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DETECTING MOTION OF AN AUTONOMOUS VEHICLE USING RADAR
TECHNQLOGY

CROSS-REFERENCE TO RELATED APPLICATIONS

Eﬁﬂﬁl} This application claims priority 1o 1LS. Patent Application No. 15713,500,
tiled September 22, 2017 and U8, Patent Apphication No, 15713499, filed September 22,

2017, buth of which are incorporsted heretn by reference in their entirety.

BACKGROUND
{002} Vehieles arc often used for vartous tasks, such as for the transportation of people and
goods throughout an enviromment.  With advaoces i technology, some vehicles are
configured with systems that enable the velucles to operate in g partial or fully astonomous
mode. When operating i & partial or fully autonomous mode, some or all of the navigation
aspects of vehicle operation are controlled by a vebicle control svstem rather than a
traditional uenan driver. Amtenomous operation of a vebicle can tnvolve systems sensing the
vehicle's surrounding eovivomnent 1o enable a computing svatemy to plan and safely execate
navigating routes to reach destred destinations.

SEMMARY

{0B03] In one aspect, the present application deseribes a nethod performed by a computing
system contigured to control anauntonomogs vebicle. The wethod may fnvolve receiving, by
the compuling systeny, frem at least one vadar sensor mounted on the autonmsaous vehiche,
radar data representative of o physical enviromment of the sutonomous vehicle, The method
may alse nvolve, based on the radar data, detecting; by the compuing system, af least one
scatierer present i the environment, The method may also myvolve, based on the radar data,
making, by the computing systerm, a deternunstion of a likelihood that the at least one
seatterer 18 stationary with respect to the sutonomons vehicle. The method may also involve,
in response to the bikelibhood bs:mg af least sgual to a predefined confidence thyeshold,
caleulating, by the computing g, 8 velocity of the sutoniumous vehicle based on the
radar data, where calculating the veiacity cotaprises one of) detcrnuning, by the conputing
system, an indication that the sutonomous vehicle i3 stationary, and determining, by the
copmputing systemy, an angular velocity of the avtesomioys vehlele and a Boear velocity of the
auntonomouy vehicle, The method may slso tnvalve controfling, by the computing systont, the
autonomous vehicle based on the calenlated velogity.
{004} In another aspect, the present appbication describes an avticle of manafacture

including a nog-transfiory computsr-readable mediim having stored thergon instructions that,
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when executed by & processer in g computing system, causes the computing svstem 1o
perform operations. The opsrations ny comyise recaving, from at least one radar sensor
mounted on the sutonomous vehicle, radar data representative of a physical environment of
the autonomous vehicle.  The operations may also comprise, based on the radar data,
detocting st Jeast one soatferer prosent il epvivopment.  The operations may abwo
gomprise, hased on the radar data, making a determination of a hkelihood that the at feast one
scatterer s stationary with respect fo the autonomous vehiele,  The operstions may also
coanprise, In response to the likelibood being at least squal to & pradefined confidence
threshold, caleulating & velocity of the avtenomous vehicle based oo the vadar datg, wherg
calculating the velecity comprises one oft deternuning an indication that the avtonomous
vehicle is stationary, and determoining an angiddar veloeity of the mutonomons vehicle and &
{inear velocty of the awtonomoas vehicle. The operations may also comprise controtling the
sutonemous vehicle based on the caleulated velocHy,

{0665] In another aspect, the present application describes a computing systom
configured to controd Ay autonomons vehicke. The computing systesy may comprise at least
ong radar sensor mounted on the aitonomous vehicle and & processor confipured to pecform
operations, The operations nway comiprise reouiving, from the at feast one radur seusor, radat
data representative of @ physical enviromment of the astononous vehicle, The operations
may also comprise, based on the radar data, defecting at least ong scatierer present i the
cavironment.,  The operations may also comprisg, based on the radar data, meking a
determination of a lkelthood that the at least one scatterer 18 stafionary with respect to the
autonamons vehicks. The operations may alse comprise, 1 tesponse o the likehhood baing
at least equal to a predelined condidence tueshold, valoulating 8 velocity ¢f the autenomous
vehicle based on the radar data, where caleulating the velocity comprises one of: determining
an indication that the avtonomous vehicle iv stationary, and determining an angular velooity
af the autonomons. vebicle and a hinear veloclly of the avtonomous velicle, The opirations
miay also vomprise controfling the muongmons vehicle based on the caleutated velority.
{0606} In yet another aspect, a system is provided that wcludes a means for receiviag,
from at feast one radar sensor wmoonted on the autonomous vehicle, radar data representative
of 3 phvsical enviropmaent of the aonomous velncle . The yysiem may aley tiolsde 3 means
for based en the fadar data, detecting at Iast one scasterer prosent n the environmens. The
systent may also inclode 8 mcans for based on the radur data, making a deternunation of
fikelihood that the at least one scatterer 3§ stationary with respect W the autonamnons vehicle

The system may forther nclude a wicans fordn response 1o the likelihood being at feast sgqual
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{0 a predefined confidence threshold, calonlating & velogity of the sutonomous vehicle based
on the radar data, where caloulating the velocity comprises one of: determining an indication
that the autonomous vehicle is stationary, and determining an angular velochly of the
autonomous vehicls aud 8 linear velocity of the autonomons vebicle. And the system may
further molude a means for controlling the antonomous vehicle hased on the caloulated
velocity,

{06071 The foregomg summary 15 Hosirative only and 15 not intended 1o be i any
veay Bonting. o addition o the luestrative aspects, embodiments, and features described
aboove, further sspects, smbodiments, and featuces will becosne apparent by reference to the

figures and the following detailed description.

e
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BRIEF DESCRIPTION OF THE FIGURES

{0008] Figure 1 15 a functional block diagram illastrating an example vehicle.

{0049 Figure 2 depicts gn sxample physical vonfiguration of a vehicle.

HELRRH Figure 3A tlusirates a Mook dagram of a sensing systeny including a coupler.

{0011} Pipure 3B lustratey o block diagram of another sensing system ncluding a

coupier

8012} Figure 44 depicts a physical configurabon of a vehicle,

{06131 Figure 48 depicty s physical configuration of a veliigle,

REEY Figure & dlustrates an example scenario of a vehicle using g radar system,

HHE R Figure 6 ilustrates an example scenario of a vehicle using a radar systom,

HER S Figure 71 a flow chart of a woethod, according to an example .impiememaiiun.

JRHTY Figwee & 15 a flow chart of a wethod, according to an example implementation.

jOH18] Figure ¢ depicts a schematic dlagrams of an example computar program,
DETAILED DESCRIPTION

{0019} Fxample methods and systems are desertbed heren. It should be nnderstoond

that the words “exanyple,” "exemplary.” and “Hlustrative”™ are used herein 0 mean “serving
as g example, instanee, or Hustration.” Any wplomentation or feature deseribed heremn as
being sn Jexamplel” being “exemplary,” or being “ilustrative” is vot necessarily 1o be
construed as preferred or advantageous over other implementations or features. The example
mplementations described herzin ave net meant to be imuting, It will be readily understood
that the aspects of the present disclosure, as penerstly described herein, and dlustrated in the
figures, can be artanged, substituted, combined, separated, and designed v a wide variety of
ditforent vonfigurations, all of which ave exphicitly contemplated berein, Additionally, iy this
disclosure, unless otherwise specified andéor unless the particnlar context clearly dictates
otherwise, the terms “a” of “an”’ means at Joast one, and the ferm “the” means the at east one,
8820} Furthermore, the particular arrangements shown i the Figures should not be
viewed as Hmiting. It should be understood that other implementations might include muore
or fess of cach clement shown in 2 given Figure. Further, some of the illustrated elements
may be combined ov ondtted. Yot further, an example inplementation may include elements
that ars sot Hlestrated n-the Figures,

{0214 Maoreover, the term “velocity,™ as ased herein, may refer to a linear velocity
andfor st angular velocity,  Further, “velociy” may be a scalar quaniity such as speed ora

vegtor quantity, such as speed and angle.
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{0623 A radar svstemyfor a vehicle may be configured o sonse an snvivonment of the
vehicle and capture measurements of the vebwle’s surronndings.  For exanple, the radar
system may measure the distance between the vehicle and another vehicle navigating w front
of the vebicle. In some instances, a computing system of a velucle or a romote system may
wse the radar dats to determing control operations, such a5 route pavigation, spead cosntrol,
and obstacle avoidance. As a result, the radar system may snable a vehicle to operate ina
partial or fully antonomouns mode. For instance, an oxanmple redar system may alse be
configwred fo supploment other sepsor systems of 2 vehick within some implementations. In
some implomeontations, the radar systamn may provide radar datg 10 an interface that a driver
may use 1o assist with navigating the vehicle.
{6623 In practice, moany vehicke sysiems may inplement Global Posttioning System
{GPS), inertial sensors {e.g., accelerometers and gyroscopes), wheel speed sensoss, andfor
other mechanisms to measure 4 velocity of a vehicke. Each one of these mechanisms may at
times provide acourate measureraents, but may have varions disadvantages as welll For
example, wheel speed sensors might lose traction and ship, even by a small amwount, which
may pegatively impact the religbility of the sensor measwements. 1 may thas be desirable to
mplement 2 mechanism that ooy deteet relative motion between the vehicle and the
environment with higher sccaracy and reliability. Additionally, sestems such as GPS may
only have an accaracy of approgimately 4 meters. Thus, a GPS measerement may not be
able to provide an accurate measurensent of whether o not a vehicle 18 stopped.
{0624] Accordingly, disclosed herein are wethods and systems relating to vehicle
velocity calounlation using radar technology — namiely, osing al least dwe radar sensor. Eor
examypde, & vehicle system may use radar data froam two of tore radar sensory to determing
which objects in the environment are likely stationary, and then yss these objects to calculate

the linear andfor angular velocily of the vehbicle to which the two or more radar sensors are

sitached,
{0025} As a more particular example, 8 vehicle system may be configated to receive,

while the velucle 8 moving on 8 road of traved, madar dats acquived from two or more tadar
sensor mounted a1 two- different locations: (or with-two different orientations} on the velicle:
The radar data may be representative of the anvivonment of the vebicle. The svsteny may
thin use the radar data to detect a scutterer present th the environment. Herein, 8 “scatterer”
may refer o an object that scatters (e, reflects) mdar waves when the radar waves
encountars the obiect. Further, the system may be configured 10 determine a blelthood that

the scattersy §s stabionary with respeet 1o the vehicle 1o some implementations, the system
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may he able {o use coherent change detection 1o determune f & scatter s moving of ol
{oherent change detection may use a shiding window and compare the phase of returas from
the scatterer to determine movement. For example, 8 coherent processing inerval (CFD may
b compared with another CPL {where 7 is the stze of the shdmg window) 10 measure the
relative phase from the seatterer,

e If the systern determines that the likelihood of the scatterer being stationary is
at least equal to g predefined confidence threshold, the systern may respomsnely then
calentate a velocity of the vehicle based on the radar date. The velocity sy nclade a Hnesy
veloorty and/or an angular veloeity of the vehicle:

