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DETECTING MOTION OF AN AUTONOMOUS VEHICLE USING RADAR
TECHNQLOGY

CROSS-REFERENCE TO RELATED APPLICATIONS

jagaiy Thiy application clafmy priovity to U.S, Patent Application Noo 13713,.300,
tiled Septenber 22, 2007 and U.S. Patent Apphication No. 15/713.49%, filed September 22,
2017, both of which are incorporated hereta by reforcnce in their entirety.

BACKGROUND
{ege2] Vehicles arc often used for vartous tasks, such as for the transportation of peaple and
goods thronghout an envirommend,  With advances i technology, some wehicles are
configored with systerns that enable the velucles to operate ina pariial or fully autonomous
mods. When operating i a partial or fully autonsmous mode, some or all of the navigation
sspects of vehicle operation are contrelled by & vehicle contred svstem rather than a
raditional hupnan driver. Amtonumous operation of g vebicle dan tnvolve systems sensing the
vehicle’s murrounding enviromnent o enable a computing svatemy to plan and safely execate
favigating routes o reach desired destinations.

SEMMARY

{0803} 1o one aspect, the present application describes a method performed by a computing
system configured to control an sutonomous vehicke. The wethod may fvolve receiving, by
the vomputing system, from at least ons radar sensor mounted on the sutonomous vehigls,
radar-data representative of o physical enviromment-of the sutonomons vehicle, The method
may alse volve, based on the rader data, detecting, by the compuing system, at least ong
scatierer-pressnt w the environment. The method may also mvolve, based ouithe radar data,
making, by the computing svstem, a determination of a likelihood that the at least one
seatterer s stationary with respect to the mtonomons vehicle. The method ey also involve;
i response to the bikeBihood being af feast squal 1o a predefined confidinics threshold,
caleplating, by the computing system, ¢ veloelty of the autonomous vehicle based on the
radar data, where calculating the velocity comprises one of) deternuning, by the computing
system, an indication that the autonomous vehicle fs stefionary, and determuting, by the
cornputing systeny, an angulat velocity of the sutesomoys velele and a Boear velocity of the
autonomous vehisle The method may slso fnvalve controfling, by the computing systent, the
autonomous vehicle based on the calealated veloeity.
{1804} I another aspect, the present apphication describes an article of manuefacture

including o now-transitory computer-readable medium baving stored thereon instructions that,



WO 2019/060524 PCT/US2018/051911

when execnted by & processor in @ computing ‘system, causes the domputing system t©
perform operations. The opsrations may comprise recawving, from at least one radar sensor
moynted on the sutonompus vehicle, vadar data representative of a physical saviromment of
the autosomous vehicle.  The operations may also copyprise, based on the radar data,
detecting ot least ong scatterer present in the onvivonment.  The operations may abw
gomprise, hased on the radar data, making a determination of a likelithood that the at least one
scatiorer s stglionary with respeet o the antonomous wehicke,. The oporstions may also
comprise, I response to the likelibood being at least squal o g pradefined condidence
throshold, calvulating a velocity of the auntononmous vehicle based on the radar data, whers
catculating the veloeity comprises one of: defermiinivg an indication that the autonomous
vehicle s stationary, and determabung an anguhsr velocity of the mtonomous vebicle and 2
finear velocity of the autonomeas vehicle, The operations may alse comprine controllivg the
sutonomoys vebicle based on the caleulsted velocity,

{0603) In another aspect, the present spplication deseribés a compuling systerm
cotfizured to control an mustonomons vehicle, The computing sysiem may comprise at least
oni radar sensor nwuatted on the aufonomous vehicle and &' processorconfipured to perform
operations. The operations my comprise reeeiving,: from the at-least cue radar sensor, radar
data representative of @ physical envirmument of the astononious vehicle, The operations
may alse comprise, based on the radar data, detecting at feast ong scattersr present i the
epvironment.  The operations may also comprise, based en the radar dafs. meking a
determination of a lkehhood that the ot least ome scatterer s stahionary with respect o the
sutonomons vehicle. Tho operations may alse comprise, 0 vesponse to the likelihood being
at least equal to a predefined confidence threshold, caloulating g velocity of the autonomous
vehicle based on the radar data, where caleulating the velocity comprises one of: determining
an indication that the atonomeus vehicle s stationary, and determining an angular velocity
of the autonomous vehicle and a linear valocity of the avtonomous vehicle, The operations
may also comprise controfling the autonomous vehicle based on the calculated velogity.
{0646} In yet another aspect, s system is provided that ncludes 2 means for receiving,
froomy at least one radar sensor moanted on the autonomous vehicle, radar data representative
of & physical eaviropment of the autonomows vehicle,. The system may aley include 3 means
for based ow the mdar data, detecting at vast one seatiever prasent i the environment. The
systommay also inclade & means for based on the radar data, making a deterniination of
likehihood that the at least one seatterer & stationary with respect to the autonomoas vehicle.

The systeny may farther fnclude & weans for in response to the likelihood being ot feast egual
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fo g predefined confidence thrashold, caloalating a velocity of the autonomons vehicle based
on the radar data, where calonlating the velocity comprises ong of: determining an indication
that the amtonomous vehicle 15 stotionary, and detormining so anpular velocity of the
autonomuous vehicle and a linear velocity of the autonpmous vebicle. And the system may
further mclude 3 means for controlling the antonomous vebicle based on the caloulated
velocity,

{0667 The forcgoing summary s Hlustrative only snd 15 vot ntended o be in any
way bBonting.  In addition {o the Uostrative aspeets, embuodiments, and foatures descoribed
aboeeg, farther gspects, embodiments, and features will hecmme apparent by reference to the

figures and the following detatled description.
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BRIEF DESCRIPTION OF THE FIGURES

{0008} Figure | 15 a functional block dispram ilustrating an example vehicle.

{0009} Figure 2 depicts gn sxample physical vonfiguration of a vehicle.

HERHE Figure 3A illustrates a Mock dagram ol a sepsing system including acoupler

HEIRS Flgwre 38 iflustrates- a bloek diagram of another sensing system including a

coupler,

j0612} Figure 48 depicts a physwal configuration of a vehicle,

10613} Figure 48 depicis a physical configuration of a velugle,

RS Figure § illustrates an example scenario of a vehicle using o radar system.

0015} Figure 6 lustrates an example scenario of a vehicle using 3 sadar systen,

U Figure 7 a flow chart of a roethod, according to an exanple uplementation.

