicle 100,

{0056 Sensor Tusion alzorithm 138 may include g Kadman filter, Bayesian neteork,
or other glgorithms that can process data from sensor system 104, In some implementations,
sensor fusion algorithm 138 may provide assessments based o wooniing sersor data, suchas
evatuations of individual objects and/or features, evalaations of  particular sttuation, sud/or
evaluations of potentigl impacts within g given situation.

{0051} Computer viston systam 140 may include hardware and software operable to
process. and analyze. images i an effort 1o determing objects, environmental abjects (eg.,
stop lights, road way boundaries, efe)), and ohstacles. Assuch, conputer vision system 140
may wse objend revommbion, Structme o Metion (8FM), vider tracking, and other
algorithins wsed in-computer vision, for instance, to tecoghize obijedts, map-an environment,
track-obiects; estimate the speed of objects, etc.

N2 Navigation /pathing svstom 142 may deteroioe a drivieg path for vehicle 100,
which may involve dyparsically adjusting navigation during operation. AS such, pavigation /
pathing svstem: 142 may yse data from sensor fusion alporithm 138, GPS 122, and maps;
among othier sourdes 10 ngvigate vehicle 100, Obsmclewvoidance sysiem 144 may evalyate
potential obstacles based ‘ou sensor data and cause systems of vehicle 100 o avoid or
otherwise negotiate the potential obstacles,

{00534 As shown in Figure 1, vehicke 100 may also inchude peripherals 108, such as
wireless communication systers 146, fouchsereen 148, microphone 150, andior speaker 152,
Periphierals 108 may provide costrols or other elements Tor a user 1o inferact with vser

interface 116. For example, touchscreen 148 may provide information to users of vehicle

1



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.
[0054] Wireless commumication system 146 may wirelessly communicate with one or
more devices directly or via a communication network. For example, wireless communication
system 146 could use 3G cellular communication, such as CDMA, EVDO, GSM/GPRS, or 4G
cellular communication, such as WiMAX™ or LTE. Alternatively, wireless communication
system 146 may communicate with a wireless local area network (WLAN) using WiFi™ or
other possible connections. Wircless communication system 146 may also communicate
directly with a device using an infrared link, 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 could include public
and/or private data communications between vehicles and/or roadside stations.

[0055] Vehicle 100 may include power supply 110 for powering components. Power
supply 110 may include a rechargeable lithium-ion or lead-acid battery in some
implementations. For instance, power supply 110 may include onc or more baticrics
configured to provide electrical power. Vehicle 100 may also use other types of power
supplies. In an example implementation, power supply 110 and energy source 119 may be
integrated into a single energy source.

[0056] Vehicle 100 may also include computer system 112 to perform operations, such
as operations described therein. As such, computer system 112 may include at least one
processor 113 (which could include at least one microprocessor) operable to execute
instructions 115 stored in a non-transitory computer readable medium, such as data storage
114. In some implementations, computer system 112 may represent a plurality of computing
devices that may serve to control individual components or subsystems of vehicle 100 in a
distributed fashion.

[0057] In some implementations, data storage 114 may contain instructions 115 {e.g.,
program logic) executable by processor 113 to execute various functions of vehicle 100,
including those described above in connection with Figure 1. Data storage 114 may contain
additional instructions as well, including instructions to transmit data to, receive data from,
interact with, and/or control one or more of propulsion system 102, sensor system 104, control

system 106, and peripherals 108.
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{0658} W adidition fo- butructions FUS, dale storape 114 may store data-sech a8

roadway maps, path Infornation, among other information. Such. inforntation may be used
by vehicle 100 snd compuier system 112 during the operation of vehicle 100 in the
sutonomous, semi-auionomons, amc%r anuE! nwsdes.

{659} Vehicle 100 may include user interface 116 for providing information & or
recetving input from a user-of vehicle 100, Userinterface 116 may control or enable control
of content andfor the layout of interactive-images that could be displayed ontouchscreen 148,
Forther, user interface 116 could include one or more inputioutpul devices within the setof
peripherals 108, such as witeless: conumunication systém 146, rolichsorest 148, microphong
150, and speaker 152,

{o060] Computer systery F12 may control the function of vehisle 100 based on inputs
received from o vatious subsvsterns {e.g., propulsion system 102, seasor system 104, and

contral systent 100}, as wellas fromyuser intérface 116 Forexanipie, computer system 112

nuy utilize fopos from sensor system 104 o order to estimaie the output produced by
propulsion systemn 102 and control system 106, - Depending upon the' embodiment, computer
systemn TE could be opsrable o minaitor many aspectyof vebicle HHY @nd fis subsystems? i
stne embodiments, computer $ystem 12 sy disable someror all functions of the velicl
100 based on signals received from senisor sysiem 104,

{0061} The components of wehitle 100 could be configwmed lo work in an
intereonnested fashion with other components within or outside theirrespective systems, For
instance, 10 an exanple erabodinent, camera 130 could capture & plurality of tmages that
could represent information-aboat 2 state of an envivonment of vehicle 100 operating v an
awtonomows mode,  The state of the environment could include parameters of the voad on
which the vehicle is opefating. For exampls, somputer vision system 140 may be able'to
recopnize the slope {(grade) or other feahures based on the plurabily of tunges ofa rondway:
Additionally; the combivation of GPS 122 and the features recoguized by coviputer vision
system 140 may beused with map data stored in daty storage 114 fo-defermine specific road
parameters. Further, radar unit 126 may also provide information about the surroundings of
ihe vehicle,

W‘G&i iy other words, a combination of various sensors (which could be termed
inpuit-indication. and outpui-indication sensors) and computer System 112 could inforsct o
provide an indication of an iaput provided to control a vehicle o wn indication of the

surrensndings of & vehicle.
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{06631 - somie eimbodiments; compaier-Svatein 11 miay mnke-a determingiion shout

varions objects based on data that is provided by systems other than the radio system. For
example; vehicle 100 may have lasors or other optical sensors configured 1o sense objecis i g
figld of view of the vehicle. Computer systery P12 may uge the outpuls from the various
sensors to determing information shout objects In a field of view of the vehicle, and may
determine distance and direction information to the varioys objects. Computer system 112
may-alse detenmine whether objects are desirable or undesirable based on the outputs: from
He varions seusm s

{06 Although Figure | shows various components. of vehicle 100, is, wircless
communication system M6, computer systemn 112, data storage 114, and wser interface 116,
as bemng integrated futo the vehicle 100, one or more of these-components could be mounted
or associated separatehy from vehicle 100, For example, data siorage 114 could, in partorin
full, exisl separate front vehicle 100, Thus, vehitle 100 conld be provided in the form of
device cloments thiat mgy be located separately or together. The device elements that make
up vehicle 100 could be communicatively couplad togetber in a wired andiot wireless
fushion.

{0065 Figure 2 depicts an example physical configuration of vehicle 200, which may
represent one possible physical configuration of vehicle 100 described in reference o Figure
[, Depending on the embodiment, vehicke 200 may inclode sensor enit 202, wireless
communication system 204, radio unit 206, and camera 210, among other possible
componends.  For instance, vehicle 200 may wmclude some or all of the clements of
components deseribed i Figure [ Although vehicle 200 & depicied in Figure 2 a3 4 car,
vehicle 200 can have other configurations within examples, such as a'tnek, 8 vay, 4 semi-
trailer truck, a motorcycle, a golf cart, an off-road vehicle, or a fann vehicle, gmong other
possible-examples.

jities) Sensor unit 202 may doclude oug or wore sensors configured o capiure
infornation of the sutrounding enviropment of vehicle 200 For example, sensor unit 202
may indlude any combination of caimeras, radars, LIDARs, vénge finders, tudio devicss
{¢.g., Bluetooth® andfor 80211}, and scoustic sensors, among other possible types -of
sensors. In'some implamentations, sensor unit 202 may include one of more mo vable mounts
operable 10 adjust the orientation of stnsors in sensoranit 202, For exaniple, thie movable
mount way include a rotating plaiform that can scan sensors so a8 1o obtain information from
each direction around the vehicle 200, - The movable mount of scasor wnit 202 may alsobe

moveable it & soanning fashion within 8 pasticulsrrange of angles audfor azlmpaths.
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857} W suine-implomsniaiions, sensor gnit 203 may nthde wechanicyl shschives

that snable sensor unit 202 10 be monated stop- the ot of 3 <.  Addisohally, other
meunting focations are possible within various examples,

{0068 Wireléss communication systen 204 may have a location felative o veliicle
200 as-depicted i Figure 2, but can also have different tocations within implementations,
Wirgless communicstion system 200 may inclnde ong or more wirgless transnrittors and one
or-miore veeoivers: that ey copwnunicate with ather exiomsl or futernal devices.  For
example, wireless conymunisation system 204 may inchide ope or more -fransseivers for
communicating with a'user’s device, other vehicles, and roadway clements {g.g slgns, traffic
signals), among other possible entities.  As such, vebicke 200 may nchude one or more
vehicglar copupunicstion svstems, for Taeihitating communications, such as dedicated shori-
range. communications (DSRCO), sadie frequency idemification (RFID, and other proposed
communication standards directed fowards intelhigent transport s¥stems.

{0659) Camera 210 may have variows positions relative 10 vehiele 200, such 43 a
lovation on 2 front windshield of vebicle 200, As such, camera 210 may c:f;pmre:ﬂimages of
the-soviromment of velicle 200 AgiHostrated w Fipwe 2, comera 210 may capiure images
from & forward-looking view ‘with respect to vehicle 200, but other mounting locations
{including movable mmmts} and viewing angles of camers 210 are possible within
implementations. In some cxamples. camera 210 may correspond to one ormore visible Hght
cameras, Abernatively or addisionally, camera 210 may include infrared sensing capabilities.
Camers 210 may also inchude optics that may provide an adjustable fisld of view.