{027 Once the system has calculated the veloouy of the vebicle, the system may
control the vehicle based on that velocity,  For oxsmple, 1 the systemy deermines that the
caloulated angular velocity mests or exceeds a predefined thresheld, the system may cagse
the vehicle to adjust is stearing angle, reduce s Hinsar velooity, andfor reduce its angular
veloeity.  Additionally ov gliemgtively, I the svsiem deterniines that the caloulated hincar
velocity meets or exceeds a predefined threshold, the systent may cause the vebicle o adjust
its steering angle, reduce s Hnear velovity, andfor reduce its angular velocity. The system
may take into gecount other factors to cowtrol the veluele ds well,

{028] Farthermore, in practice, many vehicle systems may also implement encoders,
inettial sensors, GRS, audéor other woechanisms fo measyre whether'a vehicle v stationary or
act. ln some wstances, such mechanisms ny be contigured o outputl that the vehicle is
statfonary in response 1o the mechantsm having detected that the vehicke™s measured velocity
5 zero andfor o response to the wmechamsm having detected that the velucle™s msasured
vefocily 1s below o predefined deloction threshold, such as 1 centimeter per second (omis)

Encoders in particelar may be confizured o support motion detection in centimeters per

second.
{29y However, such wmechamsms  nwy have varying sues.  As pmevieushy

discussed, GPS, for example, muay have high position noise and high latency.  As another
example, accelernmeters may exhibit noise that might vause a strapdown inertial navigation
system {e.g., an inertial sensor-based systeny where the sensors are strapped to the vehicle) or
fype of other tertiad scasor system to defect vnotion even when the vehicle s slationary.

{00384 Accordingly, further disclosed hertin are methods and systens relating to
vehicle motion detection using radar technology.  For example, in line with the discassion
above, & velucle svsters may be configured to receive radar data acquired from a radar sensor

mounnted on the vehicle, where the vadar data Is representative of the environment of the
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vehicle,. The system may then wse the radar datg to deteet o scatterer present in the
environment.

{6031 Further, the svsiem may be configured to determine 3 bkelihood that the
scatiersy s stativuary with respect fo the vehicle, such as by using Doppler measarements, as
discussed above. I the system determines that the likelihood of the scatterer beimg stationary
is at least cqual o a predefived confidence threshold, the system may then determine an
indigation that the veluele s stationary, and then control movement of the vehicle based on
the indication.. Foriastance, e inglication way lake the form oF a binwry mutput {eg., "0 i
not stationary, ‘17 i stationary), and if the binary ouiput indicates that the vebicle is
stationary, the systen may configurs wsell 10 1pnore other movement sensor readings, such as
nerttal sensor readings, hut may reconfigure Hself to take mertial sensor readings into
account once the binary output indicates that the vehicle 1w no longer stationary.

{0632} In practice, objects in the covivonment that have o threshald high Hkelthood of
heing stationary scaiterers may appesr 1t the radar data as clutter. Thug, the methods and
svstems deseribed berein may differ fron known radar implementations i that many known
radar inplementations ivolve removing o otherwise disregarding chutfer that appears in
radar data. By contrast, these methods and systerns may mvolve isolating or otherwise taking
into consideration clutter in the radar data and using the chutter as a basis for caleulating s
veloeity of the vehicle andfor determining whether the vehicle is stationary or not,

{0633} The described methods and systans may provide other improvements to-radar
fechnotogy sndfor motion sensing/messurements as well, For example, airborne-based vadar
systems may transmit radar waves at a low tate and ab greater distances {eg., thousands or
tens of thousands of meters) in order fo sense objects on the ground, and atlempts o senss
such objects on the ground may often result in aliasing or other undesirable effects. In
addition, due to the low rate, such radar svstems might not be able to isolate a single scatterer

i radar deta. By condrast, the present yoethody and svatems invadve transaiiting radarwayves

at # fugher rate and at shorter distances {e.g., hundreds of meters or less) i order 1o sense
objects,
{0634} Operations deseribed herein with regard 10 radar-based velucle motion

detecon in particular oy faciltate motion  detection with higher accuracy, higher
sensitivity, and lower lateney, among other possible fmprovemwits. By way of example,
such operations may Taciiate mwotion detection fn millboeters per second — namely,

outputting that the vehicle is stationary i response o detecting that the vebicle™s measured

-3
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velocty s below a predefined threshold of approximately 1 milhmeter per second {rnvs) —
thereby providing about ten times the precision of existing motion detection mechanisms.
{0035} Although implementations desentbed hetein ate generally discussed  with
regard o radar systems, it should be goted that the vehicle velocity caloulation and/or velucle
motion detechion operations disvussed could be porformed uting LIDAR. sysioms as wadl,
sdditionally or abernatively to using radar, By way example, the vehicle system may use at
least one frame of LIDAR data to detect gt least one scatterer and then determne a hkelihood
that the at Jeast one scatterer i stationary, porbaps ondy considering LIDAR data, or perhaps
considering LIDAR data 1o combination with other types of data (g, vader, imagss, maps,
andfor remote assistance), For instance, the vehicle svstem may receive multiple frames of
LIDAR data from one or more LIDAR seusors and determine to what extent there has been g
change in the portions of the LIDAR data that 1 estimated to be associated with at keast one
scatterer. The vehicle system may then determine whether the at least one seatierer is
stationary based on how the determined extont of change compares with a predefined change
threshold,  Ag another example, the vehicle system may ase at keast one hybnd
LIDARDoppler sensor o acquire LIDAR-based Doppler messurerents for scattersy
candidates, and then use those measurements i manners smudar to those describied above
order to detenmine various irformation, suchvas (i the hkelihood thay e scatterer candidates
are stationary, (1) whether the vebicle Is stationary, anddor (i) a veloeity of the vehicle,
{0836} Example systems within the scope of the present disclosure will sow be
described m greater detail. An example system may be mplemented i or may take the frm
of anautomoebile. However, an example system may also be implemented i or take the form
of other vehicles, such gs cars, frucks, molorgyeles buses, boats, airplanes, helicoptery, lawn
mowers, earth movers, baats, sncwmobiles, afverafl, recreational vehicles, amusement park
vehivles, farm equipment, construchion equapment, tams, golf cmts, trains, trolleys, and robot
devices, Other vebiicles arg possibls as well,

{8637} Referring now to the fipures, Figure 1 is a functionsl block diagram
tHusteating example vehicle 100, which may be configured to operate fully or partially n an
autonomons wmode.  Move spevifically, vehicle 100 may operate in an autonomous moede
without niman inferaction through receiving controb nstructions from a computing system:
As part of operating in the autonomous mode, vehicle 100 may use sensors o detect dnd
possibly wdentify ohjects of the survounding environment to enable safe savigation. In sowme
implementations, vehicle 100 may also chide subsyvstemns that enable a duaver to control

operations of vebicle 100

473
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{0838] As shown in Figwe 1, veluele 100 may include varions subsystoms, such ag
propulsion systemy 102, sensor system 104, control system 140, one or more pertpherals 108,
power supply 110, computer system 112, data stovage 114, and user interface 116, In other
examples, vehicle 1O nay welude wore or fower subsystems, which can each nclude
muhiple elements: The subsvstems and components of vehicle HH may be interconnscted i
various ways,  In additon, functions of vehicle 100 desenbed herem can be divided into
additional fimetional or physical components, or combined into fower functional or physical
coanporents within implementations.

EHIRI Propulsinn systern 102 may include one or muwe components operable to
provide powered motiom for vehicle 100 and can include an engine/motor 1R, an energy
seatree 119, a tramsmission. 120, and wheels/ires 121, among other possible components. For
exaruple, engingdmotor 118 may be configured o convert energy sowres 9 into mecharacal
grergy and can correspond o -one o g combunation of su infernal combustion engine, an
electric motor, steam enging, or Stirling enging, among other possible options. For instance,
n some implementations, propulsion system 102 may nchude maltiple types of engines
gadéor motors, such as & gasoline engine and an electric motor.

{0840} Energy source 119 reprosents & source of energy that may, i full or in part,
power ong or more systems of vehicle 100 (g engineimotor 18] For instance, energy
sowtroe 1Y can correspond o gasohne, diesel, other petroleumebased fuels, propane, other
compressed gas-based fuels, cthanol, solar panels, batteries, andfor othey soumes of electrical
power. I some unplementations, energy sowee 119 may include a combination of fuel
fanks, batisries, capacitors, snddor Hywheels,

{00411 Transmission 120 may tamsmit mechanical power fromm engluedmotor 1181t
wheslv'tires 121 andfor other possible systems of vehiele 100, As such, fransmussion 120
may include a gearbox, 8 chuteh, a diffevential, and a deive shafl, among other possible
components. A drive shaft may iclude axies that connect 10 one or more wheelsftires 121
{6042] Wheele'tires 121 of vehicle 100 may have various configurations within
example  implementations.  For astance, vehicle 100 may exist in a unicyels,
hicycle/motoreyele,  tricvele, o carftruck  Towr-wheel format, among other possible
configurations. A such, wheelsfives 121 may connset 1o vehicke 100 in various ways and
canexisy b differeant matedials, sachias metal and rubber.

jo8d3] Sensor systent 104 can mclade vanoos types of sonsors, such as GPS 122,
inertial measorement unit (MU 124, radar 126, laser vapgefinder ¢ LIDAR 128 camera 130,

steering sensor 123, and throttiesbrake sensor 125, amony wther possible sensors. In some



WO 2019/060524 PCT/US2018/051911

oplementations; sensor system 164 may alse malude sensors configured fo monitor Tntermal
svstems of the vehicle 100 {e.g., O nonttor, Tuel pauge, enpine ol temperatare, brake wear).