7Y Figure & s g flow chart of a wethod, according 0 an example mplementation.

e8] Figure ¢ depicts & schematic diagram of an cxampls conygniter program,
DETAILED DESCRIPEION

0619 Hxample methods and systems are desoribed herein. It shoold be anderstond

that the wonds “example,” “exemplary,” and "lustrative™ are used herein 10 mean “serving
as an example, wstanve, or Husteation.” Any wuplomentation or featwre deseribed herein as
being gn “example!” being “exeoplary,” or being “ilustrative” s tot necessarily 1o be
construed as preforred or advantageous over other implementations or Teatures. The example
implementations described hergin are not mesnt fo be linuting. 1t will be readily understood
that fhe sspects of the present disclosure, as generstly described herein, and Wustrated in the
figures, can be arvanged, substitated, combined, separated, and desioned v a wide vagiety of
differant configurations, all of which are axplicithy comtemplated beretn. Additionalby, iy thig
disclosure, unless otherwise specified anddor unless the particular context clearly dictates
otherwise, the terms “a” or “an” means at Joast one, and the ternt “the™ means the at-least one.
20} Furthermore, the pavticular ayaugements shown i the Figutes should not be
viewed as Hmdting, Tt should he understond that ether implementations might include muore
orfess of cach clement shown o8 given Figure. Further, some of the illustrated eloments
miay be combined ov ontitted. Yo further, an example inplomentation fray include eloments
that arenod Hostrated in the Flawes,

{00214 Moreover, the term “velocity ™ a5 ased herein, may refer to 2 Hnear welocity
andfor m angular velocity, Further, “velocity” may be a scalar quaniity such as speed ora

vector quantity, suchas speed and angle.
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{06221 A radar system fora vehicke may be configured o sense an sovitonment of the
vehiicle and capture measurements of the vehele’s surroundings.  For example, the radar
systent may measure the distance between the vehicle and snother vehicle naviganing W front
of the vehicle. In some instances, a computing systam of a velucle or a remote System may
e the radar dasa to determing control operalions, such as routes pavigation, spesd control,
snd obstacle avoidance. As @ result, the radar system may enable o vehicle to operate ina
partial or fully amtonomous mode. For instance, an example radar systen may also be
configued to supplement olher sepsor systems of 2 vehicke within soows implementations. Ip
some implementations, the radar sysiem may provide radar data to an interface that a driver
Ay use 1o assist with navigating the vehicle.

{0823} In practice, sy vehicke systems may tuplement Global Posttioning System
(P8}, inertial sensors {e.g., accelerometers and gyroscopes), whesel speed seosors, andfor
ather mechanisms to measure 3 velocity of g vehicle. Bach one of these mechanisms may at
times provide acourate theasurements, b may have vartons disadvantages as well For
example, wheel speed sensors-might lose traction and ship, even by a small amount, which
may wegatively impact the reliability of the sensor megsuwrements. I may thas be desirable to
tplemient 2 mechandsm that can detger relative motion betwesn the wehicle snd the
environment with higher accuracy and religbility,  Additiobally, sestems sach ay GPS may
ouly have an accuracy of approximately 4 meters. Thus, a GPS measurement may not be
able to provide an avcurate measurenient of whether v nnt a vehicle s stopped.

{0824} Accordimgly, disclosed herem are methods and systems relating o vehicle
velocity calealation using radar echnology — namely, using al least one radar sewsor. For
example, i vehicle system may use radar data fromm Hvg of more radar sensopy oy detenming
which objects in the environment are likely stationary, and then yse these objects to calculate
the linear and/or angular veloctly of the vehicle fo which the two or more radar sensors are
sttached

{0623} As 8 more particular example, 8 vehicle system may be configured to meeive,
while the vehicle v moving on & road of fravel, mdar dats acquired from two o more tadar
semsor mounted at two different Jocations (or with two different orientations) on the vehicle:
The radar data may be reprosentative o the snvivonment of the vebicle. The svsteny may
then use the radar data to-detect » scatterer present 1h the environment. Hewin, & “seattever”
may refer o s object that seatters {Le, reflects) radar waves when the radar waves
encounters the object.  Forther, the systen may be configured to determine a Bhelthood that

the scaticrsy s stationary with respeet o the vebicle. In some inplementations, the system

Ak
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may be asble to use coherent change defection 10 defernmne 1 4 scatter i3 moving or mob,
Coherent change detection may use 2 shiding window and compare the phase of returas from
the scatterer 1o determine movement. For example, § coberent processing imerval {CPT) may
b compared with another CP {where 7 is the size of the shiding window) 1o measure the
relative phass fromm the scatterer,

{0626} If the systermn determines that the likelihood of the scattorer being stationary is
gt least squal o 3 predefined confidence threshold, the systern may responsively then
calculate a yvelooity of the vebicle based on the radar date. The velocity msy nclade a bneay
velocrty andior an angular veloeity of the vehicle:

{08271 Onee the system bag calculated the velocuy of the vehicle, the system may
conrol the vehicle based on that velooity,  For examople, if the system defermines that the
caloulated angelar velocity meets or exceeds a predefined threshold, the systemy may canse
the vehigle to adjust #1s steering sngle, reduce ity Hingar velooity, anddor reduce its angular
velooity.  Addivonstle or aliematively, i the svstem detertnines that the calculated Hndar
velocity meets or exceeds 8 predefined threshold, the systen may canse the vehicle o adjust
its stesring angle, reduce its Hoear valovity, andfor reduce its angular veloeity, The gystem
may take into gceount other factors o control the velucle as well.

{0281 Farthermorg, in practice, many vehicle systems may also implement encoders,
inertial sensors, GRS, andéor other mechanisms to measwre whather g vehicle iy siationary or
act. ln somie nstances, such mechanisms may be configured fo output that the vehicle is
statfonary in response 10 the mechanisoy having detected that the vehicle™s messured velogity
5 zevo andior in resposse o the mechamsm having detected that the velucle™s measured
velogity is holow 3 predefined detoction threshold, such as I centuneter per second {omil

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

second.
{2 However, such wechamisms migy have varying ssges. As previeusly

discussed, GPS, for example, may have high position noise snd high lateney.  As another
example, accelerometers may exhibit noise that might cause a strapdown inertisl navigation
systern (€8, an thertial sensor-based syster where the Sensors are sttapped to'the vehicley or
fype o other wertial sensor systen to defect rhotion even when the vehicle isstativuary.

{00384 Accordinghy, further disclosed herein are methods and systams relsting to
vehicle motion detection using radar technology.  For example, in line with the discassion
above, 8 vehicle svstens may be configured to receive radar data acquired from a radar sensor

mounted on the vehicly, where the radar data is represemtative of the environment of the
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vehicle, The system sy then wse the radar data o detect a scatterer present in the
environment.