{BeTH Frgore 34 Hlostedles 4 block diagram of 2 sensing systom 380 inclading 2
coupler 306, The coupler 306 mgy be configured to conple 2 sensor wnil 304 to-a vehigls
302. The coupler 306 may enable the sensor unit 304 to be removeably voupled fo:the
veliole 302, In some oxamples; 8y previousty discussed, a wihicle may be sold as
“autonomous ready” An “autonomouy ready” vebicle may be able iy perform sulonomous
driving tunctions, but may lack some of the sensors used o perform autonnmons driving
fonictions. However, thevelicle 302 may inclhede a coupler 305 that allows a sensor.onit 304
i be Coupled to the vehicle 302 later. For example, @ person niay purchase an “suionomous
ready” vehicke and way later decide gither buy or tent & sensor unii 304 i order o provide
the ‘vehicle with sutonomoss functionality. o some examples, the coupler 306 may be g
universal, non-manulacturer specific standardived cies.igm. That 18, & sensor wunit 304 ity be

coupled to any manufacturer’s vehicle that is “aatonomous ready.”
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{0671} Hrone examples W “mgoenomonsready” vehicle 302 may nehude & controller

320 thiat-inchudes’a processor 322 and o Temory 324, The “sutonomous ready™ vehicie 302
may also chude g power supply 326 and & heat tait 328, The controfler 320-may be similar
or the same as the computer system 112 of !?igu‘m 1. The confrolier 320 may be configured
to receive sensor data from the sensor unit 304 by way of a data bus 330 that passes through
the-coupler 306, The controller 320 may be able to determine control - instructions: for
sutonomous contro! of she vehicle based at least in part on the sensor data, The controller
320 may also store soony date-snddor conlrol instractions umemony 324 In someexamples,
the gontrolier 320 may be a fully-functional controller that can perform all of the sensor
processing on 1S owa,

{0072} Additionally, the vehicle 302 may include o power supply 326, The power
supply 326 may be similar or the same as power supply 110 deseribed withs respect to Figure
1. The powersupply 326 may provide s veltage (g, 12 wvolts) that supplies power to
various conponents of the vehicle 302.  In some instances, the power supply may be
configured to provide other voltages than 12 volis. The power supply may be toupled 16 the
sensor uni 304 by way of & power bus 332 that goes through the coupler 306, Additionally,
the vehicle 302 may include s heat unit 328, The heat unit 228 may be & radiator or other
unit configured to provide cooling of various contponents of vehicle 302, In SOmE. various
exarnples, the heat unit 328 may provide cooling based on afr andior Hyuid conling. The heat
wnit 328 may be coupled to the sensor unit 304 by way of @ heat bus 334 that passes through
the coupler 306,

{873 The sensor unit 304 may coniain varioug sensors, sach as 4 LIDAR device
310, a RADAR devige 312, and other sensing devicds 314 Guch as optical, acoustic, and/or
other sensing devices) Tocaied in 8 housing 308, “The housing 308 may be configured to
couple 1 the vebiels 302 by-wayof e Coupler 308, The sensors mav be similacto thoye
deseribed througheut, The sensors may be coupled 1o the previousivadescribed data bus that
sommunicates sensor data to the controller 320 of the vehicle 302 through the voupler 306,
The sensor unit-may ako Welude 2 beat oxchanger 316, The heat exchanger 316 may Bé
configured to provide cooling 1o the various sensors wid componests of the sensor unit 304,
The heat xchanger 316 ‘thay use figuid cooling (o rémove heat from the various sensor
devices during thelr operation.  For esample, the LIDAR device 310 sudior the RADAR
device 312 may generate heat during the operation. I order o kegp the devices cool and to
prevent their failures, the hieat exchanger 316 may be able to remove heat from the device(s).

Additionally, as previeusly discussed, in prder 4o remove the accumulated heat from the
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sensor anit 304, the heatunit 328 miay be coupled 1o the seoasor w302 by way of g heat buy
that passes through the coupler 366, Hauid, air, or other substance may flow through the heat
bus 1o remove beat frons the sensor unit,

{0674 F iguz‘e. 3B illusirates @ block diagram of another sensig sysfem 380 kinchsding
3 coupler 356, In some examples, an “autonomons ready” vehicle may be able to: perform
sutonomous driving fanctions, but mav Jack both some of the sensors wsed to perform
swiopomeus diiving functions: as well @s some of the processing power fo perfonm
awlonomoeus driving fwctions. Sumilar 1o the cxample discussed with respect to Figure 3A, a
person may purchase an “autonomous ready™ vehicle 332, Howgver, the “auionomous
veady™ vehicle 352 of Figure 38 may beoa fower cost vehicle than that of Figure 3A. The
towercost “autonomous ready” vehicle 352 iy hot ave sufficient processing capabibities
for autonomous driving caloutations. Thus, the controller 370 may not be able to make the
determinations fequited hased On sensor dafa to Jutomoriously drive the vehicle, However,
thie controlier 370 and processor 372 may be able 1o perfotm some Control functions of the
vehicle,

{0075] Simalar 4o vehicke 302 of Figure 34, the vebigle 352 may inclade a coupler
356 that allows othier devices 1o be coupled tr the veligle 352 later. For exanyle, o person
may purchase the “autononous rmii}“”" vehicle 352 and luter devide to either buy or rent'a
sensor unit 304 o provide the vehicle wilth awtonomous Funcosalitv. As previously
discnssed, the coupler 356 may be 3 universal, nonemanufactuver specific standardized
desipn. That is, 4 seasor unit 304 may be coupled 1o any manafieturer’s vehicle that i3
“agtontmcus ready.”

{0876} To order to provide autonomous vehicle control, sensing svstem 350 may
include & conversion unit 354, The conversion wnit 354 mav conpie 1o the vehicle 352 by
way-of coupler 350 and o the sensor unif 308 by way of coupler 358 1o some further
sxamples, the conversion nit 354 may be integrated within the sensor unit 304 and the
soupler 358 may he omitted.

{77y The conversion anit 354 may perform several functions © conblo the vehicle
353 1o perfornt avtonomous driving funcions. In some examples, the conversion unit 354
may nchude 2 provessor 362, The processor 363 may be configured o recsive the sensor
data from the data bus of the sensor unit. “The processor 362 may alse receive data from the
controller 370 of the vehicle 352, The controller 370 may communieate signals related to the
vehiole 352 to the processor 362, The controller 370 may be.in coounenication andior

provide. s connection 1o g control bus of the vebicle 352 1o the processor 362, The busof the
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vehicle 352 ey be g Contreller Arda Notwork {CANY bus in commanicativn with 1 on-
board. vehicle diagnostic (OBDY system. The CAN bus may enable vavious units of the
vehicle 352 to comnwumicate with cach other. In some other examples, the comnwinication
bus may be a bus other than a CAN bus.

{678) The processor 362 may be able to interpret sensor data from sensor unit 304
gnd vehicle data from vehicle 352 to determine g control scheme for the sutonomous
opergtion of the vehicle 352, The processor 362 may further be able o determine control
signals for the vehicle 352, The processor 302 may commusnicate (e control signals o the
conptrolier 370 of the vehicle 332 in order to autonomously operater the vehicle 332,
Therefore, the processor 362 6f the conversion nnit 334 may perform autonomous driving
caleulations that would otherwise be performed by @ provessing vait of 1 vehicle. Thus, the
processor 362 may be able o tap. intp the CAN bus {or other data bus) of the vehicls
provide alfonomous opeation.

{0079 The conversion unit 334 may 8150 contain 2 power converter 364, The power
converier 364 may be able to convert & vehicle voliage to obe or more voltages 1o power the
various compotents of the sensor unit 304, The povwer converior 364 may receive ong or
mere voltages from the vehicle 352 and vonvert them 16 oneror move cutput voliages tov the
sensor unt 304.

{0688} Figure 4& depicts a physical configuration of a vehicle #(HL. The vehicle 400
Ay have & sensor aait 402 coupled 1w the top of the vehicle. The vehicle 900 may also have
& coupler 404 that couples the sensor unit 402 and the vehicle 400. Figure 4B depicts a
physical configuration of & velicle 450, The vehicle 450 may have g sensorundt 452 coupled
0 a conversion anit 456 by way of & first coupler 434, "The conversion unit: 456 mav b
coupled to the top of the vehicle 450 by s conpler 456,

L Inline-with thesdisenssion above, tader systonms may be arranged in vatious
ways.and may nclude one or more radar sensors. Bach radar sensor deseribed heteln riny be
goupled to or otherwise motnted on » vehicle at a variety of locations, including but not
fmited 10, 2 Toof of the vehicle, hehind a hegdlight, in front ofa heudlight, o'y side mirfor,
niear the bottom of the windshueld, co-located with abother sensor (e.g., coupled 1o another
sensord, on top of the trunkon e houd, ona bumper, on'a hood oftament, and'or proximate
o a license plate. In scng implementations, 8 piven radar sensor may be nwunted At 8
location in an interior of the vehicle, such as the dashboard of the velicle. The following
figures ilhustrate representative examples of velicle radarsysteras, radar sensor lovcations, and

radar system usage.



CA 03076834 2020~03-23

WO 2019/060524 PCT/US2018/051911
{00821 Figare 3 ilostrates an-example scenarioof a vehicle 500 using 8 radar system

502, Radar system 502 represents an eXample vehicle radar system, such as RADAR device
312 shown in Figure 3A, or one or more tadar sensors ichuded in sensor unit 202 shown in
Figure 20 As such, vadar syaten 502 ay inclade the varfons components described berein
sreanged o obtain measurements of the surrounding environment.

0683} Vehicle 500 may in some scenarios opeedie In an amtonomous mode,  As
vehicle 300 ngvigates the environment, wadar system 302 may trassmit and receive wadar
signals that provide imeasurements of o sarrounding sreas nearby vehicle 300, As o resuli,
radar system S42 may enable & computing system. of vehicle 500 10 utilize the radar daw o
determine g position of road elements {e.g, curh, medians) andfor other objocts relative 1o a
position of vehicle: 500,  For example, radar system 502 mway capture snd provide
measurements. that detect other. vehicles fe.g., vehicle 5043, signs, cyelists, pedestrians, and
wraffic signals, among other possible objects. In paeticular, ag shown in Figure 5, a computing
System gy receive mepsurements from radar system 502 that indicates the presence of
another vehicle 504 located in long range coverage sections covering ageas positioned refative
0 vihicle SO

{0084 to - further implementations, radar-systent:502 may detect multiple velicles. o
other types of objects at the same time. A computing system of vehicle SO0 may detetmine
control operations for vehicle: SO0 ‘based on measurements - from radar systeny S02 and
possibily other sensors that indicate the presence of nearby ‘ohjexts. In some insiance, the
computing system may develop future navigation operations for vehicle 500 based on
detecting objects in the-distance using mdar signals from radar systen 502,

{0085] Puring the operation of radar systemy 302, the radar system 302 may have four

different receive beams. 3H6A-5061). These beams thay be configured to rotate 508 either

clockwise or conterclodiowdse.  While the beams rotale, the may Be able to receive raday

object 518 {e.g., o stop sign}. In some Ruther examples, the radar system 302 may also be
contigured to transoit an onmidirestiona! radar sigel. 1n some tostadces, it may be desirghle
i ransant with a single omnidirectionsd radar signal and receive radar signaly with four
differant radar wnits in order to minimize hardware requirements. Some Sxample vadar chips
may include one transmission chawel and four reception channels. Thevefore, a single radar
chip could perform the transmission and reception in this instance.

{0886) The omuidirectional radar signal may rellect off various objects and be

wogived by the radar unit by way of recetve beams S06A-506D. In some other axamples,

19
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receive boams J06A-SO6D may alsd répresent transmitheams-as well. o some examples, the
radar system 502 may transimit multiple narrow beams, instead of an omnidirectional heam.
Tn yet some further examples, the radar system could generally have multiple onmidirsctional
transmissions . antennas dispersed sg}miaiiy By ym:s%&éng ‘@ spasial separation hetween
omnidirectional transmission elements, the radar systam may be able to provide sufficient
information 1o separate azimuth and Doppler coupling.  As previously discussed, separating
the azimwth and Doppler coupling could he beneficial for both Synthetic Aperture Radar
{SAR} and Moving Target Indication (M TT) operating modes.

{0087 Figure 6 illusteates an example scenario of & veliicle 600 using a radar system
602, Vehicle 600 may operate in an autonomos mode.