{0ad4] GPS 122 may metude a transceiver operable to provide information regsrding
the position of vehicle 100 with respect to the Earth. IMU 124 may have a configuration that
uses one o more accelerometers andfor gyvoscopes and may sense position and orientation

changes of vehicle 100 based on incvtial acceleration.  For exanple, IMU 124 may detect a

piteh and yaw of the velicle 106 while veliele 100 is stationary or in motion,
{00845] Radar 126 nwy represent ope oramons systems confizured to wse radio signals

o sense objocts, including the speed and heading of the olyects, within the local environment
of vehicle 100, As sach, radar 136 nay inclade antennas configured o transmit and receive
radio sigosls.  In some implementations, mdar 126 may correspond fo a mountable radar
systent confipured to obiain measwrements of e swrroanding environment of vehicle 1000
{0646 Laser rangefinder / LIDAR 128 may include ong or mare laser sources, a laser
scanner, and one or niore detectors, among other systen components, and may operate ina
coberent mode (e p, using heterodyne detection} or i an incoherent detection mode. Camera
136 may mclude one or move devices {e.g., still camera or video camerg} configured to
capture images of the envirenment of vehicle 100,

{847] Steering sensor 123 may sense 3 steering angle of velucle 100, wineh may
wmvolve measoring an angle of the steering wheel or measuring an electrical signal
representative of the angle of the steering whegl, In some implementations, steering sensor
123 may measore an angle of the wheels of the velueke 100, sach as detecting an angle of the
whesly with respeet to a forward axis of the vehicle 100, Steering sensor 123 may also be
confipwed fo measure a commhination {or a subset) of the angle of the steering whesl,
electrical signal representing the angle of the steering wheel, and the angle of the wheels of
vehicls 1HG

{E48] Throttlesbrake sensor 125 may detact the position of esther the throttle position
or fwake position of vehicle 100, For instance, throttlebeake sensor 125 may messure the
angle of both the gas pedal {throttie) and brake pedal or may megsure an electrical signal that
could represent, for instance, an angle of a gas pedal (throttle) andior an sngle of 3 biske
pedal. Throttle/brake sensor 135 may also measure an angle of a throttle body of vehicle 100,
which may chude part of the physival mechanism that provides modulation of energy source
HS o engineimotor 118 {ep, 8 buterfly valve or carburetor).  Addibonally, throsthebrake
sensor 138 may measure 8 pressure of one or more brake pads on a votor of velucle 100 or a

coptbinativg {or a subset) of the angle of the gas pedal (throttle) and brake pedal, slectrical

g
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sipnal representing the angle ‘of the pag pedal (throttley and brake podal, the angle of the
throttle body, and the pressure thaf at feast one brake pad 15 apphying to 3 rotor of vehicle 100,
In other embodiments, throtiledbrake sensor 125 may be configured to measure a pressure
applied 0 a pedal of the velicle, such as a throttle or beake pedal.

{049 Congrob system 106 may mclhade conyronenis conflipurad to assist in navigating
vehicle 100, such as stecring unit 132, throttle 134, brake onit 136, sensor fusion algorithm
138, computer vision systeny 140, navigation ¢/ pathing system 142, and obstacke avoidance
svstem 144, Morge speofically, steuring unit 132 may be operable to adjust the beading of
vehicle 100, and throttle 134 may confrol the operating speed of engine/motor 118 to control
the accelergtion of vehicke 100, Brake unit 136 may decelerate vehicle 100, which may
mveive using friction o decelerate wheelsftires 121 In some implementations, brake unit
136 may convert kinetic energy of wheelsftives 121 1o electric current for subsequent use by a
system or svstems of vehicle H¥L

{0636] Sensor fusion algorithin 138 may include g Kalman filter, Bayesian network,
or other algorithms that can process data from sensorsystem 104, T some impslementations,
sensor fusion algorithm 138 may provide assessments based on meoming sensor data, such as

evaluations of individust objects andior foatures, valugtions of g pwrticelar stluation, sudioy

evalugtions of potential impacts within & given situation.
{0051} Computer viston systeny 140 may include bardware and software operable (o

process and analyze images o an effort to delerming objects, environmental olyects {eg.,
stop lehts, road way boundaries, ete.}, snd obstacles. Ag such, computer vision system 140
may use ohisot recoguition, Stucture from Motion {(3EM), video tvacking, and othsy
algorithms wsed rommputer vision, & nstance, 1o recognize obiects, migp an environment,
track objects, estimats the speed of objects, etc.

{882 Navigation / pathing systern 142 may determine a driving path for vehicle 100,
which may pvobve dynemically adiisting navigation during operation, As such, pavigation |
pathing svstem 142 may use data from sensor fusion glgorithm 138, GPS 122, snd maps,
among other sources 10 ngvigate vehicle 100, Obstacle svotdance system 144 may evaluate
potential obstacles based on sensor data and cause systems of vehicle 100 to avoid or
otharwise negotiate the potential obstacles,

{0053} As shown i Figure 1, vebicle 100 may alsd inchade peripherals 108, such as
wirgless communication systeny 146, iouchscreen 148, microphone 130, andior speaker 182,
Periphierals 108 may provide controls or other clements Tor a oser o interact with aser

interface 116, For example, touchsersen 148 may provide mformation to users of vehcle

i
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100, User mterface 116 wmay also asccept inpat from the user wviz touchsercen {48
Periphetals 168 may also epnable vehicle 100 fo communicate with devices, such as other
vehicle devicss.

{0034}

more devices directly or vig a commubigation wetwak. For example, wirsless

Wireless communication syateny 146 may wirelessly coinpunicate with one or

communication systom 146 could use 3G cellular conununication, such as COMA, EVDO,
GSM/GPRS. or 40 collddar conmumcation, such as WiIMAX or LTE.  Alternatively,
wirchess communication sestem 146 may commanicate with g wireless kocal aves network
{WELAN) asing WiFt™ or other possible comectioms.  Wircless conymunication sysiem 146
may also commumicate dirgotly with g device ssing gn infraved ok, Bluctooth®, or
ZigBee®, for exsmple. Other wireless protocols, such as vartous vehicular conununication
systemss, ave possible within the context of the discloswre.  For example, wiveless
communication systern 146 may include one or more dedicated shortrange communivations
{DSRC) devices that could include public andfor private data comnunications between
vehicles andior roadwide stations.

{0655} Vehicle 100 may inclode power sopply 118 for powering components, Power
supply. THY may melsde & rechargeable lthiumeton or leadsaoudl battery m some
implemantations. For mstance, power supply 1 may jaclede one of more battenies
confivared to provide elecinical power, Vehicle 100 mav alsd wae other types of power
supplizs.  In an examply implementation, power supply 1 and snergy source 119 may e
titegrated o a single energy source.

{00561 Vehicle 100 way also include computer system 112 o perform operations,
such as operations deseribed therein, As such, comprter system 112 may inclhude af least ong
progessor 113 {which could include at least one microprocessor) operable o execute
mstructions 115 stored i 8 non-transitory computer readable meding, such as data storage
11, Inosome implementations, computer system 112 may represent a plutality of computing
devices that may ssrve to control individual components or subsystems of vehicle 100 v a
distributed fashion.

{06571 In some implementations, data storage 14 may contain mstractions 13 {e.g.,
program logic) executable by processor 113 o sxecute various functions of vehicle 100,
including those described above in connection with Figure 1. Data storage 114 nay contain
additions] Instructions as well, ncluding fostroctions o trarsmid duta to, recaive data from,
interact with, andfor control one or more of propulsion system 102, sensor systemn 14,

goptrol system 106, and periphevals 108,
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{0858 I addition to atructiona HES, data storage 4 may store data sach a8
roadhway maps, path miomnation, among other information.  Such information may be nsed
by wvehicle 100 snd compuier system 112 during the operation of vehicle 100 in the
sutoomos, semi-autonomons, andfor manual misdes.

I Vehicle 108 mway include wser mterface 6 fiw providing information 001
recetving foput from g user of vehicle 100, User mterface 116 may control or enable control
of content andéor the layout of interactive images that could be displayed on touchsereen 148,
Further, aser mterface 116 could include one or mwre inpatioutput devices within the setof
peripherals 108, such as wireless conununication system 146, touchseresn 148, microphons
150, and speaker 152,

HEU S Computer systern 112 may contr the function of vehicle 100 based on inpats
received from vatious subsysterns {e.g., propulsion system 12, sensor system H3, and
control system 106}, as well as from user intecface 116, For example, compater system 112
nwy uiihize foput from sensor system 104 i order to estimate the output produced by
propulsion system 102 and control system 1036, Depending upoy the embiodiment, compuder
svstem 112 could be operable to monitor many aspects of vebicle HNY and #ts subsystema. in
soinge ensbodiments, conputer svster T2 may disable some or sl functions of the velle
100 based on signals received from sensor system 104,

{iBal] The components of vehiele 100 could be configured o work n an
intereonected fashion with other components within or outsude their vespective systems. Por
fnstance, n an example embodiment, camera 130 could capture a plurality of mages that
could represent informstion aboat 3 state of an envivonment of vehicle 100 operating v an
autonomons mods.  The state of the envivonment could mclude parameters of the road on
which the vehicle is operating, For example, computer vision system 140 may be able to
recognize the slope {(grade} or other features based on the phurality of tunges of a roadway:
Additionally, the combination of GPS 122 and the features recognized by computer vision
system 140 may be used with map dats stored in dats storage 114 to determing specific road
parameters. Further, radar unit 126 may also provide wformation about the surroundings of
the vehicle,

{0662} iy other words, & combination of various sensors {which could be termed
input-indication and outpui-tnication sensors) and compster system 12 could interact to
provide ap indication of an input provided o conirol a vehicle or an tudication of the

surroundings of a vehicle.
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{0863] I some embodiments, computer systeim 113 may make-a determination sbowt
varions objects based on data that is provided by systems other thay the radio system. For
example, vehicle 100 may have lasers or other oplical sensors configured to sense objects in g
field of view of the vebicle, Computer system 112 may use the cutputy from the various
sensors to deternuine information sbout obyents in g held of view of the vehicle, and may
determine distunce and divection information to the various objects, Computer svstem 112
may alse detenmine whether objects are desirable or undesirable based on the outputs from
the varions sensms.