{0031} Further, the system may be configured 16 detonnine & likelthood that the
scattersr is stattovary withrrespect to-the vehicle, such as by uxing Doppler measurements, as
discussed above. H the system defermings that the likelthood of the scatterer being stationary
is at least cqual to a predefived confidence threshold, the system may then determine an
indication that the veluele i stationary, and then control movenent of the vehicle based on
the indication.. Forinstance, the kudication say lake the formyof & binary oulput {eg., "0
not stattonary, Y17 if statienary), and if the binary oulput indicates that the vehicle iz
stationary, the systemt may configure isel! f0 ignore other movement seasor readings, such as
inertial seosor readings, but vy reconfigare dsell to fake anevtial sensor readings into
account once the binary ouipt indicates that the vebicle 18 noy longer stationary.

32} In practice, objects in the covivonment that have a threshold high likelihood of
heing stationsry scattérers may appear 10 the radar data a8 clotter. Thus, the methods and
svstems desoribed herein may differ from known radar smplomentations in that many kinown
radar frplemeniations involve temoving of otherwise disregarding vlutter that appests in
radar data. By contrast, these methods and svstems may wvobve solating or otherwise taking
into consideration clutter in the radar data and asing the chitter as a basis for galculating &
veloeity of the vehicle andior determining whether the vehicle is stationary or not.

{0633} The described methods and systeims may provide other improvements to radar
techuoloey andfor motion sensing/messurements as well, Fov example, airborne-based vadar
systems may transmit radar waves at a low tade and ab grester distances {eg., thousands or
tens of thousands of meters) v order to senss objects on the ground, and atiempts 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 systemns might not be able to solate s single scatterer
i raday dats. By contrast, the present methody and svstems invodve Sansmitting radar waves

gt & higher rate aud at shorter distances {e.g, hundreds of meters or less) in order 1o sense

objects,
{0634} Operations deseribed heredn with regard 10 radar-based vehicle motion

detestion In particular oy felltete motlon  detection with higher accuraty. highet
sensitivity, and lower lateney, among other possible fmprovements. By way of example,
such operations may faciliate motion detection i mulloeters per second ~ namely,

~

outputting that the vehicle 18 statfonary b responise o defecting that the vehicle™s mweasured
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velocity is below a predefined tdreshold of approximately 1 mullimeter per second {mmdd) ~
therehy providing sbout ten tmes the precision of existing motion detection mechanisas.
{0035] Although mnplomentations desertbed hetein ate geverally discussed with
regard to radar systems, it should be noted that the vehicle velocity ealandation andfor velhiele
motion detection opcrations discussed could be prrformed using LIDAR systems as wadl,
additionally or aliematively 1o using radar, By way example, the vehicle systern may use &t
teast one frame of LIDAR data to detect ot least one seatterer and then determing a Blelibood
that the at least one scafterer i stationary, perbapy ouly vonsideding LIDAR data, or perhags
considering LIDAR data in combmation with other types of data (s, tader, images, maps,
anddfor remote assistance). For instance, the vehicle system miay receive muliple frames of
LIDAR data from oneormore LIDAR sensors and determine to what extent there bag beena
change in the portions of the LIDAR data that -t estimated to be associated with at keast one
scatterer.  The vehicle system may then determine whether the at least one scatterer is
stationary based on how the detenmined extent of change compares with a predefined change
threshold.  As another sxample, the vehicle svstemy may uwse at least one hybnd
LIDARDoppler sensor o sequire "LIDAR-based Doppler measurements for  scaitersy
candidates, and then use those measurements i manners sinular to those described sbovein
order to determine various irforntation, sugluas {1y the bkelihood thay the scatterer candidates
are stationary, (i) whether the vebicle is stationary, andfor (i) a velovity of the vehicle.
HUIRES Example systems within the scope of the present. disclosure will nosw be
described my grester detail. An example system may beimplemented b or may take the Torm
of an gutomobile. However, an example system may adso be implemented i or take the form
of uther vehicles, such as cars, trucks, motorgycles, buses, boats, airplanes, helicopters, lawn
mowers, earth movers, boais, snowmobiles, aircmﬂ,_ recreational vehicles, amusement park
vehivles, farm equipment, construction equipment, ams, golf carts, trains, trolleys, and robot
devives, Other velicles are possible as well.

{0837} Reforring now o the figures, Figure | s a functions! block diagram
iltustrating example vehicle 100, which may be configured to operate fully or partially n an
autonamons model  Move apecifically, vebicle 100 may operate I an autonomons mode
without human interaction through receiving control ustractions froin a computing system:
As part of operating i the suwtonomons mede, vehicle 100 may use sensors to detect and
possibly wWentify objects of the surrounding environmeid to enable safe pavigation. In some
implementations, vehicle 100 may abo irchude subsysters-that enable & driver to control

operations of vehicle 100,

L]
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{0638 As shown  Figwre 1 vehuele 106G may wclade varioos subsystoms, such a8
propulsion systemy 102, senser systen 104, control system 106, one or more peripherals 108,
power supply 110, computer systom 112, dasa stovage 114, and user mietface 1160 In other
examples, vehicle 100 nay ioclude more or fewer subsystems, which can each include
mudtiple clensents. The subsystenss and components of vehicle HI0 may be interconnected in
various ways, In additon, functions of vehicle 100 desenbed herem can be divided into
gdditional functional ov physical components, or combined futo fower functiomal or physical
components within nplementations.

{08394 Progmgsion systern 102 may include one or moie componends operable fo
provide powersd motion for vehicle 100 and can include an engine/motor 118, an energy
sentres 1O, a tranwraission 120, and wheelsfires 121, among other possible components. For
sxanple, engingdmotor 118 may be configured 1 convert etiergy soree 119 into mechanical

gnergy and can correspond wone or 3 combination of an {nternal combustion engine, an

electric motor, steam engink, dr Stirling enging, among other possible options. Por instance;
m some implementations, propilston system 102 may inchade maltiple types of engines
andlor motors, such as & gasolive engine and v sleottic motor:

{0848y Energy source 119 reprasents ¢ source of vwergy that may, i &l or inpart,
posver ang or more systems of vehicle 100 {gg., cnginedvotor 118} For instance, energy
sowres 119 can corvespond o gasoling, diesel, other petrolaran-based faels, propane, other
compressed gas-based fuels, ethanol, solar panels, batteries, andior other sources of electrical
power. v some waplementations, energy sawes 119 may welade a combination of fael
tanks, batieries, capaciiors, andfor flywheels.