{DO8R] Radar svatorn 602 represents an example vehicle radar svstern, such a8 radar
system $02 shown in Figure 5, RADAR device 312 shown in Figure JA or one or more radar
sepsors incloded.in sénsor unit 202 shown in Frouee. 2. As such, Tadas system 502 may
triclude the various compiments ‘deseribed hereln arranged 1o dbisin measuroments of the
surrmmding environment,  Porther, vadac system 602 may be configured 1w pe;rﬁam
opsrations sionthar oridentical to thatof radar svstem 502 discussed ahove.

{089y Radar system 602 may inclinde ot Jeast two radar sensors; such as radar sensors
504 and 606, Rack of radar sensors 804 and 606 may be located at a respective distance from
a geomattic centerline 607 of the vehicle. For cxample, as shown, radar sensors 684 and 606

may be equidistant from the geometric centertine 607,

{0690] During operstion-of radar system 602, radar sensor604 may have Seld of view
08 and radar sensor 606 may have field of view 610 Fach of these felds of view may

correspond 1.2 reglon of the evvitonment over which & respective tadar sensor may send and
tebeive signals toacqiire radar data and thereby detect objects. In other implementations,
these figlds of view mav not be Hmited to regions & front of the vehicle andfor may be
expapded or'scaled down, Further, in some huplementations, radar svstem 602 may b a
somponent of a Iarger sinsor undt that yight include one or-mave cameras and/or other types
of sensors. The radar system 602 and these other sensors may thus work in conjunciion to
acquire  environmient dals, detect scatterers i the eovironment, and facilitate vehicle
operation

{0091} i the scenario Hustrated in Figure &, velicle 600 may use radar systen: 602 to
obtain radar data representative of various objects (e g, scatterers) in the environment, For

example, o shown, scatterer 612 may be Jocated within field of view 608 and scatterer 614
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may e docated within field of views 610, Farther, scateter 618 may be Iocared pactially
within fleld of view 610,

{08924 Figure 7 4¢ & flowchart of an example method 200 for vehicle velocity
caleulation using radar wehnology. Method ?i}ﬁ“r'e}u'esmw an example method that may
include one or more operations, functions, or actions, as depicted by one or more of blocks
702, 704, 706, 708, and 710, each of which may be caried out by any of the systems shown
in Figures §, 2,34, 38, 4, 5, and 6, swong other possible systemss.  Those skilled in the axt
veill anderstand that the feowchart described herein tlusiraies functionality and opesation of
oErsin implementations of the presebt disclozure. Tn this vegard, each block of the flowchar
may represent a modoke, 1 segment, or g portion of program code, which inchudes oneor
more inshuctions execoiable by one or more processors for implementing specific logical
functionsor steps in the process. The program code may be-siored o any type of computer
readable medivgy, for example, such 8% 3 storage device including & digk oy hard drive.

{0693 In addition, each block may represent clrouitty that i wired 10 perforin the
specific fogical functions in the process. Aliemative implementations are included within the
scope of the example wnplanentatons of the present application in which finctions may be
executed out of order from hat shown or discnssed, mcluding subistantislly concnrrent orin
reverse owder, depending on the fumctionality tnvolved, a5 would be understood by those
reasoiably shilfed 0 the wrb In examples, o conpiting sysiem may caose a syl do
perform oneor more blocks of methed 70k

{0094] At block 702, method 700 includes while an astonomous vehicleis moving on
a road, receiving, from iwo or more radar sensors mounted at different locations on the

autonotyous vehicte, tadar data representative of & pliysical environment of he autonoinons

vehicle.
{0895] As poted above, each of the two-or more radar sensors oy be mounted aba
variety of possible Jocations mside or outside the vebicle, such as a roof of the vehicle, the

dashbonrd, behind a headlipht, otc,

HEIRTY In some implementations, the radar data may melade Doppler moeasurenients,
or other types of measurements, Captured in at least ope frame. Herewn, & “frane™ may refer
to st interval of Bme over which @ given one or mone radar sensors aoquire sadar data. In
stane implenentations, the rasdar date may inchide radar dasa acquired over twoor miorg
conseeative frames.. For instance, avadar sensor may scquire radar data over two consecative
intervals; each 130 milliseconils {m3) in.duration. in other implementations, the radar data

may inchude radar data acquired over two or move poncisecutive frames.
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{08974 Frethet, 1 some iniplementations; the radar dats may wnclude messuteinents

{Doppler, or ancther type) acquired simultancously by the two or more tadar sensors.
Additionally or sliematively, the rader data may include mensarements goquired by the two
or more sadar senvors af different pointy in time.

{0698] In some implementations, the radar dats may take the form of, or be processed
by the vehicle system to produce, a range-Doppler map having one axis representing object
distance from the radar sensor, and another gxis representing Doppler measumaments,

{0699] At block 704, method 700 includes based on the vadar date, detecting ai Teast
one seattersy present in the environment.

{B108{ I some implementations, the act of detecting the at least one scatterer present
i the environment may invelve processing the radar data to isolate the at Jeast one scatterer
from a remainder of the radar datg, To facilitate this o practice, the vebicle systsm may
implement & variety of different techmiques, some of which may be used to classify scatterers
it the radar data as stationpry ‘o nonsstationary.  For example, the vehicle systen biay
chussify’ scatierers a8 stationary or now-stationary wsing an expectation masinnzation
pleorithn,. Otherexamples are possible agwell.

{0101} At block 708, method 700 includes naking a determination of & likelihond
that the at least one scatterer s stationary with respect to the astonomous vehicle.

102} In some implementations. the act of making the determination of the
likelitood that e at lesst one scattersy s stationary with respect to the vehicle based on the
sadar data may imvelve making an sbsolute deternuination {e.g., 2 binavy determnation
without considerimy & level of confidence} that the at least one scattersr iy stationary with
respect 1o the vehicle. Inother embodiments, that act gy hvolve deferininiag whether the
at least one scatterer is siaticnaiy on g confidence Iovel basis. For instance, for a given
seatterer candidate; the vehick gvsiem may beé-confivured o determine a-contidence level
indicative of Tow likely it s that the svatierer v stalionary with respeet 1o the vehicle
Heredn, a scaftersr that bas been determined in absolute to'be stationary, or detemined 1o be

stationary with o threshold high confidence level, may be reforred 1o 28 2 “shanonary

scatterer.”
{0103} The vehicle system may be configured to ditermine such o confidence lovel

for a piven scatterer based om various factors.  In some implementations, for instance, the
vehicle systent may take fute account image data received from at least one camera mounted
o the vehicle when deternsining the confidence Tevel for whether the scatterer Is Stationary.

Forexample, the vehicle systom may be configured o identify an object In an image or series
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of tnbes captured by d-eamerg, and wmay have sored information indiciiing that theubiectiy
typically a stationary object or d non-stationary object. As & more particular example, the
vehicle systent may determing with a particular confidence fevel that an obigct in an image is
2 stop sign, which the vehiclk system:may detenmine 10 be 3 stationary object. 4s another
particular example, the vehicle system may determine with a particular confidence level that
gn-object inan. image is a4 car, but.might not necessarily determine with: threshold high
confidence-{e.g., confidence greater than a predefined thresholdool 75, on a seale of O to 100y
thiat the car is stationary ornot, Other examples ave pussible as well,

{0104 Additionstly or sliernatively, in spime iniplementations, the vehicle system
wigy take tto ateount optical data received from at least one LIDAR semsor mounted on the
vehicle when defermining the confidence level for whether the scaterer is statiomary.  For
exdample; 8t Jeast ong LIDAR sensor may be configured fouse uliravielel, visible, or infraved
Hght &t vanious wavelengths 1o image scatterersin the covircument,  Different types of
seattering may be used for different LIDAR applications: Purther, seitable combinations of
wavelengihs can alfow for ressote mapping of objects by looking for wavelength-dependent
changes inantensity of reflebied sipnals, Sl further, three-dimensional (3D} imaging may
be achieved using both scanning and mrm»samnﬁngI'I.\H;)AR. systemis to produce 33D point
cloud, whith & LIDAR it of the vehicle systerm miay then output ss a data file. The poinm
clowd can then be used to identify and visualize scatterers in the emvironment. In some
seenanos, the vehicle systom may anglvze the ";gmim cloud and determing {perhaps with a
given confidence level) whether an identified scatterer in the envirenment is stationary or noi,
possibly-by referring o stored Information that might indicate whether the identified scatterer
iy typicatly stationany: Other examples ave possible aswell,

[0105] Additionally or alternatively, in some implementations, the vehicle system
may take intn account predefined mep data when defermining the confidence level for
whether the scatterer is $tatiopary, The predefined map data voay teke the form of 4 map
sccessible by the vehiole systeny, For instanes, the vehicle system may downlopd an updated
map {Ton & served or may alveady have stofed such g map. o any ovent, the predefined map
data may inchude a keown location of the scatterer,  Ib some examples; the predefined map
data may further inchide an indication of 'whether the scattersr is & typeol suatiorer that i3
typically stationary ornot. Farthermore, the vehick system muay vefer o the predefined map
data to determine whether the scatierer is stationary, Tnother example, the vehicle system

may have aceess to twe different maps with two ditferent Ume stamps, and ey compare the

2
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two 1o determine whather the scatterer has moved or not.  Other examples gre passible as
well,

{0106] fn sonte implementations, the vehicle systom may toke into avconnt remote
assistante data when detaﬂni{ﬁng the vonfidence level for whether the scattsrer 1§ stationary.
For example, the vehicle systen may transmiy, to a computing device of a-remote assistance
hurman operator, 8 secorded fmage or video of the seatterer, a8 well as a reguest prompiing the
hurpan operator 1o view the image ot video and determine whether the scatterer is stationary.
If the vehicle sysiem then vecsives from the computing deviee yemute assistanee data
indicating the human operator’s threshokd high Yevel of confidence, for instance, the vehicle
systern may responsively increase the confidence level for the scattersr, perhaps o be gboves
predefined confidence threshold (e.g., predefined threshold of 90, on g scale of 0 1o 100, On
the other hand, it the vehicle system recetves from the computing device remote assistance
daty indicating the human operaior’s tweshold fow level of confidence (g, a vontfidense
tevel below a predefined threshiold), the vihicle system may responsively decrease the
confidence fevel for the scattersr, or perhups leave the confidence level unchanged,

{0507] {ither technigques and considerations may also be used o determine the
confidence levet for wheths the soatterer fs stationary, in addition o or altematively to those
described sbove. Variations of the technigues desoribed above are possible as well.

{0108} In some implementations, the act of moking the determination of the
tkelibood that the st lesst one scattersy 1o stationary with respect to the vehicle based on'the
radar data may fnvolve making the determunation based on Doppler messurements v a single
frmme of the radar data. Forexamiple, 1he vebicke svstem mav-detect oneor- two scatterers
having the same Doppler méeasutements, and may responsively determing that the one o two
scatterers are stationary. Alternatively, that act may involve making the determination based
on Doppler measurements intwo or more frames of the radar dats, sither consecutive frames
or nos-consecative framey,  For exarsple, afler range-Dopplér compression a coraparison of
the phase in the ovtput of matched filter / between successive frames, or CPIs. 8o long as the
radar tscoherent phase ot the output of the matched filiérs v -stable (e, nd-change in phase
of the return of the scatterer) if the sveneis constant.  Therefore, if phase changes, then the
seene has changed. By way of example, even millimsters of ‘motion may rigger such-a
detertor..