{0064 Although Figure 1 shows various components. of vehicle 100, 1e, wirgless
comumunication system 146, compuier system H2, data storage 114, and user mierface 116,
as beng wteprated toto the vebicle 100, one or move of these components could be mounted
oy assoctated separately from vehiele 1L For example, data storage 114 vould, in partor in
full, exist separate front vehicle 100, Thus, vehicle 100 could b provided in the form of
device elements that may be located separately or together, The device eloments that make
ap vehicle 100 could be communicatively coupled together v g wired andior wireless
fashion.

{0065} Figure 3 depicts an example physicat configuration of vehicle 200, which may
represent one possible physical configuration of vehicle 100 deseribed in reference to Figure
1. Depending on the embodiment, vebicle 200 may inclede sensor anit 202, wiveless
comupunication system 204, radio unit 206, and camers 210, among oiher possible
components.  For mstance, vehicle 200 may include some or all of the clements of
components desocbed y Figure 1. Although vehicle 200 & depicted w Floure 2 as 4 car,
velcle 200 can have other configurations within examples, such as a fruck, 3 vaun, ¥ semi-
trailer truck, a motorcycle, a golf cart, an off-road vehicle, or a farm vehigle, among nther
possible examples.

{as] Sensor usit 202 may dnchude one or more sensors configured to caphure
nformuation of the swrrounding sovironment of vehicle 2000 For example, sensor unit 202
may include any combination of cameras, radars, LIDARs, range finders, tadio devices

{e.g.. Bluctooth® andior 802,11}, and acouslic sensors, among other poasible types of
semsors. In'some implementations, serpor unit 202 may include one of e movable mownts
operable te adjust the orlentation of sensors in sensor unit 202, For Sxaniple, the movable
mount may inchude a rotating platforon that can scan sensors o as to obtain inforsmation from
each direction around the vehicle 200, The movable mount of sensor wnit 202 may also be

moveable v a scanving fashion within a particelar vange of angles andior azirpaths.

4
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{08671 I some implementations, sensor wmt 202 may mchade sechamical sthugtwrss
that enable sensor unit 202 10 be mounted atop the wol of 3 cr.  Addittonally, other
meynting locations are possible within varions examples,

{H0368] Wirelesy communication system 204 may bave a location relative o velicle
280 ay depicted in Pigure 2, but can alse have difforent locations within mnplementations.
Wireless communication system 200 nay inclode one or more wirgless transnutters and ong
or more reeetvers that may conmmunicste with other external or internal devices.  For
example wircless communisation svstem 204 may fnclude e or more fasceivery for
comnumicating with a vser’s device, other vehicles, and roadway clements (.., signs, trafic
signals), among other possible entities,  As such, vebicle 200 may nchide ove ot more
vehicular conumunication systems for facilitating communications, such as dedicated shon-
range commumcations (DSRO), radio frequency idemtitfication (RFID), and other proposed
copununication standurds directed towards ntelligent transport systems.

{8669 Cunera 210 may have various positions relative 10 vehicle 200, such as a
focation on a fromt windshield of vebicle 200, As such, camera 210 may captore tmages of
the environment of velucle 200, Ag tHostrated 1 Figure 2, camera 210 may caplore images
front a forward-looking view with respect fo vehieke 200, but other mounting locstions
{including movable mounsts) and viewing angles of camera 210 arg possible within
implementations. In some-examples, camera 210 may corrgspond o one or move visible Halt
cameras. Alternatively oo additionally, camera 210 may include infrared seosing capabilities.
Camers 210 may also include optics that may provide an adjustable field of view.

el Figure 3A llustrates a block dlagram of a sensing system 300G incloding 2
coupler 386, The coupler 306 may be configured to couple @ sensor wait MM to s veliele
302. The coupler 306 may enable the sensor unit 304 to be removeably coupled fo the
vehicle 302, In some examples, as previously discussed, 8 vehicle may be sold as
“autonomons ready.”  An “aulonnmons yeadv” yehbicke may be able 1o perfoum alonomous
driving functions, but may lack some of the sensors used o perform sutonomons: driving
tunctions, However, the velucle 302 may include g coupler 300 that sllows a sensor anit 304
to be coupled to the vehicle 302 later. For example, a person may purchase an “autonomous
ready” vahicke and may later decide 1o either buy or rent 3 sensor wnt 304 n order 10 provide
the vehicle with sutonomous functionahty.  In some examples, the coupler 306 nway be g
untversal, non-manofachurer specific standardized design. That is, & sensor unit 304 may be

coupled o any mamdicturer’s vehicle that 1 “antononwus ready ™
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{0871 I one example an “ndonomoeus ready” vehiele 302 may melude a controtler

e

320 that mcludes @ processor 327 and a memory 324, The “awosomous ready”™ vehicle 382
may also mchude g power supply 326 and 8 heat vait 328, The controfler 320 may be similar
or the same as the compuder system 112 of Figare 1. The controbler 320 may be configured
o receive sensor data from the sensor unit 304 by way of a data bug 330 that passes through
the coupler 306, The controller 320 may be able to determine contred instractions for
gutonomous control of she vehicle based at least m pant on the sensor data. The controller
320 may also stove some dale anddor corol stractions b memory 334, In some examples,
the vontroller 320 may be a fully-functional controller that can perform all of the sensor
PrOcessing on s owa,

{6072 Additionslly, the vehicle 302 may fnclude 8 power supply 336, The power
supply 326 may be sinmlar or the same as power supply 110 descnbed with respect to Figure
1. The power sypply 326 may provide ¢ voltage {eg, 12 volis) that supplies power
various components of the vebicle 302, In some instances, the power supply may be
confipred to provide other voltages than 12 volts. The power sapply miay be coupled o the
sensor unit 304 by way of 8 power bus 332 that goes through the coupler 306, Additionally,
the velicle 302 may clude & heat umit 328, The heat unit 328 may be a radiator or othay
unit configured to provide cooling of various components of vehiele 302, In some various
examples, the heat unit 328 may provide cooling based on alr andior Hauid cooling. The heat
wiit 328 mayv be coupled 1o the sensor unit 304 by wayv of @ beat bus 334 that passes through
the coupler 306,

{00873 The sensor unit 304 ey contain vagious senzors, sach as a LIDAR devics
310 & RADAR devies 312, and othey sensing devices 314 {such ay optical, aooustic, andior

other sensing devices) located in 2 housing 308, The bousing 308 may be configured to
couple 1 the velucle 302 by way of the coupler 306 The sensors may be sinnlar to those
desertbed througheut, The seonsors may be couplad to/the previoushy-deseribed data bus that
gommunicates sensor data to the contraller 320 of the vehicle 302 through the voupler 306,
The sensor unit may also welude a beat exchanger 316, The heat exchanger 316 may be
configured to provide cooling to the various sensors and components of the sensor unit 304,
The beat exchanger 316 may use liquid cooling o remove heat from the various sensor
devices during thelr operation.  For example, the LIDAR device 310 andior the RADAR
devive 312 may geserate heat during the operation. In order o keep the devices cool and o
prevent thelr failures, the heat exchanger 316 may be able to remove heat from the device(s).

Addittonally. as previously discussed, i order-to remove the sccumulated heat from the
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sensor anit 3, the heat it 328 miay be coupled (o the seasor unit 302 by way of a heat bag
that passes through the coupler 306, hguid, ain, or other substance may flow through the hext
bus 1o remove heat from the sensor wnit,

{0874} Figure 3B illusiates a block diagram of another sensing system 380 inchuding
3 coupder 356, In some examples. an " aulonomons ready’ velucle may beoable w perfiam
sutonemous driving functions, but may lack both some of the sensors used to perform
gutonomous dnving functions as well a8 somg of the processing power to perfonm
sutonomons driving functions. Sipnlar 1o the sxample discussed with respect to Figum JA @
persort may porchase an Tautonomous ready” wvehicle 352, However, the “autonontous
ready™ vehicle 332 of Figure 3B may be a lower cost vehicle than that of Figure 3A. The
fower cost “autonomous ready” vehicle 353 may not have sufficient processing capabilities

for autonomous driving caloulations. Thus, the controller 378 may not be able to make the
determinations requived based ou sensor data o autenomously drive the vehicle. However,

the controller 370 and processor 372 may be able 1o perform some control functions of the

vehicle.
{0675} Similar to vehicle 302 of Figure 3A, the vebicke 352 may inchude a coupler

356 that allows ofhier devices to be coupled to the veluele 352 later. For exaniple, d porson
may purchase the “attonontous ready™ vehicle 352 and later deorde to either buy or rent g
sensor unit 304 to provide the wvebicle with avtonomous Bmebonality. A previously
discussed, the coupler 3536 may be a universal, nomananufactiver specific standardized

design. That 5, a sensor unit 304 may be coupled to any manafachurer’s wehicle that &

“autontmeus ready.”
{0676} iy order W0 provide antonomous vehicle control, semsing svstem 330 may

meluds 2 conversion anit 354, The conversion unit 354 may couple 1o the vehicle 352 by
way of coupler 3536 and fo the sensor unit 304 by way of coupler 358 In some further
sxamples, the conversion unit 334 may be infegrated within the sensor unit 304 and the
coupler 358 may be omitted.

{0677} The conversion unit 354 may perform several functions t© coable the vehicle
352 o perform autonomous driving functions. In sonie exanmples, the comversion uny 354
may inchade @ processor 362, The processor 362 may be configured to teccive the sensor
data from the data bus of the sensor unit. The processor 362 may alse receive data from the
controlier 370 of the vehicle 3520 The controller 370 way conununicate signals related to the
vehicle 352 to the protessor 3620 The controller 370 may be iy conwnanication. andfor

53

provide a connegotion 1o & control bus of the vehicle 352 to the processor 382, The bus of the
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vehicle 3582 way bea Conireller Asea Nétwork fCAN) s o comuimcation with an on-
board vehicle diagaastic {OBDY svetem. The CAN bus may ensble various units of the
vehicle 353210 compwmicate with gach other. In some other sxamples, the communication

bus may be a bus other than a CAN bus.