{0841} Transmission 120 may tramsmit mechasical power from englugdmotr 138 10
witosls/ires 121 andior other possible svstems of vehiele 1000 As such. transmission 120
may include a gearbox, 8 cluteh, a differential, and 8 deive shafl, among other possible
components. A drive shalt may include axles that connect {0 one or more wheelstires 121,
{42} Wheelstires 121 of vehicle 100 may hgve various configyrations within
exaniple  implementations, For iostance, wehicle 100 may exist in a unicyels,
bicyele/motoreyele,  ticyele, of carfreck Tourwhed! format, among other possible
conftgurstions.  As such, wheelsftives 121 may conneet to velicke 106 in vanous ways and
cavexisy i different materials, such as metal ind rubber.

joR43} Sensor systent. 104 can mchude varons types.of sersors, sach as GPS 122,
inertial measorement unit MU} 124 radar 126, laser rangefinder { LIDAR 128 camera 130,

steering sensor 123, and throttlebrake sensor 123, amony other possible sensors. In some
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implementations, sensor system 104 may alse idlude sensors configured fo monitor juternal
svstems of the vehicle 100 (e g, O monitor, fuel piuge, enpine ol temperature, brake wear).

{0044 GPS 122 may-include a franscenver operable to provide information regarding
the position of vehicls 100 with respect to the Farth. IMU 124 may have a configuration that
wses one of more accelerometors anddor gyroscopes and may sense position and orientation

changes of vehicte 100 based on ingrtial acesieration.  For exanmple, TMU 124 may detecta

pitch and yaw of the vehicle 100 while vehiele 100 is statiomary or in mation,
{0845] Radar 126 may represent one of mons systerms confisyred to use radio signals

10 sense objects, including the speed and heading of the objects, within the local eavironment
of vehicle 100, As soach, radar 136 may inclade sutenuas configired o transmit and receive
radio sigoals.  In some wplementations, mdar 126 may corresposd toa meuntable radar
system confisyred o obitain measurements of e surrounding enviropment of vehicle 1000
HEIS I Laser rangefinder/ LIDAR 128 may include ong or more laser sources, & laser
scanner, and one 'or niore detectors, among other system components, and may operate ina
coherent mode (ow., using heterodyne detection} or it an incoherent detection mode, Camera
130 may include oneor more devices {e.g., still camera or video camerad configured to
caplure fmages of the covironment of vehicle 100,

{047} Steering sensor 123 may sense g seering angle of wehicle 100, which may
involve measaring an o angle of the steeriny wheal or messwing an electrical sigmal
representative of the angle of the steering wheed. In some tmplementations, steeving sensor
123 may measure an angle of the wheels of the velicke 100, sech as detecting an angleof the
whesly with respeet fo 2 forward axis of the velicle 100, Steering sensor 123 may abo be
configurad to measurs a combination {or a subset) of the angle of the stesring whesl,
slectrival signal representing the angle of the steering wheel, and the angle of the wheels of
vehicls 100

{048} Throttle/brake sennor 138 may detect the position of either the throttle position
or heake position of vehivde 100, For instance, throttlebrake sensor 125 may messurd the
sngle of both the gas pedgl {throttie} and brgke pedal or may messure an electrical signsl that
could represent, for ingtance, an angl of a gag pedal (throttle) andvor an angle of a brake
pedal. Thiotthe/brake sensor 125 may also medsure an angle offa throttle body of vehicle 100,
which may Hclude part of the physical meclnism that provides modulation of envegy sourcs
L9 to enginefmotor 118 {og, o butierfly valveor carburetor).  Additionally, throttlefbrake
sensor 125 may measure a pressure of one or wiore brake pads on avotor of velucle 100 .0v a

combination {or a subset} of the angle of the gas pedal (throtle) and brake pedal, slectrical

i
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signal representing the angle of the gag pedal (throttle) and brake pedal, the angle of the
throttle body, and the pressure that at least cue brake pad 15 applying 1o a rofor of vehicle 100
o other embodiments, throttie/brake sensor 125 may be configured fo measurs a pressure
apphied 1o a padal of the vebicle, such as a throttle or brake padal.

HEIS Coutrol systom 106 may melode components conflured fo-assist 1 navigating
vehicle 100, such gy stesring unit 132 throttle 134, beake onit 136, sensor fusion glgorithe
138, computer vision systeny 140, navigation / pathing system 142, and obstacke avoidance
svstem 144, More spocifivally, stesring unit 132 way beoperable to adpest (he heading of
velticle 100, and throttle 134 may contref the operating speed of siginddmotor 11810 control
the geceleration of vehick 100 Brake unit 138 may decelerate vehicle 100, which nay
nviive using friction o decclerate wheslsttres 121 In some iraplementations, brake unit
136 wmay convert kinetic energy of wheelsdtives 121 to slecttic current for subseguent use by a
systom or systers of vehicle 100,

{0030 Sensor fusion algonithin 138 may include g Kabman filter, Bayesian neteork,
or other algorithms that can process data from sensor system 104, In some implementations,
sensor fusion algorithny 138 may provide assessments based o ivconing sensor data, such as
evaluations of individugl shjects andfor features, evaluations of g particular situation, sudioy
evaltuations of potential impacts within @ given situation.

JH0S1} Computer vision syatonr 140 may include bardware and software operable to
process and analyze images noan effort to delenmine objects, environmental slyects {og.,
stop Hehts, road way boundaries, ofe ), and obstacles. Agsuch, computer vision system 140
may use obiest recognition, Stucture from Motion. (8FM), wides dracking, and other
algorithims wsed In computer vision, i nstance, o fecoghize objects, Map-an envivomment,
track objects, estimate the speed of objects, etc.

HE LR Navigation / pathing systern 12 may determine a driving path for vehicle 106,
which may involve dvnamically adisting navigation during operation, As such, navigation /
pathing system 142 may use data from sensor fusion glgorithm 138, GBS 122, and mups,
smong other sources 1o rovigate vehicle 100, Obstacle avordance system 144 may evaluaie
potential obstacles based ow sensor data and cause systems of vehicle 108 o avoid or
oiberwise negotiate the polantial obstacles,

{0053 As shown i Figuee 1, vehicle 100 muay also inchude peripherals 108, such as
wirgless communication systony 146, fouchsercen 148, microphone 130, andfor speaker 152,
Peripherals 108 may provide controls or other elements for a user o interaet with user

interface 116. For example, touchsorsen 148 may provids information to users of vehacle

il
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100, User mterface 116 way also accept put from the user vin touchsereen 148
Peripherals 108 may also enable vehicle 100 fo communicate with devices, such as other
vehicle devices.