{01109 In iplementations where the radar data includes Doppler sensurerints i
two {Or more} consecutive frames ‘and the Doppler measurements: dre estimated o be

sssociated with st least one scanierer, the vehicle system may be configured to consider
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differeheds. or a fack of differences, betwieep the Doppler nisaswrenieits it the Consecutive
frames to determine. information ahout the’ scafterer(s) in the enviromment, such as the
tiketihood that the scatterer(s) are stationary with respect to the vehicle In addition, the
vihicles systern may consider this 1o ps:’:fizzi;}i; determine information’ sbout the vehicle’s
movement. I the vehicle iy stationary, for instance, stationary scatterers may have the satme
(or approximately the same, ¢.¢., within a predefined threshold value of each other) Doppler
messurenienis between fwo or more couseeutive frames ~ namely, 2 Doppler measurements
of zero: or approsimalely zere. On the other hand, i the veliele 15 mwving, stationary
scatterers may have the same (o7 approximately the same) pon-zere Doppler measurements
between two or more consecuiive frames, sod the som-zero Doppler measurements mgy
approximately represent the veloeity of the velicle.

1o} Accordingly, the act of the vehicle system miaking the determination of the
fiketihood that the at lesst one scaligrer is-stationary with respedt to the vehicle hased on the
Doppler measurenients i the two conisecutive frames may involve thy vehicle svsten naking
8 determination that a change in the Doppler measurerents between the two: tonseoutive
franies is lesy than (or equalto}s predefingd thrsshold (e Iess than 8 Dioppler mcasurenent
of 1) 1f the change is Jess than a predefined thveshold, the vebicle system may detetming
with a threshold high confidence, or make ap-absolute deterpungtion, that the at beust one
scattererds. stationary with respeottosthe vebicle.  Whereas, ithe changs is gregder thanthe
predefined threshold, the vehivle system may determine with a threshold high confidence, or
make an absolute determination, that the at least obe scatierer i not stationary with respect to
the-wehicle;

{0111} In some examples, the vehicle svstem may defermine a change in the
magnitude and phase of the scatierer-assotiated chitter in the twin consecutive fiames of the
radar-data, and if the-sispnitude and phase are both ¢onglant {or appoximately-constant)
between the two cotssecutive Trames, the vebicle system may deternvine that the scatlerer'is
stationary. Other-examplss are possible as well,

{0112} o some implementgtions, the vehicle system may be configured o determine
ihedikelibood that & scatterer is stationary with respect to the vehicle based on a consideration
of ﬂnppier rSastrEments i twe or more non-consceutive frames, For éxample, the vehiele
may determine the likelihood based on two Doppler measursinents made within a predeiined
threshold time of each other (e.g, within ) %&Uﬂd‘»} bt that wers wiot ntzcﬁ%miiy' in
conseculive: frames.  As an example of how the the vehicle system may consider nion-

ropsecutive frames, the vohicle system may detaomine the Hkelihood based on 2

1253
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constdertion of the Doppler measuremenis i every a-th frame tn g sliding window fashion,
where a'is greater thaw one {e.g . evary Tourth frame). - Other examples are possible as-well.
{0113 At block 708, method 700 includes in response to the lkelthood being ot least
equal to a predefined confidence thrashold, caloulating 3 velocity of the agtonomwous vehicle
based on the radar data from the two or mors radar sensors, where the caleulsted velocity
comprises an angular velocity and a linesr velocty,

{0114) In some implementations, with vegard fo 2 single radar senser, the chater
associated with & statiovary seattorer may Bl along e manifold that s based on{iia Doppler
measursanent of the sesiterer, (i a veloclty of the radar sensor, and (Hi) a pusition of the
scatterer yelative to the sadar sensar (8 g, a distance from the radar seasor to the scatierer in
the environment),. For example, such clutter may fall along a manifold defined by Equation
1, where o 3¢ the Doppler measurement of the scatterer, v is the velocly of the radar senser,
and p, is the position of the scatterer relative o the radar sensor.  The veloeity and position

dre vectors in Bguation §, which inclades g dot product

oY ,,MEL ™ v 5 s
d Y o Eguation (1)
{8115} Equation 1 may result in @ sintsoidal variation of Doppler with an angle

hetween the velogity vecior and the scaiterer target srimuth.  Other exsmple equations are
possible as well. The vebigle system locating o stationsry scatterer mantfold may allow the
sadar sensor 1o determine ait instantaneous veloity of the radar sensor relative to e
ehvironment,

{116} I some mplementations, the act of calpulating the veloeity of the vehicle may
wnvolve comparing the respective velociies of the (96 oy move fadar “sensors and then
caloulating the velocity based on the comparison. One reason for doing this, Tor instance,
may be bevause each radar sensor may be moving at & respective difterent linear velogity
depending on whether the vehicle s turning lelt or right! By way of example, if thevehucle is
turning left, @ radar sensor miounted o the right side of the vehicle may be moving with a
greater Bagar velocity than'a radar sensor mownted near a geemetrie centerhingof the vehicle,
which in turnomay be moving with & geeater Hoeae velogity than a rader seasor mounted on
the Jel side of the vehicle, Further, i the velicle ivturning vight, & radar sensor mounted on
the feft side of the vehicle aay be moviag with 2 greater Hnear velocity than a radar sensor
mounted near a geomelric centerline of the vehicle, which in turn may be moving. with-a
greater linear velocity than a radar sensor mounted on the right side of the vehicle, By

comtrast, the Tespective angudar velocitles of cach sensor may be the same, regardiess of
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whith direction the vehicle is fining, a8 the sengors dre moebntgd to the structure of the
vehicle that is trning at the angular veloelty.

{017 in some implementations, the act of caleulating the velocity based on g
comparison of the respective velocities of the tive or more radar sensors: may involye
computing the Hnear velocity of the vehicle to be an average of the respective linear
velocities of the two or more radar sensors,

{118 In sn example, before receiving the radar data, and while the wehicle is
moving on the road, the vehicle system may cavse at least a fivst and second vadar sensor to
aequirs first and second mdar data, fespectively; which 1pay together comprise the radur data
recetved a8 pofed with regard o block 702, Inosuch implementations, the act of caleylating

the velocity of the vehicle based on the mdar data from the twoor more radar sensors muy

involve (1) calcolating a first velocity based on the first radar data, (8} caloulmting 8 second
vtooity based on the sevond radar date, and (1) caloudating o thind velociy based onthe fiest
and soeond velocities. In this example, calgulating the thind velogity based on the first and
second velocities may volve averaging the fivst and second velovities.

0119 1t sone implementations, the vehicle system may caloulate the Jinear velocity
of the “vehicle and the angular veloeity of the vehicle based on av least:two Doppler
measurements,  For example, the Doppler messurements may. mclude a first Doppler
measurement of a first stationary seatterer with respect fo-a fiest radar sensor moanted on the
vehicle, and 2 second Doppler measurement of o seeond, different stationary scatterer with
respect 1o a second vadar sepsormoennted on thervehicle st o different location than the First
vadar sepsor. oo another exgmple, the Doppler sipamwenionts mad alsy inclode & fhird
Doppler measurement of & third stationary scatterer, different from the first and seeond
stationary scatterers, with respect to a third radar sensor mounted on the vehicle at a different
tocation than the first and second radar sensors. In other examples, the at least two Doppler
measurements may include at lesst two Doppler measuramenty of the same stationary
scatierar, which may occur when the statlonary seatterer falls within éach of the at least two
risdar sensors” flelds of view, QOthor exXamples ars possibde g8 well,

{01204 A a panticular example, referring back to Figure 6, the vehicle system may
determine with a threshold high Bkelihood fe.g.. a confidenve fevel that miets of sxceeds the
predefined confidence: throshold) b spatterers 812 and 614 are statiomary, but may
determing with a thweshold low likelihood (e,,,fg;, a confidence level that is below the
predefined confidence threshokl) that scatterer 610 Is stattonary (e, scatterer 616 18

moving). For instance, scabisrer 616 may be g podestrian walking across the road. Futthey,
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the vadwr-data may include 4 fivst Doppler messurement of scatterer 612 with respect to radat
sensor 604, as.well as g second Doppler meastrament of scatterer 614 with respect o radar
sensor 606, The vehicle system may thus calenlate the finsar velocity of the vehicle sndior
the angular ’V@if}ckit}" of the vehicle based on the first and second Doppler measurernents.
{1121} In some implementations, the vehicle system may caleulate the lingar velocity
of the vehicle and the angelar velocity of the vekicly further based on respective positions of
the two grmore radar sensors from a geomelic centerline of the vehicle, such as based on {1}
a firstdistance from a first sensor to the geowettic conterhine and {1 a second distance from
a secoid sensor 1o the geometric centerline. In addition, the vehicle systeininay calpulare the
fincar velocity of the vehicle and the angular velocity of the vehicle further based on (1)
vespective. posittons: of twe or wmore stationaty scatierers relative 1o the vebicle {eg.
respective. distances . from twi or more stationary scatierers to the vehicls) andior (i) a
pusition of a single stationary scatterer relative to-the velucle {(€g., adistance from the single
Stationary scatierer fo the vehigle),

{6122} Furtherinote, in' these of other implementations disoussed above, the clutter
sssociated with a sationary scattecermoy Tall alongwmanitold defined by Equation:2, which
may be defined with respect to the geometric centerline of the vehicle. 'In Bquation 2, ¢ is the
Doppler messurement with respect to.a given radar seosor of the two or more radar sensors,
v 15 the lnear velocity of the vehicle, o is the angular veloeity of the vehicle, p. i3 the
position of the given mdar sensor relative 1o the geometric venterling of the vehicle, and p, is

the position of the scatferer relative to the grven radar sensor:

d= =+ w0 X p,) o
{ & Fr) |pel
guation {2}
{1231 In these implementations, given two different Doppler mcasurements, the

vehicle sysiem ey caloulate the hoear veloclty anddor the angular velocity of the velacle,
periaps using Exguation 2, or perliaps using a ditferent type o squation.

{p124] in 3535}385~~i’!’ﬁ{}?@t‘!‘iﬁi‘itﬁ{iﬁ“ﬂ5,, the act of calculating the wvelocity based on a
comparison of the respective velocities of the two or mose radar sensors oy mvolve using a
maximum likelihood estivator {MUE) shat i configured to iteratively determine the myost
likely values for the Bnear velogity of the vehicle audior the angular velocity of the vehicle,
hased on the radar data (e, various Doppler measurements). from-the two or more mdar

semsors,  For example, the vehicle sysiem may use the MLE, two different Doppler

2
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measrements, and Equation 2+t Berdtively defermine the mosthikely Hinear velodily snd
angular velogity.

{0125 Mursover, in some implementations the lingar velocity andior angular velocity
may be calealated with higher accuracy xséing radar data ;.i«:quitszi from thiee or move vadar
SEHSOLS.