{3678) The processor 362 may be able to interpret sensor data from sensor unit 304
gnd vehrele data from vehicle 332 1o determine g conwol scheme for the sutonomous

operation of the vehicle 352, The processor 362 may tfurther be able o determine control
signals for the velucle 3582, The processor 302 may compmaricats the controd signals o the
wteolier 370 of the vehicle 3532w onder to suonmmously operate the vehicle 332
Therefore, the processor 362 of the conversion unit 3534 may perfom autonomous driving
caloulations that would otherwise be performed by a provessing wnt of & vehicle. Thus, the
processor 362 may be able to tap into the TAN bus {or other data busy of the vehigle to
provide autonomaus opemation.
{0679} The conversion unit 334 may also contain a power converter 364, The power
comverter 364 may be able to convert a vebicle voltage to one or more voltages to power the
vartous components of the sensor unit 304, The power converler 364 may receve ong or
e volfages from the vehicle 352 angd cotvert them 1o one or more cutpit voltages to the
sensor it 304,
HERU Frgure 44 depicts a physical configwation of a vehsole 4L The vehicle 400
may have o sensor unit 402 coupled to the topofithe velucle. The vehicle 400 mayv also have
a coupler 404 that couples the sensor unit 402 and the vebicle 400, Figure 4B depicts a
physical configuration of 8 velucle 430, The vehicle 450 may have a sensorwmt 452 coupled
0 g conversion vl 4536 by way of 8 fivst coupler 434, "The conversion umt- 456 may he
coupled to the top of the vehicle 430 by a coupler 456,
{0081} In hne with the discussion above, vadar systems may be arvanged in vatious
ways and may mehude one or more radar sensors. Each radar seosor desoribed hereln miay be
goupled to or otherwise mounted on a vehigle at a variety of locations, including but not
tinmited 10, a roof of the vehicle, behind a headlight, in front of & headlight, on a side narror,
gar the bottom of the windstweld, co-located with another sensor {e.g., coupled o aother
sensor}, ‘on fop of the trunk, oy hood, on & bamper, on a hood offament, andisr proxinate
to a license plate. In sone implemieniations, 8 piven madar sensor may be mounted at @
focation i an mterior of the vebicle, such as the dashboard of the velucke. The following
figores ilhustrate representative examples of veliele radar systers, radar sensor locations, and

radar systeny usags.
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{06821 Figare 5 tHustrates an-example scenario of @ vehicle 300 using & wadey system
302, Radar system 302 represents an example vehicle radar system, such as RADAK device
312 shown wm Figure 3A, or one or more mdar sensors inchuded in sensor unit 202 shown in
Figure 2. As such, vadar system 302 may anchuade the vavious components deseribed bevain
arranged o obtain measurements of the surrounding enviroament.

{8683] Vehicle 300 may in some soonaros operaie 0 an aptonomous mode.  As
vehicle 500 navigates the environment, mdar system 502 may fransmit and receive mdar
siguals that provide meaorements of the servounding areas nearby vehicle 300, As o st
radar system 502 may wnable & computing system of vehiele 300 to utilize the radar data to
defermine a position of road eloments {e.g., curh, medians} and/or other objects refative to
position of vehicle 300, For example, radar system 502 may capture snd provide
measurements that detest other vehicles {e.g., vebicle 5043, signs, cyclists, pedestrians, and
trafiic sipnaly, smong other possible objects. In particudar, as shown in Figure 3, a conputing
system tnay receive messurements from radar system 502 that indicates the presence of
another vehicle 304 focated in long range coverage sections covering ateas positioned relative
tn vehicle S0

{0084} fy further tnyrlomendations, radar system 502 may detect multiple vehicles or
other types of objects at the same time. A ﬁ-@mputimg system of vehicle SO0 may deterpune
control operations for vehicle SO0 based on measarements from radar system 502 and
possibly other sensors thet indicate the presence of nearby objents. In some instapcs, the
computing system may develop future navigation operstions for vehicle 500 based on
detecting obiscts in the distance using radar signads from radar system 502,

{0685 Dharing the operation of radar systesy 502, the radar system 502 may have four
different receive beams 300A-3061). These beams may be configured to rotate 508 either
clockwise or counterclockwise. While the beams votate, the may be able to receive radar
reflections froen scatterers located negr the vehicle, such as another car S, o a stationary
abject 510 {e.g., o stop sign). 1o some further examples, the radar system 302 may also be
copfigured to transaut an onwidirectional radar signal. In some instances, it may be desirable
to fransont with a single omnidirectional radar signal and receive radar signals with fowr
different radar smib i order (o mimmize hardware requiremends. Some example raday ohips
may include one transwmission chinuiel and four reception channels. Therefore, a single radar
chip could perform the transmission and reception in this instance.

{B086}] The omnidwectionad radar signal may reflect off vanous objects and be

recgived by the radar unit by way of receive beams S06ASEED.  In some other examples,
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recetve beams 306A-3061 may also represent transoit-beams as well. I some exgmples, the
radar system 302 may transmit multiple narrow heams, mstead of an cmaidirectional beam.
In yet some further examples, the radar system could generally bave multiple onmidivectional
transmssions. antennas dispersad spatially. By providing @ spabisl separation batween
smmdirectionsl ansmission cloments, the radar system myay beabhle to provide sufficient
information 1o separate azimuth and Doppler coupling.  As previously discussed, separating
the azinwth and Doppler coupling could he benefivial for both Synthetic Aperture Radar
{SAR} and Moving Terzet ndication (MT1) operating maodes.

{0087 Figure 6 illustrates an example scenario of a veluclke 600 using o radar system
602, Vehicle 600 may operate in gy awtouomous mode.

HEIS Radar systom 602 represents sn example vehicle vadar systery, such as radar
systent SO2 shown in Figure 5, RADAR device 312 shown in Figure 34, or ove or more raday
sensors included i sensor unit 202 shown v Figure 2. As such, radar system 302 may
include the various components deseribed horen arranged 1o oblain measuroments of the
susrounding environment.  Parther, vadar system 602 may be configered to perfonm

operations stonilar or rdesttical to that of radar system 502 diseussed above,

{0089} Radtar systeny 602 may welude 8 least two nadar sensors, such as radar seasors
504 and 606, Bach of radar sensors 604 and 606 may be located gt a respective distance from

3 gromeatric centerhine 607 of the vehicle. Forexample, as shown, radar sensors 604 and 606
may be equidistant fomythe geomelric contertine 607,

HEL During operstion of radar svstem 602, radar sensor 604 may have feld of view
08 and radar sensor 606 may have feld of view 618, Fach of these fields of view may
correspond tooa region of the environment over which a fospective radar sensoyr may send and
reveive signals 1o acquire radar data and thereby detect objects. In other implementations,
these fields of view may not be limited 1o regions in front of the vehicle andfor may be
sxpanded ot scaled down. Further, i soime implementations, raday system 602 may boa
gompoenent of & farger sensor unit that might inchuds one or more camerss and/or other types
of seosors. The radar system 602 and these othar sensors nay thus work in conjunction to

scquire environmient data, detect scatderers in the envirowment, and faciltate vehicle

oparation
{0091} fi the scenario tHustrated in Funure 6, vehicle 600 may use radar system 602 1o

obtain raday data represeotative of various objects {e.g.. scatterers) m the environment. For

example, as shown, scatterer 612 way be located within field of view 608 and scatterer 614

fid



WO 2019/060524 PCT/US2018/051911

may be located within field of view 610, Fuorther, scatterer 616 may b located pactially
within fiehd of vigw 610,

{0092} Figure 7 18 a flowchart of an example method 700 for vehucle velooity
calculanion using yadar techoology,  Method 700 represents an example method that may
inclade one or more operations, foschions, or actions, as depicied by oue ormore of hlocks
702, 704, 706, 708, and 710, cach of which mway be carsied out by any of the systems shown
i Figures 1, 2, 34, 3B, 4, 5, and 6, among other possible systems. Those skilled iy the st
wi enderstand that the flowehart described herein Hlostrates functionality and operation of
certain mplementations of the present disclosare. In this regard, cachblock of the flowchan
may represent a moduole, a segment, or g portion of program code, which jnchudes one or
more instructions executable by one or move processors for implementing specific logical
functions or steps in the process. The program code may be stored o sy tvpe of computer
readable mediony, for example, such as g storage device including a disk or hard drive.

{0693} In addition, each block may represent creuitry that is wired to perform the
specific fogical functiony in the process. Algmative implementations are included within the
scope of the example tnplementations of the present application wy which functions may he
excated out of order from that shown or discussed, nchuding substantially conenrrent or i
reverse owder, depending on the Tunctionality volved, as would be understood by those
reasonably shilled & the al  In examples, 8 computing system: may cause 3 system o
perform one or move blocks of method 70O

{0694} At blogk 702, method 700 inchudes while an agtonomous vehicle is moving on
a road, receiving, from tweo or more radar sensors mounted at different locations on the
autonomons vehicle, radar date representative of a physical enmviromment of the autenomous
vehicle.

{0695 As noted above, each of the two or more radar sensors ny be mounted at o
variety of possible Jocations mxide or outside the vehicle, such as a roof of the vebicle, the
dashbosrd, behind a headlight, eic.

{0096] In some implementations, the radar data may melade Doppler messurenients,
or other types of measurements, captured in at feast one frame. Herein, a “frame™ may refer
to an interval of time over which 3 given oue or more radar sensory avquire vadar data. In
soang implementations, the radar data may include madar data acquired over two ot morg
consecabive frames. For tastance, a radar sensor may acquire radar data over two consecative
intervals, each 130 milliseconds (ms) in duration.  In other implementations, the radar data

may ichude radar data acquired over two or more nonconsecitive frames.
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{08971 Further, in some implemsntations; the radar data may inclode measwrements
{Doppler, or another type) acquired simultansously by the two o more radar sensors.
Addionally or shernatively, the radgr data may include monsurements sequired by the two
oy more radar sensors at different points in time.

{3698) In somne implomentations, the radar dats may take the form of, or be processed
hy the vehicle system to produce, a rsuge-Doppler map having one axis repressating object
distance fom the radar sensor, and another gxis vepresenting Doppler measurements,

{0699 At block 704, msthad 700 includes based on the radar date, detecting at oast
one seattercr prosent in the environment.