{0034} Wireless compunication systeny 146 may wirelessly conunivate with one or
more devices divectly or vig a communication netwmk.  For example, wirelss
gommumication system 146 could use 3G cellular conuwnunication, such as CDMA, EVDO,
GSM/GPRS, or 4G coliular connmumication, such. as WIMAX or LYE,  Alternatively,
wirsloss communication system 146 may commanicate with @ wiveless local area nebwk
{WLAN) asing WiFt™ or other possible connections.  Wircless cormmuicstion sysiom 146
may also compunicate direatly with g device osing gu fafrared link, Blustooth®, o
ZigBe

wyatems, are possible owithin the context of the disclosure.  For example, wireless

for exarople, Other wireless protocols, such s various vehicular communication

o

communication system 146 may include one or more dedicated shori-range Communivations
{DSRQ) devices that could include public sndfor private data communications between
vefiicles andfor roadside stations.

{0655} Vehicle 00 may inclede power supply 110 for powering components. Power
supply: 1310 nay melude & rechorpeable lithiumeion or leadwacul battery W some
implementations.  For instance, power supply 110 may iaclude one or more batteries
confizered to provide electrical power. Vehicle 100 may also oye other types of power
supplizs. 1o an examph implementaBon, power supply 110 amd snergy source 119 may be
tntegrated o a single energy source.

{0658} Vehicke 100 may also include computer system 112 o performt operations,
such as operations deseribed therein, As such, computer system 112 may inchade ot least ong
progessor 113 {which could include at least one microprocessor} opsrable o executs
nstructions 115 stoved in 3 non~transitory computer readable meding, such as data storage
B, Insome implementations, computer systemn 12 may represent & phlusality of computing
devices that may serve o control individual componints or subsystems of vehicle 100 i 2
distributed fashion,

{0857} Th sbme implementations, data storage 114 may confain instrvetions 113 ey,
progratt Jogic) xecutable by processor 13 1o sxepute virious- functiong of vehicte 100,
tncluding those described abiove in conngction with Figure 1. Data storsge 114 may contain
additions] instructions as well, nchuding Instrnctons o transmit data to, recaive daty from,
interact with, andfor control one or more of propulsion systeny 103, sensor systemn 14,

coptrol svestem 106, and peripherals 108,
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{0858 In addition to tetructions 115, data storage 114 may store data soach a8
roathvay maps, path infornation, amowg other information. Such information may be nied
by wvehicle 10 snd computer system 112 during the operation of wehicle 100 in the
auiomous, semi-autonomony, and/or manual mosdes.

HEIG Vehicle 108 wmay imchude wser witerface 116 fiw providing Tnformation 10 .o
recetving fnput from a user of vehicle 100, Ulser interface 116 may control or enable control
of vontent anddéor the layout of interactive tmages that could be displayed onctouchsereen 148,
Further, user miterface 16 could wnclade one or mwre input'output devices within the setof
peripherals 108, such as wircless conmmunication systam 146, ouchsuresn 148, microphons

150, and spegker 152,

{868 Conaputer systero TE2 may condrol the function of vehicle 100 based on jopats
received from vagious subsvsters {e.g., propolsion systemy HEZ, seasor system 134, and

contral system 106} as well as from user nterface 116, Poroxample, computer system 112
mwy utilize iopat from sensor System 1094 i order o exlimate the output produced by
propudsion system 102 and control system 106, Depending gpon the embodiment, computer
system 112 could be operable to monitor many aspeets of vehicle TR dnd #8 sebsystems! In
some enbodimernts, computer system 112 siay disable some or all functions of the vehwle
100 based onsignals received from sensor systen: 104,

jag6l} The components of vebivle 100 could be configued B work v an
interonnmected fashion with other components within or sutside their respective svstens. For
tnstance, 1 an example erabodioent, camera 130 corld captare o plurality of tmages that
could represent fnformation about a state of an envivonment of vehicle 100 operating inan
atonomoty mode.  The state of the snvironment could melude parameters of the voad on
which the vehicle is operating. For sxample. computer vision system 140 may be able to
recognize the slope (grade) or other features based on the pluvality of tuages of a roadway.
Additionally, the combination of GPS 122 andithe featurey recognizad by computer vision
system 140 may be used with map dats stored in dats storage 114 1o defermine specific mad
parameters: Further, radar unit 126 may also provide information about the surroundings of
thevehicle,

{6662} iy other words, a combinstion of varions sensors (which could be termed
input-indication. and output-tndicaticnr sensors) and coinputer systes 112 could interact to
provide an indication of an mput provided o control a wvehicle oran indication of the

surrpundings of a vehicle.
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{0663} I some embodiments, compator system 112 may make @ determination about
varions objects based on data that is provided by systems other than the radio system. For
example, vehicle 100 may have lasers or other optical sensors configursd to sense objects in g
field of view of the vebicle. Computer svstem 112 may use the cuiputs from the vatious
sensors to determine information shout objects In & field of view of the vehicle, and may
determine distance and divection information o the various objects. Computer system 112
may also detenmineg whether objects are desirable or undesirable based on the ouiputs from
the varions sersms:

{0064} Although Figure 1 shows vatious comunponents of vehicle 100 ie., wircless
conununication system 146, compuder system 112, data storage 114, and user interface 116,
as beng wiegrated tote the vebicle 100, ong or move of these components could be mounted
ov associated separately from vehicke HKYL Forexample, data storage 1 voald, in part or in
full, exist separate from vehicle 100, Thus, vehicle 100 could be provided in the form of
device elements that msy be located separately or together. The device elements that make
ap vehicle 100 could be communicatively coupled together m a wired andfor wireless
fashion,

{0065] Figure 2 depicts an example physiea] conBigurations of vehiele 200, which muay
represent one possible physical configuration of vehicke 100 deseribed in reference to Figure
L. Depending on the embodiment, vebitle 200 may inclode sensor gait 202, wiveless
conupunication: system 204, radic unit 206, and camera 210, among other possible
components.  For instance, vwehicle 200 may wnclude some or gl of the cloments of
components desortbed in Figare L Althoagh vehicle 200 & depicted 1y Flgure 2 a8 & car,
velitcle 200 can have other configuraBions within examyples, such as 2 rugk, 8 van, a ssmi-
trailer truck, a motorcycle, a golf cart, an off-road vehicle, or a farmn vehicle, among othey
possible exavoples.