{0126} In some implememations, the vehicle system muwy vecelve information
including 1) sn indication that one or more of the velovity of the vehicle 5 sbove a
predefined velocity threshold (.., 1 meters per second (wis iy andior (1) an indication that 3
stecring angle of the vehicle is pbove a predefined angle threshold (o.g., 459, In such
inmplementations, the act of Caleulating the ve}écﬂ}; of the vehicle may be performed in
response fo receiving thiy information,

{127 Al block 719, method 700 inchudes controlling the aufosomous vehicle based
o the calculated velogcity,

{0128} In some implementations, the sct of controfling the vehivle based ‘oh the
calenlated velocity may involve causing & moverient modale of the velicle sysiem 0 adjusta
Hnear velooiy of the vehicle, The moveinent module may fake the forny of dn oty that
receives signals from vations movement devices snch as the IMU aud that also manages
processing of movement data, such as gyroseope and accelerometer teadings.  Such.a
moverment module miay inchede the IMLL or may be-sepurate from bul commimicatively
linked to the ML Further, the act of causing the movement module 1o adjust the linear
velopity may- invelve cousing the movement module tov increase or deorease the Haoear
vetocity of the valicle.

{01294 Additionally or alternatively, the act of controlling the vehicle based on the
calculated velocity may involve causing & movement module of the vehicle system 1o adiust a
steering angle of the vehivle, sueh asby inorasing ordécreasing the current steerving-angle of
the vahicle:

j0139] Additionally oralternatively, the act of contrelling: the vehicke hased on the
caléolated velodity may mvolve providing, .on a display mounied on g tnferior of thevehiele,
an’ indication of ong or mwore of the chlcalated angular velocity and the caloulated Haear
velocity ‘of the vehicle. For instance; the vehicle system may display to the user, viaa
graphival wser interface andfor & spesdomeres, @ visual indication of the valculated angular
andéor Tingar velocity:

3] The act of controlling ihe vehicle based on the caloulated velocity may involye

other operations as well, additionally or alternatively to those described above.

o3
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{03324 Figure 88 o fowchart of an example method 800 for vehivls motion detection

usiy radar techiology. Method R0 represents an example methed that way include one or
mare opsrations, functions, or actions, gs-depicted by one or more of blocks 802, 404, 206,
RO, and 8’%0, sach of which may be carried out by any of the systers shown in Figures 1, 2,
3A, 3B, 4, 5, and 6, among other possible systems. Those skilled 1 the art will understand
that the flowchart described berein illustrates funciionality and operation of certain
tmplementations of the prosent disclosure.  In this regard, vach block of the flowchart may
represent a modals; & segroent, or - portion of program vods, which eludes one o more
instructions executable by one oramors processors: for implementing speeific logical funstions
ot $teps in the process. The program code may be stored onoany type of compuier readable

medium, for examypte. such as a storsge device inelading a disk o hard duive,

10133) In addition, each block may. represent cirenitry that is wived 10 perform the
specific Jogical functiony in the progess. Allernative implementstiony are included within the

seope of the example implementations of the present application {n which fimetions may be
executed out of order from that shown or disoussed, including substantially conturrent or in
reverse order, depoding o the functionality fnvolved, as would by undersiood by these
veasonably skifled dn the art. Tn examples, a Compuiing systenn may Capse 4 systeni 10
perform one or more blocks of method 800,

{134} Al block 802, method 800 inclhudes receiving, from a radar sensor mownted on
an autonomons vebicle, radar data represemtative: of 3 physical envirenment of the
sutenomons vehicle,

{B135] At block 804, method 800 includes based on the radar data, detecting at Ieast
ong scatterer prosent i the envivonment. Theact of detecting the at Jeast one scatierer based
on the radar data may involve any one or more of the same operations disoussed above with
regard to block 704 of method 700,

{0136] At block 806, method 300 ingludes muking 3 determination of & likelibood
that the at least one scatierer s stationary with respeet fo the autonomeous vehicle, Theact of
making the detetmingtion of the likelihond thatdic at least one suatierer 1§ stationary with
respect to- the autonomous vebicle may mwvolve any one or more ‘of the sane operations
discussed above with regaid to block 706 of method 700,

{01374 For example, the vehicle system nwy be configured jo use s single frame of
Doppler measurentonts estimated to be associsted with the at least one scatterer to determine
the likelihood that the at least one seatterer is stationary. I another exarapli; the velicle

system may be configured 1o use two or more consecutive or non-conserutive frames {e.g.,

EE
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evary n-th Trame, where 2 is greater than ong} to determtine the likelthood that the af least one
scatterer is stationary. In particutar, if the at least ove scatterey is stationary, Doppler
ineasorements that are sstimated to be associated with the ot least oie seatterar tay be the
sdfme bebween tworor more frames of the radar data,

{1 38) At block 808, method 340 includes based on'the determination being that the
tikelihood 15 at Teast equal 10 2 predefined confidence theeshold, defermining an indication
ihat the autononwous vehicle is stationary.

{0139} The-act of determining that the Tikelihood i3 at least equal to the pradefined
confidence threshold may be involve any ong of more of the same opsrations discussed above
with regard to block 706 andfor hock 708 of methad 700, For instance, using the vadar datg,
and perhaps one or more of the ofher considerations discussed shove (s.g, tnage data,
predefined map data), the vehicle systern may detersing with 8 threshold bigh confidence
{£.g.. & confidenge levelasbove a pradefined threshold of 85 out of 100} thay a pivén seatierer
ts stationary.

{014 Further, in bne with fhe discussion above, the wehicle gysfem may be
configured {o comsider ditferences between the Boppler medsulements in WO oF mofe
constoutive or nomsconsecutive frames tn order fo deterntine fnformution about the vehiele's
movement.. For example, if the vehicle is stationary, stationary scatterers may have the same
{orapproximately the same) Doppler measurements among at least one frame, sechias {iy twe
or mere-consesutive frames andior (i) ‘every rath frame; wheve s is grester than one In

particular, the stationary scatterers may have Doppler measurements of zevo or approximately

ZEE0.
{0141} Therefore, when the vehicle system has determinegd that the likelihood that the

at least one scatterer is stationary is-at feast equal to 3 predefined confidence threshold, the
veltole system may englyze Dopplerdneasurenients in siwliple Bames of the radgr datato
facilitate high-accuracy movement detection.  For instance, if the vehicle is Stationary,
stationary scatterers may have a Doppler monsurement of zero o7 gpproximately zero, and
thus, if the vebicle remuins SiatHODRTY OVer two. of more frwipes, the Doppler measirernent
will remain at zero. or approximately »ero, or may change o tn extent that is below a
predefined change threshold, In response o this ocouning, the vehiols systam may determing
that the vehicle is stationwry. -On the other hand, if the vehicle moves gven & smalt amount
(g, approximately 1 millimeter or less} over two or more frames, the vehicly system may
defect: 3 changg W vanous parameters associated. with 2 stetionary acatterer, such as the

magnitude and phase of scattersy-associated clutter in the radar data. o some examples, the
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vehicle svstevn gty bave a pradefingd change threshold that 8 set low (e, achange of 8.3)
e that when fhe vehicle mioves a small amount, the vehicle system may detect that the
change exceeds the predefined change thteshald, and theveby determing that the vebicle is not
stationary.

{1H42] The indication that the vehicle is stationary may take varions forms. In some
tmplementations, the act of deterraining the indication that the vehicle s stationary may
tnvolve storing in mestory an indication {e.g, @ flag) that the vehicle ix stationary.
Additionally or alternatively, the act wmay involve fansmitting, o the movement module of
the vehivle systam or other component of the vehicle system, the indication that the vehicle is
stationary.

{0143} Additionally or alternatively, the st may invelve providing in the iterior of
the vehicte a visnal indication that the vehicle is stationary, such as &g iluminatinga fight or
providing lext on g display soreen. Additionally or altematively, In some scenarios, such a8
when the vehicle S stationary and in park, the act may involve the vebicle system performing
a}ii‘ger actions, such as anlocking the doors' © the vehitle or tuming off / dimming the
hreadlichts of the vehick: Otherexamples are possiblegs well

{0144} These and other methods of determiving the indication may occur after or it

conjunction with the vebicle systern determinmg that the vehicle is statipnary haged on the

vadat data.
jU145] In spme implementations, the veliicle system may Teeive an indication that

velopity of the vehicke is helow 2 predefined velocity threshold. In such implementations, the
vehicle svstem may perform act of determining the indication that the vehicle i siationary in
fespovse o recaiving the indication that the velocity of the vehicle is bafow the pradefined
velocity threshold. For sxample, if the vehicle systom detecis that the velocity of the vehicle
has-dropped helow a predefined velocity threshold of 02 my; e vehicle system nry engage
i ong or moie of the operations discussed above o delerming ‘whether the vehicle 1s
stationary or not

{B146) At block 818, mothod 800 ncludes based on the detcomined indication,

controlling ropvement of the astonomous vehicle:

{0147} I Jine with the disoussion above, the act of sontrollng the movement of the
veliicle may involve providing (e.g., trensmiging) to the movement niodule of the vehicle an
instruction that, tpon receipt by the movement wodule, may cause the vehicle to remain
stattonary.  For example, the nsbruction may take the form of an instruction for the

movement module to deny receipt of signals frony ihe IMU (s, from the gyroscops andior
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from the accelerometer) or from another vehicle component, which shay resalt in-the vehicl
remaining statfonary. Herein, the act of denying receipt of a sigpal may refer to various
agtions, stich as (1) peceiving but not reading the signal {or otherwise ignering thesignal), {8
preventing receipt of the sighal, or {lil) receiving and reading the signal, but net using the
5:5,3;3,&& to cause movement of the vehicle, among other possibilities,

10148] In alterpative implementations, however, the instruction may cavse the vehicle
system o engage in a process to begin moving the vehicle:

{0149} Figure 9 s & schematic Hlustrating a conceplual pratial view of an example
compiiter program product that includes a computst progiani for executing & computer
process of # computing device, arranged according to at least some embodiments presented
herein. 1o some embodiments, the disclosed methods may be implemented as computer
program instrections ehcoded on & ponstransitory computerteadable storage joedia g
maching-readable format, or on other non-transitory media o srticles-of manafscture.