{3100} In some implementations, the act of detecting the at least one scatferer present
in the environment may 1ovelve processing the radar dats o 1solate the at least one seatterer
from a remainder of the radar data, To facilitate thix in practice, the vehicle system may
implement a variety of different technigues, some of which may be used to classify scattovers
it the radwr data as slationary or non-stgtionary.  For example, the vehicle systeny may
classify  scattersrs as stationary o nov-siationary using  an expectation  maxanuzation
sleorithm. Other examples are possible ag well

UL At block 705, methed 700 includes making a determination of a likehhond
that the at least one scatterer 18 stationary with respect to the attononmous vehicle,

j182] In some implemeniations, the act of making the determination of the
liketihood that the at lesst ove scatiersy is stationary with respect o the vehicle based on the
radar data may imvolve naking an absolute determunation {e.g., a binary defermination
without considering a level of confidence} that the at least ong scatterer iy stationary with
respoet o the vehicle . Tnother embodiments, that act wiay involve determuning whether the
at least one scatterer is siationsty on a confidence level basis.  For instance, for a given
seatterer candidate, the vehicle system may be confipured to determing 3 confidence level
indicative of how likely it 45 that the scatiorer -ix stabiopary with respect to the vehicle
Herety, a scatferer that has been determined in absolute to be stationary, or determined 1o be
stationsry with g threshold high confidence lovel, may be referred to as 2 “stationary
scatierer.”

{6183 The vehiclk system may beconfigured fo determine socly @ confidence level
for a piven scatterer based ow vartous factors.  In some mplementations, for mstance, the
vehicle systent may take into acconnt inage data received from at least one camnera mounted
o the vehicle when determining the confidence tevel for whether the scatterer is stationary.

For exampde, the vehickosystom may be configored to identify an object in an image or sories
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of mages captured by a camers, and may have stoved information indicating that the obect is
typically a stationary ohject or g non-stationary alget. As a more partinlar example, the
vehicle systen may determine with a particular confidenve fevel that an object in an voage 18
a stop sign, which the vehicle systeny may determine 10 be a stationary obyject.  As apother
particidar example: the velucke systenymay determne with 8 particular confidence level that
gn object i oan image is a car, but might not necessarily determine with threshold high
confidence {e.g., vonfidence greater than a predefined threshold of 75, on a scale of O to 100}
that the car is stationary orpot, Other examples are possible as well,

{0104 Adsbtionally or alternatively, inosmne implamentstions, the vehicle svstem
may take into scoount optical data recetved from at feast one LIDAR sensor mounted on the
vehicle when deternnning the confidence level for whether the scatterer is statiomary.  For
exaruple, at least ons LIDAR sensor may he configured to-ase uliravioley, visible, or infrared
Hght &t vartoys wavelengths to fmage scatterers in the souvironment,  Different types of
scattering may be used for different LIDAR gpplications.  Further, sottable combinations of
wavelengths can allow for remote mapping of objects by looking for wavelength-dependent
changes 0 intensity of reflected siprals.  Stll Aupther, threo-dimensional (3D} imaging may
be achieved using both scanping and pov-scamung LIDAR systems to produce 8 3D pomg
cloud, which ¢ LIDAR ot of the vehicle systemn may then output as a data file. The pomt
cloud can then be used to identify and visualize scatierers in the emvironment.  In some
scenanos, the vehicle systom 'may anslyvze the point vloud and deternung {perhaps with a
given confidence fevel) whether an identified scatterer in the environment s stationary or not,
possibly by refernng to stored information that pught indicate whether the identified scatterer
5 typicathy stationany. Other examples arg possible as well,

[0105] Additionally or alternatively, in some implementations, the vehicle system
may take into account predefined map data when determining the confidence level for
whether the scatterer iy diatiopary. The predefined map data way take the form ofa miap
gecessible by the vehicle systent, For instance, the vehicle system may sewnload an updated
map from g server or may already have stored such g map. In any ovent, the predefined map
data may inchude a kvown location of the scatterer. Ih some examples, the predefined map
data may Bather inchade an indication of 'whether the scattersr iy & type of scatierer that i3
typically stationary or not. Furthenmore, the vehiele system may refir to the predefined map
data to deternune whether the scatferer 15 stationary.  In other example, the vehicle system

may have access to two different maps with two different tme stamps, and may compare the

.
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two to determing whather the scatterer has moved or not. Other examples are possible as
well.

{0106} In some implementations, the vehiele system may teke o acconnt remote
assistance data when determining the confidence level for whether the scatterer 18 statiopary.
For example, the vehiole systam may trapsad, t0 8 computing device of a remeote assistance
human operator, 9 recorded image or video of the scatterer, 85 well as a request prompting the
haman operator fo view the image or video and determine whether the scatterer is stationary.
I the vehicle system then veceives from the computing device rempte assistance data
indicating the human operator’s threshold high level of confidence, for instance, the vehicle
systenm may responsively increase the confidence level for the scattersr, perhaps to be gbove s
predefined confidence threshold {g.g., predefined threshold of 90, ovn a scale of O to 100). On
the other band, if’ the vehicle system recetves from the computing device remote assistance
dats indicating the human operator’s threshold fow kevel of confidence {eg., a vonfidense
level below a predefined threshold), the sihicle system may responsively decrease the
confidence fevel for the scatterer, or perhaps keave the confidence level anchanged.

{6107} {her technigues and considerations may also be used to determine the
contidence tevel Tor whether the scatterer iostationary, w addition 1o or alternatively (o those
desonbed gbove, Vanations of the techniques desertbed above are possible as wetl

{3108) In some implemeniations, the act of making the determination of the
likelihood that the st least one scatierer 1s stabonary with respect 1o the vehicle based on the
radar data may fovolve n‘zaking the determination based on Doppler messurements i a single
frame of the radar data. For example, the vebicle system may detect ong or two scatterers
having the same Doppler measutoments, and may responsively determing that the one of two
scatterers are stationary. Alternatively, that act may involve making the determination based
on Deoppler measurements in two or more frames of the radar dats, either consecutive frames
o pon-consecutive frames. For example, afier range-Doppler compression a comparison of
the phase in the output of matched filter # between suecessive frmmes, or CPIs, 8o long as the
radar is coherent phase st the output of the matched filiers is stable {e.g., no change i phase
of the returs of the scatterer) i the scene 1s constant. Therefore, i phiase changes, then the
seene has changed. By way of example, even millimeters of motion may tngger such a
detextor.

{6109] In soplomentations where the radar data includes Doppler measuwroments W
two {or morel consecutive frames and the f}fxpplﬂr measurements are eshimated (¢ be

sssociated with at least one scatterer, the vehicle system may be confipured to consider
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differences, or a lack of difforences, between thy Doppler mcameements 1 the Conseoutive
frames to deternuine information about the scattersx(y) in the snvironment, such as the
fikelthood that the scatterer(s) are stationary with regpect to the vebicle. In addition, the
vihicles systemy may consider this to ps‘:i‘h&;}‘s determine information about the vehicle's
movement. H the vehicle 1s stationary, for mstance, stationary scatterers may have the same
for approximately the same, o.g., withina predﬂﬁﬁed threshold valug of sach other) Doppler
messuvements between fwo or more consecutive frames ~ namely, 8 Doppler measurements
of zevy or approximately zere. On the other hand, if the vehicle s moving, stationary
scatterers may have the same {or approximately the same) non-zero Doppler measurements
between two or more consecuiive frames, and the non-zere Doppler messurements magy
approximately represent the veloctty of the vehicle.

{8116} Accordingly, the act of the vehicle systemt making the determuination of the
Hikelihood that the st fesst one scatterer Is stationary with respect to the vehicle based on the
Doppler messuwrements i the two consecative frames may nvebw the vehicle svsient making
a determination that a change 1 the Doppler measurements between the two consecutive
frames 15 fess than (o sgual to}) 8 predefined threshold {eg, kess than g i}ﬂpp}&r measurenent
of 1}, I the change is less than a predefingd threshold, the vehitle system may deternume
with a threshold high confidence, or make an ahsolute deternunation, that the at foast one
scatterer 18 stationary with respect o the vehicle, Whereas, if the change §s greater than the
predefimed threshold, the vebicle system may determine with 3 threshold high confidence, or
make an absolute determination, ﬁmt the at least one scatterer is not stationary with respect to
the vehiele,

{0111 Iy zome examples, the vehlicle svstem may determine a change in the
magnitude and phase of the scattersr-assocmted olutter in the twiy consecutive frames of the
radar data, and it the magnitnde and phase are both constant {or approximately constant)
between the two consecutive frames, the vehicke system may determine that the scatferer is
stationary. Other examples are possible as well,

{8112 In some mplementstions, the vehicle system may be configured to determine
the likelibood that & scatierer is stationary with respoct to the vehicle based on 8 comsideration
of Poppler measnrements i1 two o miore non-conseputive frames, For example, the vehitde
may determine the hkelihiood based on two Doppler measurements made within a predefined
threshold time of each other (e.g, within 0.5 seconds), but that were not necessarily W
consecubive frames.  As an example of how else the vehicle system mav consider non-

opsecutive frames, the vehicle systemy may determine the hkelthood based on a
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consideration of the Doppler messurements i every a-thframe i g slidibg window fashion,
wihiere # 18 greater than one {e.g., every tourth frame).  Other examples are possible as well

{6113} At block 708, method 700 includes in response to the likelthood being &t least
equal 10 a predefined confidence thrashold, caloulating a velocity of the avtonomous velucle
based on the radar data from the two or mors radar sensors, where the caloulated velooity

gomprises an angular velocity and a linesr velocity.

{0114} In some wuplementations, with regard 1o a single radar sensor, the chutter
assoctated with g stadioary scatierer may Bl dong o wanifold that is based on (o Dopplr

measurament of the scatterer, (11 a velocity of the radar sensor, and {uf) & position of the
scatterer relative to the radar sensor (8.8, a distance from the radar sensor w the scatierer in
the environment). For example, such clutter may fall slong a manifold defined by Equation
1, where o 15 the Doppler measerement of the scatterer, v, is the velocity of the radar sensor,
and p, s the position of the scatterer refative o the radar sensor. The velocity and posttion

gre vegtors in Boguation §, which inclades g dotprodact.