068} Sensor usit 202 may duchide one or more sensors vonfigured to capture
information of the surrounding environment of vehicle 2000 For example, sensor unit 202
may mclude any combination of cgmeras, radars, LIDARs, range finders, tadio devices
{e.e. Bluctooth® andfor 80211}, and acobstic sensors, among other possible types of
sensory, Insome implementationy, seyorunit 202 may include one oy more movable mounts
operable to adiust the orientation of sensprs in sensor tmit 202, For exanmiple, the movable
mount ey nclude a rotating platform that cay scan sepsors 5o a5 to obtain information from
each direction around the vehicle 200, The movable miownst of sensor wit 202 may also be

moveablein o soanning fshion within a particulsr rangs of angles andfor azinvaths,
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{0867} I some implementations, seosor it 202 may inchede shechamicad stnuctives
that enable sensor andt 202 o be monnted atop the ool of 3 cwr.  Additionally, other
mergnting locations gre possible within vartous examples,

{0068] Wireless communication svstem 2{4 may have a location relative to vehicle
2800 as depicted in Figure 2, bud can also bave different locations within implementaBions.
Wireless conumunication system 200 may include one or more wireless transnmtiers and one
or more vecgtvers that may conwaunioate with other external or interoal devices.  For
example. wireless communication system 204 may include one or more transgeivers for
commmicating with a aser’s device, other vehicles, and roadway cloments {eg, signs, tmafiic
signals), among other possible entities. Ay such, vebiele 200 may hnchde oue of more
vehichr copmnuication systoms for facilitating compumications, sueh as dedicated shori-
range commumications (D8RO, radio frequency identification (RFHM, and other proposed
communication dandards directed towards wntelligent transport systems.

{0669} Camera 210 may heve various positions relfgtive 1o vehicle 200, such a5 a
Iocation on a front windshield of vebicle 200, AS such, camera 210 may captare inages of
the-enviromment of velicle 200, Ay ilostrated iy Fipure 2, camera 210 may caplurs images
froni a forward-looking view with respect to vehicke 200, but other mounting locstions
{incloding soovable mounts) and viewhig angles of camers 210 are possible within
implementations. In some examples, camera 210 may comrgspond to one of more visthle Hght
cameras. Alternatively o addittonally, camera 210 may include infrared sensing capabilitiss.
Camera 210 may also nchede opiivs that may provide an adjustable feld of view.

{0670 Figare: 3A flostrates a block diagram of @ sensing system 330 wnclading a
coupler 306, The couplyr 306 may be configured fo couple @ sensor unll 384 to-a vehick
302, The coupler 306 may enable the sensor unit 304 to be removeably voupled o the
vehicls 302, In some oxamples, as proviousty discussed, a vebicle miay be sold as

3

“autonomons ready.” An “autonmmouns ready” vehicke may be able fo perfium sulondimous
driving functions, but may lack some of the sensors used 1 perform sutonomons driving
functions, However, the velicle 302 may melude o coupler 306 that sllows a sensor anit 304
0 be coupled tothe vehicle 302 later. For example, o person may purchase an “autdnomong
ready™ vohicke and may later deaide o -either buy or tent 2 sensor unit 304 tn order 1o provide
the vehicle with sutonomons funstionality. I some examples, e coupler 306 nay be @
wntversal, nov-manafacturer specific standavdived destgn. That 15, & sensor wnit 304 may be

coupled W any madicturer’s vehicle that is “autononous readv ™
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{0671} I one examplée, an “mtonomous ready” vehicle 302 may elude a controller
320 that meludes a provessor 322 and a memory 324, The “asutonompus ready™ vehicle 302
may also include @ power supply 326 aud § heat anit 328, The controller 320 may be similar
or the same as the computer system 112 of Figure 1. The controller 320 may be configured
o Teceive sensor data from the sensor unit 304 by way of a data bus 330 that passes through
the coupler 306, The controller 320 may be able to determine conwrol instractions for
gutonemous contral of the vehicle based at least in pat on the sensor data. The contvolier
320 may alvo store smne dala andfor cotrol fnstractions inmeamory 3234, In some examples,
the controller 320 ‘may be a fully-functional controller that can perform all of the sensor
processing on Hs owa,

{08721 Additiopally, the vehicle 302 may tvelude a power supply 336, The power
supply 326 may be sionlar or the same oy power supply 110 desertbed with respect to Plowe
1. The power supply 326 may provide g voltage (g, 12 volts) that supplies power to
vartous conposents of the vehicle 302, In some instances,. the power supply may be
confipured (o provide other voltages than 12 volte. The power sepply miay be toupled o the
sensor unit 304 by way of & power bus 332 that goes through the coupler 306, Additdonally,
the vehicle 302 may include & heat unit 328, The heat unit 328 may be  radiator or other
unit configured to provide cooling of various conponents of vehicle 302, In some various
examples, the Beat uait 328 may provide cooling based on afr andior Hauid cooling. The heat
wint 328 mav be coupled to the sensor unit 304 by way of & heat bus 334 that passes through
the conpler 308,

{0673} The sensor unit 3384 may contain variows sensors, such as 4 LIDAR devics
310, a RADAR devies 312, and othey sensing devices 314 (such as optical, acoustic, andior
other sensing deviges) located ina housing 308, The housing 30% may be configured 10
couple 1o the vehicle 302 by way of the coupler 306, The sensors may be similar o those
deseribed throughount, The sensors may be coupled tothe: previeush-deseribed data bus that
communicates sensor data to the controfler 320 of the vehicle 302 through the voupler 305
The sensor umt my also inglude a heat exchanger 316, The heat exchsnger 316 may be
configired toprovide Covling 1o the vartous sengors ad componients of the senstrunit 304
The heat xchanger 316 toay use liguid cooling o remove heat from the various sensot
devices during their opemation.  For example, the LIDAR device 310 sud/or the RADAR
devive 312 may geovrate heat daring the operation. Inorder to keep the devices cool and o
prevent thelr failares, the heat exchanger 316 may be able {o remove heat from the devies(s).

Additionally, gs proviously discussed, in order-to remove the accumulated heat from the

i
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sensor unit M4, the heatunit 328 may by coapled to the sensor et 302 by way of a heat bag
that passes through the coupler 306, hauid. afr, or other substance may flinw through the hemy
bus 10 remiove heat frons the sensor unit,

{6074} Figure 38 llustrates 3 block diagram of another sensing system 380 including
3 coupder 386, In some examples, an Tatonsmous ready” vehic§e may be able to perfonm
sutonemons driving fonctions, but may lack both some of the sensors ssed o perform
gutonomous driviog Amctions as well as some of the processing power o perfonm
asutonornous driving functions, Sinnlay 1o the example discussed with respest to Figure 3AL 8
persoit iy porchase an Tautonomons ready” velicle 352, However, the Tautononious
ready™ vehicle 352 of Figure 3B may be a lower cost vehicle than that of Figare 3A. The
fower cost “autonomons ready” vehicle 352 may bot have sufficient processing capabilitics
for autonomeous driving caloulations. Thus, the controller 3740 may not be able to make the
determinations requived based oo sensor dats o sutenomausly drive the vehicle, However,
ihe controler 370 and processor 372 may be able o perform some controd functions of the
velicle.