{0186§ Inong embodiment, example compoter progravm product 90015 provided using
sighal bearing mediunt 902, which may include one or more programming instractions 904
that, when exccuted by ons of mwore processars may provide functionality of portions of the
functionality” deseribed: above with respect to Figures 1-8. In some examples, the signal
bearing mediam 902 may encompass & non-ransiory computer-readable mediom. 908, such
as. but not limited to, ahard disk drive; a Compaet Dise {CD), a Digital Video Disk {DVD),a
digital tape, memory; st In-some implementations, the signal bearing wedimn 902 may
encompass a computer recordable medivm 908, such as; bt not Timited to, memory,

readfwrite (RAW) CDs, R/W DVDS, sle o some amplementations, the signal beating
mediym 902 may cncompass 4 comnwrications medium 910, such as, but not limited to, 8
digital and/or an analog enpumunication medium {eig.. 3 fiber optis cable, & waveguide, a
wired ‘communications. bok, a-wircless commumication hek, ete), Similatly, the sipmal
bearing medium, 902 mey comsspond o 3 rémote storage (e.g. & cloudh A computing
system niay share infonmnation with the cloud, including sending o recciving information.
For example, the computing sestom may retetee addigons] information Hom the tloud o
augment inforipation oblained from’ seusors or another entity. “i‘hus,;fbr example, the signal
bearing medinny 902 may by conveyed by 2 wireless for of the. communications. medinm
213,

{0151} The one or wore programening instructions 904 may be, for example,
computer execitable andior logic implemented instractions. In'some examples, & computing

device such as the computer system 112 of Figure | may be contigured to provide various

s
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operations, nchions, or sclions in response i the programiving instractions 904 covveyed to
the computer system 112 by one or more of the computer readable medinm 906, the computer
recordable medium D08, andior the communications medium 210,

;ﬁiii} The non-travsitory  computer readable medivm could slso e distribated
among multiple data storage elements andfor cloud {e.g:, remotely), which could be remotely
tocated from each nther, The computing deviee that exscutes some or all of the stored
instructions could beoa vehicle, such as the velicle 200 fllustrated in Figure 2. Alternatively,
the compating device-that sxesutes some or all of the stored instractions could be another
compilting device, such as a server.

{0153} The above detailed description describes various features and functions of the
diselosed systers, devices, and methods with reference to the accompanying figures. While
various aspects and ambodiments have heen diselosed herein, other aspects and émbodiments
will be apparent. The various aspeots and enbodiments disclosed hevein are for parposes of
tHusteation and are not bitended {0 be Hmiting, with the trad stope being indicaied by the

foltowing claims.



CLAIMS

What is claimed is:

L. A method performed by a computing system configured to control an autonomous
vehicle, the method comprising:
receiving, by the computing system, from at least one radar sensor mounted on the
autonomous vehicle, radar data representative of a physical environment of the autonomous
vehicle;
based on the radar data, detecting, by the computing system, at least one scatterer present
in the environment;
based on the radar data, making, by the computing system, a determination of a likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle;
in response to the likelihood being at least equal to a predefined confidence threshold,
calculating, by the computing system, a velocity of the autonomous vehicle based on the radar data
from the at least one radar sensor, wherein calculating the velocity comprises one of:
determining, by the computing system, an indication that the autonomous vehicle
is stationary, and
determining, by the computing system, an angular velocity of the autonomous
vehicle and a linear velocity of the autonomous vehicle; and
controlling, by the computing system, the autonomous vehicle based on the calculated

velocity.

2. The method of claim 1, wherein the determining the indication that the autonomous
vehicle is stationary is performed in response to receiving an indication that a velocity of the

autonomous vehicle is below a predefined velocity threshold.

3. The method of claim 1, wherein detecting the at least one scatterer present in the

environment comprises isolating the at least one scatterer from a remainder of the radar data.

4. The method of claim 1, wherein the radar data includes Doppler measurements

captured in at least one frame, wherein making the determination of the likelihood that the at least
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one scatterer is stationary with respect to the autonomous vehicle based on the radar data comprises
making the determination of the likelihood that the at least one scatterer is stationary with respect
to the autonomous vehicle based on the Doppler measurements in a single frame of the at least one

frame.

5. The method of claim 1, wherein the radar data includes Doppler measurements
captured in two frames, wherein the Doppler measurements are estimated to be associated with the
at least one scatterer, wherein making the determination of the likelihood that the at least one
scatterer is stationary with respect to the autonomous vehicle based on the radar data comprises
making the determination of whether a change in the Doppler measurements between the two
frames is below a predefined threshold, the method further comprising:

determining, by the computing system, that the likelihood is at least equal to the predefined
confidence threshold in response to the determination being that the change in the Doppler

measurements between the two frames is below the predefined threshold.

6. The method of claim 1, wherein calculating the velocity of the autonomous vehicle
based on the radar data is performed in response to receiving one or more of (i) an indication that
one or more of the velocity of the autonomous vehicle is above a predefined velocity threshold
and (ii) an indication that a steering angle of the autonomous vehicle is above a predefined angle
threshold.

7. The method of claim 1, wherein the at least one radar sensor includes a first radar
sensor and a second radar sensor,

wherein the first radar sensor and the second radar sensor are mounted on different
locations of the autonomous vehicle, and

wherein calculating the angular velocity of the autonomous vehicle is based on a first
distance from the first radar sensor to a geometric centerline of the autonomous vehicle and a
second distance from the second radar sensor to the geometric centerline of the autonomous

vehicle.
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8. The method of claim 1, wherein the at least one radar sensor includes a first radar
sensor and a second radar sensor, wherein the first radar sensor and the second radar sensor are
mounted on different locations of the autonomous vehicle, wherein the radar data includes first
radar data from the first radar sensor and second radar data from the second radar sensor, the
method further comprising:

before receiving the radar data, and while the autonomous vehicle is moving on a road,
causing, by the computing system, the first and second radar sensors to acquire the first and second
radar data,

wherein calculating the velocity of the autonomous vehicle based on the radar data
comprises (i) calculating a first velocity based on the first radar data, (i) calculating a second
velocity based on the second radar data, and (iii) calculating a third velocity based on the first and
second velocities, and

wherein controlling the autonomous vehicle based on the calculated velocity comprises

controlling the autonomous vehicle based on the calculated third velocity.

9. The method of claim 1, wherein making the determination of the likelihood that the
at least one scatterer is stationary with respect to the autonomous vehicle is based on predefined
map data accessible by the computing system, wherein the predefined map data includes a known

location of the at least one scatterer in the environment.

10. A computing system configured to control an autonomous vehicle, the computing
system comprising:
at least one radar sensor mounted on the autonomous vehicle; and
a processor configured to perform operations comprising:
receiving, from the at least one radar sensor, radar data representative of a physical
environment of the autonomous vehicle;
based on the radar data, detecting at least one scatterer present in the environment;
based on the radar data, making a determination of a likelihood that the at least one

scatterer is stationary with respect to the autonomous vehicle;
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in response to the likelihood being at least equal to a predefined confidence
threshold, calculating a velocity of the autonomous vehicle based on the radar data, wherein
calculating the velocity comprises one of:
determining an indication that the autonomous vehicle is stationary, and
determining an angular velocity of the autonomous vehicle and a linear
velocity of the autonomous vehicle; and

controlling the autonomous vehicle based on the calculated velocity.

11.  The computing system of claim 10, wherein the computing system further
comprises a movement module, and
wherein controlling the autonomous vehicle based on the calculated velocity comprises

causing the movement module to adjust a linear velocity of the autonomous vehicle.

12.  The computing system of claim 10, wherein the computing system further
comprises a movement module, and
wherein controlling the autonomous vehicle based on the calculated velocity comprises

causing the movement module to adjust a steering angle of the autonomous vehicle.

13.  The computing system of claim 10, wherein the computing system further
comprises a movement module, and

wherein controlling the autonomous vehicle based on the calculated velocity comprises
providing, to the movement module, an instruction that, upon receipt by the movement module,

causes the autonomous vehicle to remain stationary.

14.  The computing system of claim 13, wherein the movement module includes an
inertial measurement unit (IMU) comprising one or more of an accelerometer and a gyroscope,
and

wherein the instruction includes an instruction for the movement module to deny receipt

of signals from the IMU.
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15.  The computing system of claim 10, wherein the computing system further
comprises a display mounted on an interior of the autonomous vehicle, and

wherein controlling the autonomous vehicle based on the calculated velocity comprises
providing, on the display, an indication of one or more of the calculated angular velocity and the

calculated linear velocity of the autonomous vehicle.

16.  An article of manufacture comprising a non-transitory computer-readable medium
having stored thereon instructions that, when executed by a processor in a computing system,
causes the computing system to perform operations comprising:

receiving, from at least one radar sensor mounted on an autonomous vehicle, radar data
representative of a physical environment of the autonomous vehicle;

based on the radar data, detecting at least one scatterer present in the environment;

based on the radar data, making a determination of a likelihood that the at least one scatterer
is stationary with respect to the autonomous vehicle;

in response to the likelihood being at least equal to a predefined confidence threshold,
calculating a velocity of the autonomous vehicle based on the radar data, wherein calculating the
velocity comprises one of:

determining an indication that the autonomous vehicle is stationary, and
determining an angular velocity of the autonomous vehicle and a linear velocity of
the autonomous vehicle; and

controlling the autonomous vehicle based on the calculated velocity.

17.  The article of manufacture of claim 16, wherein the determining the indication that
the autonomous vehicle is stationary is performed in response to receiving an indication that a
velocity of the autonomous vehicle is below a predefined velocity threshold.

18.  The article of manufacture of claim 16, wherein detecting the at least one scatterer

present in the environment comprises isolating the at least one scatterer from a remainder of the

radar data.
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19.  The article of manufacture of claim 16, wherein the radar data includes Doppler
measurements captured in at least one frame, wherein making the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle based on the
radar data comprises making the determination of the likelihood that the at least one scatterer is
stationary with respect to the autonomous vehicle based on the Doppler measurements in a single

frame of the at least one frame.

20.  The article of manufacture of claim 16, wherein the radar data includes Doppler
measurements captured in two frames, wherein the Doppler measurements are estimated to be
associated with the at least one scatterer, wherein making the determination of the likelihood that
the at least one scatterer is stationary with respect to the autonomous vehicle based on the radar
data comprises making the determination of whether a change in the Doppler measurements
between the two frames is below a predefined threshold, the operations further comprising:

determining that the likelihood is at least equal to the predefined confidence threshold in
response to the determination being that the change in the Doppler measurements between the two

frames is below the predefined threshold.

21.  The article of manufacture of claim 16, wherein calculating the velocity of the
autonomous vehicle based on the radar data is performed in response to receiving one or more of
(1) an indication that one or more of the velocity of the autonomous vehicle is above a predefined
velocity threshold and (ii) an indication that a steering angle of the autonomous vehicle is above a

predefined angle threshold.

22.  The article of manufacture of claim 16, wherein the at least one radar sensor
includes a first radar sensor and a second radar sensor,

wherein the first radar sensor and the second radar sensor are mounted on different
locations of the autonomous vehicle, and

wherein calculating the angular velocity of the autonomous vehicle is based on a first
distance from the first radar sensor to a geometric centerline of the autonomous vehicle and a
second distance from the second radar sensor to the geometric centerline of the autonomous

vehicle.
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23.  The article of manufacture of claim 16, wherein the at least one radar sensor
includes a first radar sensor and a second radar sensor, wherein the first radar sensor and the second
radar sensor are mounted on different locations of the autonomous vehicle, and wherein the radar
data includes first radar data from the first radar sensor and second radar data from the second
radar sensor, the operations further comprising:

before receiving the radar data, and while the autonomous vehicle is moving on a road,
causing the first and second radar sensors to acquire the first and second radar data,

wherein calculating the velocity of the autonomous vehicle based on the radar data
comprises (i) calculating a first velocity based on the first radar data, (ii) calculating a second
velocity based on the second radar data, and (ii1) calculating a third velocity based on the first and
second velocities, and

wherein controlling the autonomous vehicle based on the calculated velocity comprises

controlling the autonomous vehicle based on the calculated third velocity.