P = 5 3
N R O 4. Sauation {
i s o Pouation {1}
{8115} Equation 1 may result in a sinusoidal variation of Doppler with an angle

hetween the velovity vector and the scatlerer target azimuth.  Other example equations ave
possible as well, The vebicle system locating a stabionary scatterer mantfold may allow the
radar sevsor to determine an instantapeous velovity of the radar sensor relative o the
environment.

{16} i some implementations, the act of caleplating the velocity of the vehicle may
involve comparing the espective velocities of the two or more fadar sensors and then
calculating the velocity based on the comparison.  One reason for doing this, for wstance,
may be becanse each raday sensor may be moving at a respective different Hnear velocity
depending on whether the vehicle 18 turning lefl or right’ By way of example, if the vehicle 8
turning lefl, a radar sensor mounted ou the right side of the veliicle may be pwoving with a
greater hnsar velocity than a radar sensor mounted near a geometric contertine of the vehicle,
which in turn may be moving with & greater Hnear velociy than a radar sensor mounted on
the'left side of the vehicle. Further, i the vebicle v turming vight, 8 radar sensor mowited on
the left side of the vehicle way be moving with a greater Hnear velocity than a radar sensor
monnted near a geometric centerline of the wehicle, which i tumn may be moving with a
greater Iear velocity than o rader sensor mounted on the night side of the vehicle, By

contrast, the respective angular velocities of cach sensor may be the same, regardless of
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which direction the vebicle ¥ tuming, as the sendors are mognted to the structure of the
vehicle that is turning at the angular veloouy.

{6117 In some implementations, the act of caleulating the velocity based on g
comparison of the respective velocilies of the two or move radar sensors may involbve
compating the Hnewr velocity of the velicle 1o be an average of the respective hnear
velocities of the two or more tadar sensors,

{0118} In an example, before recciving the radar data, and whike the vehicle s
moving on the read, the vebicle systeny may cause at least o fivst and second radar se0s0t 10
acquire fiost and secomd radar daga, respectively, which may together compriss the ragdar data
received as poted with regard to block 702, In such aplementations, the act of caleulating
the velooity of the velicle based on the radar date frone the o ar more radar SeTRoTs Mgy
mvolve (1} calcolating a first velocity based on the first radar data, {8 calaudating 8 second
velocity based on the serond wadar data, snd (i) calculating a thind velocily based on the fiest
and second velocities. In this example, calculating the third velocity based on the first and

second velotities may mvolve averaging the fivst and second veloeities.

{6119 in some implementations, the vehicle systen may caloulate the hnear velocity
of the vehicle wnd the anpular velocity of the vehitle hased on ab least e Doppler

measuremants,  For example, the Doppler messurements may mclade 2 first Doppler
measurement of a firyt stationary seatterer with respect to 2 fest radar sensor mounted on the
vehicls, and 2 second Doppler measurement of a second, different stationary seatierer with
respect to a second radar sensor mounted on the vehicle at o dilferent location than the Hrst
radar sensor.  In apother example, the Doppler meanvements may alse inchade a thard
Deoppler measurement of a third stationay scattefer, different froun the first and second
stationary scatterers, with respect to a third radar sensor mounted on the vehicle at a different
location than the first and second radar sensors. In other sxamples, the at least two Doppler
measuremenis may include at least two Dopplor measuromests of the sanwe stationary
seatterer, which may ovcur when the stationary scatterer falls within each of the at least two
radar sensors” fislds of view. Other examples are possible gs well,

{e12n] As a particular example, referring back to Fiawe 6, the vehicle system may

determine with a threshold high likelihood {e.g.. a confidence level that meets of exceeds the
predefined confidence threshold) that scatterers 612 snd 614 are statiomary, but may
deterptine with o theeshold low likebhood {og, a confidence level that s below the
predefined confidence threshold) that scatterer 616 I3 stationary (Lo, scatferer 616 3

moving). For instance, scatterey 616 may be a pedestrian walking across the road. Further,

ok
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the vadar data may inclode a fivst Doppler measurement of scatterer 612 with respect to radar
sensor 604, a5 well a8 u second Doppler measurament of scatterer 614 with respect o radar
sensor 606, The vehicle system may thus calculuie the Hinsar velocity of the vehicle sndior
the angular veloclty of the vehicle based on the first and second Doppler measurements,

{01211 In soine implomentations, the vehicle wystemomay ealonlate the lmsar velogity
of the vehicle and the angular velocity of the vehicle funther based on respective positions of
the two or more mdar scosors from a geometic conterline of the vehicle, such as hased on (1)
& Frst distsace from o st sensor 1o the geomettic centerhine and (Hrasegond distance from
a second sensor 1o the geometric centerline. In addition, the vehicle system nwy caloulate the
imear veloctty of the vehicle and the angular velocity of the vehicle further based on ()
respective. positions of two or more stationary scatterers relative 1o the veliele {eg,
respective distances from two or more stationary seatterers to the vehicle) andior (1) &
position of a single stationary scatterer relative o the vehicle {eg., a distance frowm the single
stationsry scatierer to the vehicle).
{81224 Furthermore, in these or other implementations discussed above, the clutter
mssociated with g stationgry scatterer may fall along 4 manifold defined by Equation 2, which
may be defined with respect 0 the geometrie conterline of the vehicke. In Bauation 2, d s the
Dioppler megsurement with respect to a given radar sensor of the two or miove radar sensors,
v, 15 the lingar velocity of the vehicle, w is the angular velocity of the vehicle, p. i3 the
pasition of the given radar sensor relative to the gemmelric venterling of the vehicle, and pis

the position of the scatterer relative to the given radar sensor.

03
e {3+ w X )
Gt w0 X ) s g
Riuation {2}
{8123 In these implementations, given two different Doppler mcaswrements, the

vebicle system way caloulate the hoear veloaty anddor the angular velocity of the velucle,
perhaps using Equation 2, or perhaps usimg a differend type o squation.

{0124 I some mmplementations, the act of caleulating the velocity based on a
comparison of the respective velocities of the two or wore radar sensors may Wnvolve ssing a
maximmn hkelibood estimstor (MLE} that & configured to ieratively determine the mosis
fkedy values for the Boear velocity of the vehicke andior the angular velocity of the vehicle,
hased on the radar data (e.g., various Doppler messwrements) from the two or more madar

sensors, For example, the vehicle sysiem may ose the MLE, two different Doppler
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mesurements, dnd Bouation 2 {0 deratively defernine the mestdikely Hinear velocity and
angular velogity,
{0125} Muorsover, in some implementations the hnear velocity andior angular velocity

may be calondated with higher accuracy using radar data acquired from three or move vadar

SENSOLS,
{G126] In some implementations, the vehicle system may veceive information

including ) sn ndication that oue or more of the welocity of the vehicle is sbove a
predefined velocity threshold (o, W meters per secend (v andior () an indication that 3
steering angle of the wehicle ix sbove a predefined angle threshold (g, 45°%). In such
implemetations, the act of calculating the velocity of the vehicle may be performed in

response to receiving this information,

{8127} At block 718, method T inchades controlling the satonomous vehucle based

on the calculated velogity,

{8128 In some implementations, the act of controfling the vebicle based on the
calculated velocity may invelve causing 8 movement modale of the velucle system to adjusta

hinear velooity of the vebicle, The movement module may take the form of an entity that
receives signads from varfons movement devices sueh as the MU and that also manages
processing of movemsent data, such as gyroscope aad acceleroweter veadings.  Such g
movement modude may inclode the IMLL or may be separate from but communicatively
finked o the IMUL Fucther, the act of cauving the movement module to adjust the lnear
velogity may mvolve csusing the movement module o increase or decrease the Hnear
velocity of the vehicle.
{01294 Additionally or altenatively, the act of controlling the vehicle based on the
calculated velocity may involve causing & movement moduls of the vehicle system to adjust &
steeving angle of the vehicle, such as by inereasing or decreasing the current steering sugle of
the vehicle.
81361 Additionally or alternatively, the act of controtling the velieke based on the
calculated velocity may involve providing, on a display mounted on an interior of the vehiele,
an indication of one or wore of the caloulated angular velocity and the caleulated hinear
velocity of the velicle. For instance, the vehicle system may display 0 the user, via 3
eraphical user interface andéor a speedometer, a visual indication of the calenlated angular
angtior Hnear velooity,
13131} The act of controlling the vehicle based on the calonlated velocity may involve

other operations as well, additionally or alterpatively to those described above.
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{0332 Frgure 8 i3 o flowehart of an example method 800 for vehicle motion detection
using radar fechnology. Method R00 represents an example method that may include aie or
more operations, functions, or actions, as depicied by one or more of blocks 802, 804, 806,
BUE, and 810, each of which way be carnad vul by any of the systems shown i Plgures 1,2,
A, 3B, 4, 5 and 6, among other possible systems, Those skifled in the art will understand
that the flowchant desoribed herein lustrates functionality snd operation of cortmn
implementations of the present disclosure. I this regard, cach block of the flowchart may
represent & modale, g segment, or a portion of program code, which includes one or more
instructions exeoutable by one o more processors for implementing speeific logical functions
or steps in the process. The program code may be stoved on any type of computer readable
medirn, for example, such as a storage devics inchnding a disk ov hard drive,

{0133} In additton, each block may represent circnstry that is wired to perform the
speciic logical functions in the process. Alternative implementations are included within the
scope of the example implernentations of the present application in which fumctions may be
executed out of order from that shown or discussed, mcluding substantially conGurrent or in
reverse order, depending on the functionality mvolved, as would be understond by those
reasonably skifled io the art.  In examples, a computing sysiem may £ause a system {o
perform one or mwre blocks of method 800

{134 At block 802, method 800 inchades receiving, from a radar sensor mounted on
an autonomouns velicle, radar data representalive of @ physical environment of the
gutonomous vehicle.