{0675} Similar to vehicle 302 of Figure 34, the vehicle 352 may inclade a coupler
356 that allows other devices o be coupled tor the veliele 352 later. For exaniple, 8 person
may purchase the “avtononous regdy™ vehicke 352 and later devide to either buy or rent'a
sensor unit 3 o provide the vebicke with aufopomous funetionality.  As previousty
disoussed, the coupler 336 may be a wniversal, nonananufactiver specific standardized
design. That is, a sewnsor unit 304 may be coupled to any manufachuwer’s vehicle that &
“avtonomous ready.”

{0876} iy order fo provide auntonomous vehicle control, sensing system 330 may
melude & conversion anit 3540 The conversion unit 354 mav couple to the vehicle 352 by
way of cogpler 336 and fo the sensor unit 304 by way of coupler 358, In some fusther
sxamples, the conversion unit 354 may be integrated within the somsor unit 304 and the
coupler 358 mauy be omitted.

{oe77y The conversion unit 354 may perform several fonctions o coable the vehicle
353 1o perfornt autonomous driving functions. In some exanples, the conversion unit 354
may inchude 2 provessor 362, The processor 362 may be configured Yo reccive 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 352, The controller 370 way commnanicare sipnals velated to the
vehiele 382 to the provessor 3620 The controdler 370 may be i conmnanication andfor

g

provide a connection to 8 control tus of the veliicle 382 1o the processor 362, The bus oftthe
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vehicle 382 wav be g Contreller Area Network (CANY bus i compumication with an on
board vehicle diagnostic (OBDY svstem. The CAN bus may enable various units of the
vehicle 332w communicate with each other. In some other examples, the communication
bus may be abuy other than a CAN bus.
{6678} The processor 362 may be able to interpret sensor data. from sensor unig 304
and vehicle dats frome vehicle 352 fo deternmine g conwol scheme for the meonomons
operation of the vehicle 332, The processor 362 may further be able o determine control
signals for the velucle 352, The processor 362 may compnmicate the conteed signals o the
contralier 370 of the vehicle 352 i order o autonpmowsly operate the vehicle 332,
Therefore, the processor 362 of the cotversion unit 334 may perfornt aufonomous d‘rivi‘ng
caloubations that would otherwise he performed by a provessing wat of s velicle. Thus, the
processor 362 may be able o tap into the CAN bus {or other daty busy of the vehicle o
provide sutimomons operation.
{0679] The conversion unit 334 may sl50 contabn a power converter 364, The power
cotverter 364 may be able to convert o vehicle voltage to one or more voltages to power the
varions components of the sensor wit 304, The power converter 364 may receive ong Of
mere voltages from the vehicle 352 and convert them & one of mote vutput volages tiv the
SENSOT unit 304,
HEB Figure 44 depiets a physical configuration of a veldvle 43 Thervehicle 400
may have a sensor uai 402 coupled o the top of the velicle. The vehiele 400 may alsn have
g coupler 404 that couples the sensor unit 402 and the vehick 480, Fioure 4B depicis 2
physical configuration of a velnele 4530, The vehicle 458 may have a sensor wnt 452 coupled
& conversion wml 436 by way of & st coupler 454, The conversion unit- 436 may bg

coupled to the top of the vehicle 450 by a conpler 4536,

{H681} In ling with the discnssion above, vadar svstems may bearranged in various
ways-and may mclude one or move radar sensors. Each radar sensor described hereln miay be

coupled to or otherwvise mounted on a vehiely st a variety of focations, inchuding bt not
timmted 10, a roof of the vehicle, behind a headlight, in front of & headlight, on g side narror,

aear the bottom of the windshueld, co-located with another sensor {eg., coupled o another
sensord, on top of the trunk, on s hood, ot & bamper, on g hood ofnament, andir proximate
to a license plate.  In some implementations, 8 piven radar sensor may be mounted at @
focation i an imterior of the vehicle, such as the dashboard of the velucle. The following
figeres ilhustrate reprosentative exanples of veldele radar systors, radar sensor Jocations, and

radar system usage.
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{0682 Figore § tHustrares an example scenario of a vehicle 300 using & radar system
302. Radar system 502 reprasents an example vehicle radar system, such as BADAR devics
312 shown m Figure 3A, or dne or more tadar sensors tncluded n sensor unit 202 shown in
Fighre 2. As such, radar systery 302 way includs the varlony components deseribedd berein
srranged to obtain measurements of the surrounding envivonment.

{OB83] Vehicle 500 may in somog sceparios openye inan astonomous mode.,  As
vehicle 500 navigates the environment, mdar system 303 may transmit and receive mdar
signals that provide measarements of the sevpunding arsas nearby vebicle 300, As a resalt,
radar system 502 ‘may wnable 8 computing system of vehicls 300 1o utilize the radar data to
determinge g position of rogd cloments feg, curh, medians) andfor other ohjects relative to ¢
posttion of wehicle 300, For example, radar systern 32 may capture sad provide
measurements that detect sther vehicles {e.g., vebicke 53043, signs, cyclists, pedestrians, and
traffic signals, among other possible obiects. In purticular, ss shown in Figure 3, a computing
System gy receive messorements from radar system 502 that indicates the presence of
another vehicle 304 focated in long range coverage sections covering areas positioned relative
to vehicle SO

{0084 f-further inplomentations, tadar system 502 may detect nultiple vebieles or
other types of objects at the sapotime. A computing system of vehicle 360 may ditermine
control operations for vehicle SOU ‘hased on measprements: o cadar system 562 and
pussilily oflier sensors that indicate the presence of nearby objerts.  In some instancs, the
computing system may develop fture navigatton operstions for wehicles 500 based on
detecting ohiects inthe distance using radar signads from radar system 302,

{6685} Drring the operation of radar system 502, the radar system 302 may bave four
different receive beams 336A-3060). Thess beams may be vonfigured to rotate 508 either
clockwise or counterclockwise. While the beams rotate, the may be able to receive radar
reflactions froen scatterars located near the vehicle, such as another car 334, or 3 stationary
object 510 {e.p.. o stop stgn). In some further oxamples, the radar system 302 mav also be
copfigured to transnit an onwigdirestional radar signal. n some instances, # may be desivable
to fransont with & single ovnidivectional radar signal and receive radar signals with fowr
different radar vty i order (o minimive haydware requirements.  Some example radar chips
may include one fransinission chanel aud four reception channels. Thevefore, a singlevadar
chipcould perforny the transmission and reception in this instange.