24.  The article of manufacture of claim 16, wherein making the determination of the
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle is
based on predefined map data accessible by the computing system, wherein the predefined map

data includes a known location of the at least one scatterer in the environment.

25. A method performed by a computing system configured to control an autonomous
vehicle, the method comprising:

while the autonomous vehicle is moving on a road, receiving, by the computing system,
from at least one radar sensor, radar data representative of a physical environment of the
autonomous vehicle;

based on the radar data, detecting, by the computing system, at least one scatterer present
in the environment; and

based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:

calculating, by the computing system, a velocity of the autonomous vehicle using
at least a portion of the radar data from the at least one radar sensor that represents the at

least one scatterer, and
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controlling, by the computing system, the autonomous vehicle based on the

calculated velocity of the autonomous vehicle.

26.  The method of claim 25, wherein controlling the autonomous vehicle based on the
calculated velocity of the autonomous vehicle comprises causing a movement module of the

computing system to adjust a linear velocity of the autonomous vehicle.

27.  The method of claim 25, wherein controlling the autonomous vehicle based on the
calculated velocity of the autonomous vehicle comprises causing a movement module of the

computing system to adjust a steering angle of the autonomous vehicle.

28.  The method of claim 25, wherein controlling the autonomous vehicle based on the
calculated velocity of the autonomous vehicle comprises providing, on a display mounted on an
interior of the autonomous vehicle, an indication of the calculated velocity of the autonomous

vehicle.

29.  Themethod of claim 25, wherein calculating the velocity of the autonomous vehicle
using the radar data from the at least one radar sensor is performed in response to receiving one or
more of (i) an indication that the velocity of the autonomous vehicle is above a predefined velocity
threshold or (ii) an indication that a steering angle of the autonomous vehicle is above a predefined

angle threshold.

30.  The method of claim 25, wherein the at least one radar sensor includes a first radar
sensor and a second radar sensor, and

wherein calculating the velocity of the autonomous vehicle is based on a first distance from
the first radar sensor to a geometric centerline of the autonomous vehicle and a second distance

from the second radar sensor to the geometric centerline of the autonomous vehicle.

31.  The method of claim 25, wherein the radar data includes first radar data from a first
radar sensor of the at least one radar sensor and second radar data from a second radar sensor of

the at least one radar sensor, the method further comprising;:
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before receiving the radar data, and while the autonomous vehicle is moving on the road,
causing, by the computing system, the first and second radar sensors to acquire the first and second
radar data,

wherein calculating the velocity of the autonomous vehicle using the radar data from the
at least one radar sensor comprises (i) calculating a first velocity based on the first radar data, (ii)
calculating a second velocity based on the second radar data, and (iii) calculating a third velocity
based on the first and second velocities, and

wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises controlling the autonomous vehicle based on the calculated third

velocity.

32.  The method of claim 25, wherein detecting the at least one scatterer present in the

environment comprises isolating the at least one scatterer from a remainder of the radar data.

33.  An article of manufacture comprising a non-transitory computer-readable medium
having stored thereon instructions that, when executed by a processor in a computing system,
causes the computing system to perform operations comprising:

while an autonomous vehicle is moving on a road, receiving, from at least one radar sensor,
radar data representative of a physical environment of the autonomous vehicle;

based on the radar data, detecting at least one scatterer present in the environment; and

based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:

calculating a velocity of the autonomous vehicle using at least a portion of the radar
data from the at least one radar sensor that represents the at least one scatterer, and
controlling the autonomous vehicle based on the calculated velocity of the

autonomous vehicle.

34.  The article of manufacture of claim 33, wherein the radar data includes Doppler
measurements captured in at least one frame, wherein the determination of the likelihood that the
at least one scatterer is stationary with respect to the autonomous vehicle is based on the Doppler

measurements in a single frame of the at least one frame.
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35.  The article of manufacture of claim 33, wherein the radar data includes Doppler
measurements captured in two frames, wherein the determination of the likelihood that the at least
one scatterer is stationary with respect to the autonomous vehicle is based on the Doppler

measurements in the two frames.

36.  The article of manufacture of claim 35, wherein the Doppler measurements
comprise Doppler measurements that are estimated to be associated with the at least one scatterer,
and wherein the determination of the likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle comprises a determination of whether a change in the Doppler
measurements between the two frames is below a predefined threshold, the operations further
comprising:

in response to the determination being that the change in the Doppler measurements
between the two frames is below the predefined threshold, determining that the likelihood is at
least equal to a predefined confidence threshold,

wherein calculating the velocity of the autonomous vehicle based on the determination of
the likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle
comprises calculating the velocity of the autonomous vehicle based on the determination that the

likelihood is at least equal to the predefined confidence threshold.

37. The article of manufacture of claim 35, wherein the two frames are two consecutive

frames.

38. The article of manufacture of claim 33, wherein the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle is based on image

data received from at least one camera mounted on the autonomous vehicle.
39.  The article of manufacture of claim 33, wherein the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle is based on optical

data received from at least one light detection and ranging sensor mounted on the autonomous

vehicle.
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40.  The article of manufacture of claim 33, wherein the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle is based on
predefined map data accessible by the computing system, wherein the predefined map data

includes a known location of the at least one scatterer in the environment.

41. A computing system configured to control an autonomous vehicle, the computing
system comprising:
at least one radar sensor;
a processor configured to perform operations comprising:
while the autonomous vehicle is moving on a road, receiving, from the at least one radar
sensor, radar data representative of a physical environment of the autonomous vehicle;
based on the radar data, detecting at least one scatterer present in the environment; and
based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:
calculating a velocity of the autonomous vehicle using at least a portion of the radar
data from the at least one radar sensor that represents the at least one scatterer, and
controlling the autonomous vehicle based on the calculated velocity of the

autonomous vehicle.

42.  The computing system of claim 41, wherein the computing system further
comprises a movement module, and

wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises causing the movement module to adjust a linear velocity of the

autonomous vehicle.

43.  The computing system of claim 41, wherein the computing system further
comprises a movement module, and

wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises causing the movement module to adjust a steering angle of the

autonomous vehicle.
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44.  The computing system of claim 41, wherein calculating the velocity of the
autonomous vehicle using the radar data from the at least one radar sensor is performed in response
to receiving an indication that a steering angle of the autonomous vehicle is above a predefined

angle threshold.

45. A method performed by a computing system configured to control an autonomous
vehicle, the method comprising:
receiving, by the computing system, from two or more radar sensors mounted at different
locations on the autonomous vehicle, radar data representative of a physical environment of the
autonomous vehicle;
based on the radar data, detecting, by the computing system, at least one scatterer present
in the environment; and
based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:
calculating, by the computing system, a velocity of the autonomous vehicle using
the radar data from the two or more radar sensors, wherein the calculated velocity
comprises an angular velocity and a linear velocity, and
controlling, by the computing system, the autonomous vehicle based on the

calculated velocity of the autonomous vehicle.

46.  The method of claim 45, wherein:

(a) detecting the at least one scatterer present in the environment comprises isolating the at
least one scatterer from a remainder of the radar data; or

(b) the radar data includes Doppler measurements captured in at least one frame, wherein
making the determination of the likelihood that the at least one scatterer is stationary with respect
to the autonomous vehicle based on the radar data comprises making the determination of the
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle based
on the Doppler measurements in a single frame of the at least one frame; or

(¢) calculating the velocity of the autonomous vehicle using the radar data from the two or
more radar sensors is performed in response to receiving one or more of (i) an indication that one

or more of the velocity of the autonomous vehicle is above a predefined velocity threshold or (ii)

46

Date Recue/Date Received 2022-07-21



an indication that a steering angle of the autonomous vehicle is above a predefined angle threshold;
or

(d) making the determination of the likelihood that the at least one scatterer is stationary
with respect to the autonomous vehicle is based on predefined map data accessible by the
computing system, wherein the predefined map data includes a known location of the at least one

scatterer in the environment.

47.  The method of claim 45, wherein the radar data includes Doppler measurements
captured in two frames, wherein the Doppler measurements are estimated to be associated with the
at least one scatterer, wherein making the determination of the likelihood that the at least one
scatterer is stationary with respect to the autonomous vehicle based on the radar data comprises
making the determination of whether a change in the Doppler measurements between the two
frames is below a predefined threshold, the method further comprising:

determining, by the computing system, that the likelihood is at least equal to a predefined
confidence threshold in response to the determination being that the change in the Doppler

measurements between the two frames is below the predefined threshold.

48.  The method of claim 45, wherein the two or more radar sensors includes a first
radar sensor and a second radar sensor, and

wherein calculating the angular velocity of the autonomous vehicle is based on a first
distance from the first radar sensor to a geometric centerline of the autonomous vehicle and a
second distance from the second radar sensor to the geometric centerline of the autonomous

vehicle.

49.  The method of claim 45, wherein the radar data includes first radar data from a first
radar sensor and second radar data from a second radar sensor, the method further comprising:

before receiving the radar data, and while the autonomous vehicle is moving on a road,
causing, by the computing system, the first and second radar sensors to acquire the first and second
radar data,

wherein calculating the velocity of the autonomous vehicle using the radar data from the

two or more radar sensors comprises (i) calculating a first velocity based on the first radar data,
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(ii) calculating a second velocity based on the second radar data, and (iii) calculating a third
velocity based on the first and second velocities, and

wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises controlling the autonomous vehicle based on the calculated third

velocity.

50. A computing system configured to control an autonomous vehicle, the computing
system comprising:
two or more radar sensors mounted at different locations on the autonomous vehicle;
a processor configured to perform operations comprising:
receiving, from the at least one radar sensors, radar data representative of a physical
environment of the autonomous vehicle;
based on the radar data, detecting at least one scatterer present in the environment; and
based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:
calculating a velocity of the autonomous vehicle using the radar data from the two
or more radar sensors, wherein the calculated the velocity comprises an angular velocity
and a linear velocity, and
controlling the autonomous vehicle based on the calculated velocity of the

autonomous vehicle.

51.  The computing system of claim 50, wherein the computing system further
comprises a movement module, and

(a) wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises causing the movement module to adjust a linear velocity of the
autonomous vehicle; or

(b) wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises causing the movement module to adjust a steering angle of the

autonomous vehicle; or
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(c) wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises providing, to the movement module, an instruction that, upon

receipt by the movement module, causes the autonomous vehicle to remain stationary.

52.  The computing system of claim 51, wherein the movement module includes an
inertial measurement unit (IMU) comprising one or more of an accelerometer and a gyroscope,
and

wherein the instruction includes an instruction for the movement module to deny receipt

of signals from the IMU.

53.  The computing system of claim 50, wherein the computing system further
comprises a display mounted on an interior of the autonomous vehicle, and

wherein controlling the autonomous vehicle based on the calculated velocity of the
autonomous vehicle comprises providing, on the display, an indication of one or more of the

calculated angular velocity and the calculated linear velocity of the autonomous vehicle.