{0135 At block 804, meithed 800 includes based on the radar data, detecting at loast
one seatterer present in the snvivopiment. The ot of detecting the af Jeast one scatierey based
on the radar data may involve any one or more of the same operations discussed gbove with
regard to block 704 of method 700,

{1386] At block 806, method 300 inglades making 3 determination of & likehbood
thiat the at least one scatferer 18 stationary with respect to the autonomous vehicle, The actof
making the determination of the hikelihood that the at least one scatterer 5 stationary with
respect 1o the antonomous vehicle may nvolve any one or more of the same operations
discussed above with regard {0 bloek 706 of method 700,

{0137 For example, the vehicle system may be configured o use # single frame of
Doppler moasurements eshimated to be associated with the at least one scatterer 10 deternyine
the hkelthood that the at feast one scatferer s statiovary.  Tn another example, the velucle

system may be confizured 1o wse two ormore congecntive o non-consecutive frames {e.g
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every p-th frame, where # 15 greater than ong) o deternune the hkelibood that the af least one
soatterer s stationary.  In pamticular, i the at least one scattersy is stationary, Doppler
measurements that are sstimated to be associated with the at least one seatiersr tay be the
same betwean two or more frames of the radar data.
{138} At block SOR, method B8} includes based on the determination being that the
fikelihood 15 at Teast equal to a predefined confidence threshold, detsemining an indication
that the autonomous vehicle Is stationary.
{6139 The act of determning that the likelibood 15 at least equal o the pradefined
onfidence threshold may be involve any one vr more of the same operations discussed above
with regard to block 706 andior block 708 of method 700, For instance, using the radar data,
angd perhaps one or wore of the other considerations discussed sbove (e.g., finage data,
predefined map data), the veluele svstern may determing with g threshold high confidence
{z.i., a confidence level above a predefined threshold of 95 out of 100} that # given scatterer
18 stationary.
{0148} Further, in bne with the discussion ahove, the sehicle system may be
confipwred {o consider differences between the Doppler measurements in two of more
constoutive of not-ciisecutive frames in order 1o determine suformation about the vehiele's
mavement. For example, if the vebicke is stationary, stationary scatterers may have the same
(or approximately the same) Doppler measurements among at least one frame, sach as (i) two
or more consecutive frames andfor (D) eviey s-th flame; where # ix greater than e, In
particular, the stationary scatterers may have Doppler messurements of zevo orapproximately
2EFQ.
{0141 Therefore, when the velucle syatem has determingd that the likelihood that the
at least one scatterer is stationary is at feast equal o 8 predefined confidence threshold, the
vehivle svstem may analyvze Doppler measurements in mulfiple frames of the radar data to
facithitate high-aocuragy movement detection,  For instance, i e vehicle s stationary,
stationary siatfersrs may have a Doppler messuremeont of zero or approximately zevo, and
thus, if the vehicls renwing stationary over two or more frwoes, the Doppler measurement
will vemain at zero ov approximately wero, or may change 1o an extent that i below a
predefined change threshold. In response to this i}ccux‘z‘iz}g, the vehicle system miay determing
that the vehicle is stationary. On the other hand, i the vehicle moves gven a small amount
{c.g., approximately 1 milloeter or less) over two or more frames, the vehicle system may
detect g change fn vanous parameters associated with 8 stattonary scafterer, such as the

magnitude and phase of wattever-associated clutter in the radar data. Iy some examples, the
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vehicle system may boave a grodefined change threshold that s bow o, a change of 0.5)
see that when the vehicle moves a small amount, the vehicle system may detect that the
change exceeds the predefined change threshold, and theveby determine that the vebicle is not
sationary.

{3142} The indivation thai the vehicle v slationary may fake varous forms. In some
tnplementations, the act of determining the indication that the vehicle s stationary may
tnvolve storing In mewmory an indication {(e.g., a fag) that the vehicle is stationary.
Additiomally or alfsmatively, the ot may nvolve fansmitiing, tothe movement modide of
the vehicle system orother component of the vehicle system, the indication that the vehicle is
stationary,

{6143 Additionslly or alternatively, the st wmay invelve providing i the sterior of
the vehicle a visual indication that the vehicle is stationary, such as an ifhuninating a Hght or
providing text on g display screen. Additionally or altemnatively, in some scenarios, sach as
when the vehicle 18 stationary and 1n park, the act may involve the vehicle system performing
other actions, such as enlocking the doors o the vehicle or turming off 7 dimming the
headlights of the vehicle, Cither examples are possible as well.

{0144 These and other methods of determining the indication may ocowr after or i
comunction with the vehicle systerh determinmg that the vebicle s stationary based on the
raday daty.

{3145] In spmie implementations, the vehicle systom may receive an mdication that 8
velogity of the vehicke s below a predefined velocity threshold. In such implementations, the
vehicle svstem may perform act of determining the indication that the vehicle iy statonary n
response o receiving the indication that the velocity of the vehicle is below the predefined
velocity threshold. For sxample, if the vehicle vystom detecis that the velocity of the vehicle
has dvopped below a predefined velooity threshold of 0.3 mys; the vehicle system may engage
in one or mote of the operations discussed above o determing whether the vehigle 18
stationary or not.

{0146] At block 81, method 800 mcludes based on the determined indication,
controliing movement of the astonomous velicle:

{8147} iy hve with the discumsion: above, the act of contraliing the movement of the
vehicle may wivolve providing (e g, transmitiing} (o the movement module of the vehicle an
instruction that, apon receipt by the movement modale, may cawse the vebicle 1o remain
stattonary.  For example, the instnuction nwy take the form of an dnstruction for the

movement module to deny receipt of signals frony the IMU (z.g., from the gyroscops andior
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from the accelerometery or from another vehicle component, which may tesalt in-the veliele
remaining statfonary. Merein, the act of denving receipt of a sipnal may refer to variows
actions, such as (1) recerving but not reading the signal {or otherwise igaonng the sigral), (1)
preventing receipt of the signal, or (1) recgtving and reading the signal, dul net wsing the
signal 1o cause movement of the vehicle, among other possibilities,

{6148] In alternative implementations, however, the instruction may canse the vehicle
system o engage in a process 1o begin moving the vehicle.

{6149} Figure 9 1s & schematic tHustrsting & conceptual parsial view of an example
carnputer program product that inchudes a computer progrant for oxecuting a compuler
process on 8 computing device, avvanged gecording to at feast some embodiments presented
beretn.  In some embodiments, the disclosed methods may be buplemented as computer
program instructions encoded on & pon-transitory computer-teadable storage media inoa
machine-readable format, or on other non-transitory media ov articles of manufacture.

{8136 o one ervbodiment, example computer program product 900 13 provided using
signal bearing mediam 902, which may include one or mote programming imstractions 904
that, when executed by one or more processons may provide functionslity or portions of the
functionality described above with respect to Fumwes -8, In some examples, the signal
beaving medium 902 may encompass 8 nob-ransitory computer-readable medivm 806, such
as, but not Bimited to, a-hard disk drive; a Compact Disc {ChHY, a Digital Video Disk {DVD), a
digital tape, memory, gfo.  In some implomentations, the signal bearing medium 902 nay
encompass a computer recordable mediom 908, such as, but ot hinited o, memory,
gead/wrile (RAWY Chs, BAW DVDs, ste. Tn some unplemendations, the signal bearing
medipm 902 may encompass & commupications mediun 910, such as, bot not Himited to, 8
digital and/or an analog communication mediwm {e.g., a fiber optic cable, a waveguilds, a
wired compnmications ok, o wireless commusnication hink, et} Sipulardy, the signal
bearing mediom 802 ney comrsspond fo 4 remote storage (... & cloud) A computing
system may share mfonnationy with the cloud, including sending or megiving information.
For example, the computing system may recstve additional mformanion from the cloud o
augment information oblamed from sensors or another entity. Thus, for example, the signal

bearing medium 802 way be cowveysd by 4 wireless fortn of the conunumcations medinm

DI,
{0151} The ope or more progransning instructions 904 may be. for example,

computer executable andfor Togic implemented instructions.  In some examples, 8 computing

device such as the computer system 112 of Figure § nay be confipurad {0 provide various
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Ooperations, funchions, or actions 1o response 0the programuning instructions 904 conveyed to
the compruter system 112 by ong or more of the computer readable medinm 906, the computer
recordable moediam Y08 andfor the communications modium 91%

{0152 The non-transitory computer readable medhan could also be distributed
among multiple data storags elementy apdior cloud {e.2., remotaly), which could be remotsly
tocated from each other, The computing device that excoutes some or all of the stored
tnstractions coild be-a vehicle, such as the velucle 200 lustrated n Figore 2. Altematively,
the computing device that srecutes some or all of the stored instractions could be anether
computing device, such as a server.

{3153 The above detailed description describes various features and functions of the
disclosed systems, devices, sud methods with reference o the accompanying figures. While
various aspects and embuodiments have been disclosed herein, other aspeets and embuodiments
will be appatent. The various aspeets and embodiments disclosed hevein are fir purposes of
tustration and are not btended 1o be Hmiting, with the tee stope being indicated by the

following claims.
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CLAIMS

1. 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;
based on the radar data determining, by the computing system, a likelihood that the at
least one scatterer is stationary with respect to the autonomous vehicle, the determination of
the likelihood includes using coherent change detection that uses a sliding window to compare
phase returns from the at least one scatterer;
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 two or more radar sensors, wherein calculating the velocity comprises one of:
determining, by the computing system, an indication that the autonomous
vehicle is stationary and controlling, by the computing system, the autonomous vehicle
based on the determined indication, 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 the

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

35



MCSLLP

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.

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 less than 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 less than 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 the angular 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 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 sensor to a geometric centerline of the autonomous vehicle and a second

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

8. The method of claim 1, 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 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,
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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 (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:
two or more radar sensors mounted at different locations on the autonomous vehicle;
and

a processor configured to perform operations comprising:

receiving, from the two or more 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;

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

the determination of the likelihood includes using coherent change detection
that uses a sliding window to compare phase returns from the at least one scatterer;

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
controlling the autonomous vehicle based on the determined indication; 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.
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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 determined indication
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) including 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.

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 including 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;
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based on the radar data, detecting at least one scatterer present in the environment;
based on the radar data, determining a likelihood that the at least one scatterer is
stationary with respect to the autonomous vehicle;
wherein the determining the likelihood includes using coherent change detection that
uses a sliding window to compare phase returns from the at least one scatterer;
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
controlling the autonomous vehicle based on the determined indication; 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 the linear 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.

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
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measurements between the two frames is less than 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 less than 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 (i) an indication that the angular velocity of the autonomous vehicle is above a predefined
velocity threshold and (i1) 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 two 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 sensor to a geometric centerline of the autonomous vehicle and a second

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

23. The article of manufacture of claim 16, 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 (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.

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
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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