54.  The computing system of claim 50, wherein calculating the velocity of the
autonomous vehicle using the radar data from the two or more radar sensors is performed in
response to receiving an indication that a steering angle of the autonomous vehicle is above a

predefined angle threshold.

55.  An article of manufacture comprising a non-transitory computer-readable medium
having stored thereon instructions that, when executed by a processor in a computing system,
causes the computing system to perform operations comprising:

receiving, from two or more radar sensors mounted at different locations on the
autonomous vehicle, radar data representative of a physical environment of the autonomous
vehicle;

based on a determination of a likelihood that the at least one scatterer is stationary with

respect to the autonomous vehicle:
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calculating a velocity of the autonomous vehicle using the radar data from the two
or more radar sensors, wherein the calculated velocity comprises an angular velocity and a
linear velocity, and

controlling the autonomous vehicle based on the calculated velocity of the

autonomous vehicle.

56. The article of manufacture of claim 55, wherein:

(a) determining an indication that the autonomous vehicle is stationary is performed in
response to receiving an indication that a velocity of the autonomous vehicle is below a predefined
velocity threshold; or

(b) detecting the at least one scatterer present in the environment comprises isolating the at
least one scatterer from a remainder of the radar data; or

(c) the radar data includes Doppler measurements captured in at least one frame, wherein
the determination of the likelihood that the at least one scatterer is stationary with respect to the
autonomous vehicle is based on the Doppler measurements in a single frame of the at least one

frame.

57.  The article of manufacture of claim 56, wherein the radar data includes Doppler
measurements captured in two frames, wherein the determination of the likelihood that the at least
one scatterer is stationary with respect to the autonomous vehicle is based on the Doppler

measurements in the two frames.

58.  The article of manufacture of claim 57, wherein the Doppler measurements that are
estimated to be associated with the at least one scatterer, and wherein the determination of the
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle
comprises a determination of whether a change in the Doppler measurements between the two
frames is below a predefined threshold, the operations further comprising:

in response to the determination being that the change in the Doppler measurements
between the two frames is below the predefined threshold, determining that the likelihood is at

least equal to a predefined confidence threshold,
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wherein calculating the velocity of the autonomous vehicle based on the determination of
the likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle
comprises calculating the velocity of the autonomous vehicle based on the determination that the

likelihood is at least equal to the predefined confidence threshold.

59.  The article of manufacture of claim 57, wherein the two frames are two consecutive

frames.

60.  The article of manufacture of claim 55, wherein calculating the velocity of the
autonomous vehicle based on the radar data is performed in response to receiving one or more of
(1) an indication that one or more of the velocity of the autonomous vehicle is above a predefined
velocity threshold and (ii) an indication that a steering angle of the autonomous vehicle is above a

predefined angle threshold.

61. The article of manufacture of claim 55, wherein the two or more radar sensors
include a first radar sensor and a second radar sensor,

wherein calculating the angular velocity of the autonomous vehicle is based on a first
distance from the first radar sensor to a geometric centerline of the autonomous vehicle and a
second distance from the second radar sensor to the geometric centerline of the autonomous

vehicle.

62.  The article of manufacture of claim 55, wherein the two or more radar sensors
include a first radar sensor and a second radar sensor, wherein the radar data includes first radar
data from the first radar sensor and second radar data from the second radar sensor, the operations
further comprising:

before receiving the radar data, and while the autonomous vehicle is moving on a road,
causing the first and second radar sensors to acquire the first and second radar data,

wherein calculating the velocity of the autonomous vehicle based on the radar data
comprises (i) calculating a first velocity based on the first radar data, (ii) calculating a second
velocity based on the second radar data, and (ii1) calculating a third velocity based on the first and

second velocities, and
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wherein controlling the autonomous vehicle based on the calculated velocity comprises

controlling the autonomous vehicle based on the calculated third velocity.

63.  The article of manufacture of claim 55, wherein the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle is based on
predefined map data accessible by the computing system, wherein the predefined map data

includes a known location of the at least one scatterer in the environment.

64.  The article of manufacture of claim 55, wherein the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle is based on image
data received from at least one camera mounted on the autonomous vehicle, or based on optical
data received from at least one light detection and ranging sensor mounted on the autonomous

vehicle.

65. A method performed by a computing system configured to control an autonomous
vehicle, the method comprising:
receiving, by the computing system, from at least one radar sensor mounted on the
autonomous vehicle, radar data representative of a physical environment of the autonomous
vehicle;
based on the radar data, detecting, by the computing system, at least one scatterer present
in the environment; and
based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:
determining, by the computing system, using the radar data, an indication that the
autonomous vehicle is stationary, and
controlling, by the computing system, the autonomous vehicle based on the

determined indication.

66.  The method of claim 65, wherein determining the indication that the autonomous
vehicle is stationary is performed in response to receiving an indication that a velocity of the

autonomous vehicle is below a predefined velocity threshold.
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67.  The method of claim 65, wherein

(a) detecting the at least one scatterer present in the environment comprises isolating the at
least one scatterer from a remainder of the radar data; or

(b) the radar data includes Doppler measurements captured in at least one frame, wherein
making the determination of the likelihood that the at least one scatterer is stationary with respect
to the autonomous vehicle based on the radar data comprises making the determination of the
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle based
on the Doppler measurements in a single frame of the at least one frame; or

(c) making the determination of the likelihood that the at least one scatterer is stationary
with respect to the autonomous vehicle is based on predefined map data accessible by the
computing system, wherein the predefined map data includes a known location of the at least one

scatterer in the environment.

68.  The method of claim 67, wherein the radar data includes Doppler measurements
captured in two frames, wherein the Doppler measurements are estimated to be associated with the
at least one scatterer, wherein making the determination of the likelihood that the at least one
scatterer is stationary with respect to the autonomous vehicle based on the radar data comprises
making the determination of whether a change in the Doppler measurements between the two
frames is below a predefined threshold, the method further comprising:

determining, by the computing system, that the likelihood is at least equal to a predefined
confidence threshold in response to the determination being that the change in the Doppler

measurements between the two frames is below the predefined threshold.

69.  The method of claim 65, wherein the at least one radar sensor includes a first radar

sensor and a second radar sensor mounted at different locations on the autonomous vehicle.

70.  The method of claim 69, wherein the radar data includes first radar data from the
first radar sensor and second radar data from the second radar sensor, the method further

comprising:
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before receiving the radar data, and while the autonomous vehicle is moving on a road,
causing, by the computing system, the first and second radar sensors to acquire the first and second

radar data.

71.  The method of claim 69, wherein the autonomous vehicle comprises a movement
module, and

wherein controlling the autonomous vehicle based on the determined indication comprises
providing, to the movement module, an instruction that, upon receipt by the movement module,

causes the autonomous vehicle to remain stationary.

72.  The method of claim 71, wherein the movement module includes an inertial
measurement unit (IMU) comprising one or more of an accelerometer and a gyroscope, and

wherein the instruction includes an instruction for the movement module to deny receipt
of signals from the IMU.

73. A computing system configured to control an autonomous vehicle, the computing
system comprising:

at least one radar sensor mounted on the autonomous vehicle; and

a processor configured to perform operations comprising:

receiving, from the at least one radar sensor, radar data representative of a physical
environment of the autonomous vehicle;

based on the radar data, detecting at least one scatterer present in the environment; and

based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:

determining, using the radar data, an indication that the autonomous vehicle is
stationary, and

controlling the autonomous vehicle based on the determined indication.

74.  The computing system of claim 73, wherein the computing system further

comprises a movement module, and
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wherein controlling the autonomous vehicle based on the determined indication comprises
providing, to the movement module, an instruction that, upon receipt by the movement module,

causes the autonomous vehicle to remain stationary.

75.  The computing system of claim 74, wherein the movement module includes an
inertial measurement unit (IMU) comprising one or more of an accelerometer and a gyroscope,
and

wherein the instruction includes an instruction for the movement module to deny receipt
of signals from the IMU.

76.  An article of manufacture comprising a non-transitory computer-readable medium
having stored thereon instructions that, when executed by a processor in a computing system,
causes the computing system to perform operations comprising:

receiving, from at least one radar sensor mounted on an autonomous vehicle, radar data
representative of a physical environment of the autonomous vehicle;

based on the radar data, detecting at least one scatterer present in the environment; and

based on a determination of a likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle:

determining, using the radar data, an indication that the autonomous vehicle is
stationary, and

controlling the autonomous vehicle based on the determined indication.

77.  The article of manufacture of claim 76, wherein:

(a) determining the indication that the autonomous vehicle is stationary is performed in
response to receiving an indication that a velocity of the autonomous vehicle is below a predefined
velocity threshold; or

(b) the determination of the likelihood that the at least one scatterer is stationary with
respect to the autonomous vehicle is based on predefined map data accessible by the computing
system, wherein the predefined map data includes a known location of the at least one scatterer in

the environment; or
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(c) detecting the at least one scatterer present in the environment comprises isolating the at
least one scatterer from a remainder of the radar data; or

(d) the radar data includes Doppler measurements captured in at least one frame, wherein
the determination of the likelihood that the at least one scatterer is stationary with respect to the
autonomous vehicle is based on the Doppler measurements in a single frame of the at least one

frame.

78.  The article of manufacture of claim 77, wherein the radar data includes Doppler
measurements captured in two frames,
wherein the determination of the likelihood that the at least one scatterer is stationary with

respect to the autonomous vehicle is based on the Doppler measurements in the two frames.

79.  The article of manufacture of claim 78, wherein the Doppler measurements that are
estimated to be associated with the at least one scatterer, and wherein the determination of the
likelihood that the at least one scatterer is stationary with respect to the autonomous vehicle
comprises a determination of whether a change in the Doppler measurements between the two
frames is below a predefined threshold, the operations further comprising:

in response to the determination being that the change in the Doppler measurements
between the two frames is below the predefined threshold, determining that the likelihood is at
least equal to a predefined confidence threshold,

wherein determining the indication that the autonomous vehicle is stationary based on the
determination of the likelihood that the at least one scatterer is stationary with respect to the
autonomous vehicle comprises determining the indication that the autonomous vehicle is
stationary based on the determination that the likelihood is at least equal to the predefined

confidence threshold.

80.  The article of manufacture of claim 78, wherein the two frames are two consecutive

frames.
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81.  The article of manufacture of claim 76, wherein the at least one radar sensor
includes a first radar sensor and a second radar sensor mounted at different locations on the

autonomous vehicle.

82. The article of manufacture of claim 76, wherein the determination of the likelihood
that the at least one scatterer is stationary with respect to the autonomous vehicle is based on image
data received from at least one camera mounted on the autonomous vehicle, or based on optical
data received from at least one light detection and ranging sensor mounted on the autonomous

vehicle.

83.  The article of manufacture of claim 76, wherein the autonomous vehicle comprises
a movement module, and

wherein controlling the autonomous vehicle based on the determined indication comprises
providing, to the movement module, an instruction that, upon receipt by the movement module,

causes the autonomous vehicle to remain stationary.

84.  The article of manufacture of claim 83, wherein the movement module includes an
inertial measurement unit (IMU) comprising one or more of an accelerometer and a gyroscope,
and

wherein the instruction includes an instruction for the movement module to deny receipt

of signals from the IMU.
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