{B086] The onmidirectiona! radar signal may reflect off various objects and be

receivad by the radar wait by way of receive beams S06AZ06D.  In some other examiples,
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recerve beams S06A-S06D may also represent transout beams as well, In some examples, the
radar system 502 may transmit multiple narrow beams, instead of an omaidirectional heam.
I vet some further examples, the radar system could generally bave multiple ommidivectional
transmissions: antenias dispersed spatially. By providing -z spatial separation bebween
ompdirectional ransmission clements, the radar system may be able to provide sufficiont
information to separate azimuth and Doppler coupling.  As previously discussed, separating
the aznynmuth and Doppler coupling could he beneficial for both Synthetic Aperture Radar
{SAR) and Moving Target Indication (MT) operating maodes:

{0887} Figure © illustrates an example scenario of @ vehicle 600 using 3 radar system
5602, Vehicle 600 mhay tporate in an adtonomous mode,

{0088} Radar systers 602 represents s example vebicle vadar systern, such as radwe
system SO2 shown in Flgure 5, RADAR device 312 shown in Figure A, o one o more raday
sensors ncluded. in sensor unit 202 shown i Figure 2.0 As such, rader systeny 502 may
include the various components deseribed herein’ arranged 1o obigin measwements of the
susrcunding environment.  Fuorther, radar system 602 may be configered 10 perfonn

operations similar or fdentical to that of radar systeny 502 disoussed shove,

{0889 Radar systeny 602 may inclade st least two tadar sensors; such as ragdar sgosors
504 and 606, Fach of radar sensors 604 and 686 may be lovcated &t a réspective distance from

3 grometric centerline 607 of the velucle. For example, as shonen, radar sensors 604 and 606
may be equidistant from the geomelric centertine 607,

HEL Dharing operstion of radar svster 602, radar sensor 604 may have fleld of view
08 and radar sensor 606 way have field of view 618, Fach of these folds of view may
covrespond o a regton of the environment over which a respective radar sensor may send and
receive signals to acguire radar data and thereby detect objects. In other implementations,
these fields of view may not be Hmited to regions in front of the vehicle andfor may be
sxpanded or scaled down, Further, 1 some iplementations, radar systens 602 may baa
component of a uger sensor unif that wight include one oF more camerss andior other types
of sgnsors. The rada system 602 and these other sensors may thus work in conjuaction o

geguite environment dats, deedt scatiorets i the eovirowmedt, apd facditafe vehicle

operation
{08914 f11 the scomarie Hustrated in Faawe ©, vebicle 600 may use radar system 602 o

obtain raday data representative of various objects {e.g., scatierers) i the enviroament. For

exavople; a8 shown, scatterer 612 way be Jocated within field of view 608 and scatterer 614

N
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may be located within field of view 610, Farther, scatterer 616 may e locared partially
within field of view 61

{00924 Figure 7 15 a Oowchart of an example method 700 for vehicle velocity
caleulation using radar techoology. Method 700 representy an sxample method that may
include one or mors operatipns, fonctions, or actions, as depicted by vue ormors of blocks
702, 704, 706, 708, and 718, cach of which may be carvicd out by any of the systems shown
in Figures 1, 2, 34, 3B, 4, 3, and 6, among other possible systems.  Those skilled iy the ant
will enderstand that the fowchart described hereln lostrates functionality and opesation of
cortain implamentations of the presont disclosure. In this rogard, cach block of the flowchant
may represent a maodule, 2 sogment, of & poition of program code, which fncludes one o
more instructions executable by one or more progessors for implementing specific logical
funetions or steps in the process. The program code may be stoved o any type of computer
readable median, for example, such as a storage devier including & disk or hard drive.

{06933 Tn addition, ¢ach block mdy represeit cirouitty that is wired 1o perform the
specific fogical functions in the process. Altemative implementations are included within the
scope of the example implementations of the preseat application in which functions may be
exeeuted out of order frum that shown or discussed, including substantially concurrent or in
revetse ouder, depending on the functionality tvolved, 85 would be understood by those
reasomably skitled G the art  In examples, 3 computing sysiem may cause 3 system o
prrform one or mors blocks of method 704

{0894} At block 702, method 700 includes while an astonomous vebigle is moving on
a road, receiving, from two or more radar sgnsors nwanted at different Tocations ‘on the
autonomens vehicle, radar data represestative of o physical environment of the autonomous
vehicle.

{06951 As noted above, each of the two-or more radar sensors may be mounted at a
variety of possible Jocalions muide or outside the vebicle, such as a roof of the vebicke, the
dashboard, behind a headlight, etc.

{0696] In some mmplementations, the radar data may include Doppler measurenients,
oy other types of melsurements, Captured in at least one frame. Hevein, o “frame™ may refer
o 3t inderval of Uime over which g given oo or mone radar sensors goquire vadar data. In
soang impleneniations, the radar data wmay include radar data acquired over two of mors
consecative frames. For ustance, a radar sensor may aoquire radar data over two consecative
intervals, each 130 milliscconds (ms) o duration.  In other implementations, the radar data

may include radar daty acquired over two or mare nopcunseeutive frames.
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{0697y Further, in some implementations, the radar data may wolude measwrements
{Doppler, or anuther type) acquired smulfansously by the swo or more taday sensors.
Addinionally or shematively, the rader data may include messorements acquired by the two
or more radar sensors af different poinisin time.

{8698} In soine nnplementations, the radar dats may take the form of, or be processed
by the vehicle system to produce, & range-Doppler map having one axis representing object
distance from the radar sonsor, and another 9xas vepresenting Doppler measurements,

{0699} At bluck 704, methed 700 includes based on the vadar date, detecting at Joast
one seattersy present in the environment.

{0108} i some implementations, the act of detecting the at least one scatterer present
i the environment may 1ovelve procgssing the radar data & tsolate the at least one scatierer
from # remainder of the radar date. To fhcilitate this inopractice, the vehicle system may
tmplement 8 variety of differont sechnigues, some of which may be tsed to classify seaiterers
it the radar data as stationgry ‘'of nodb-stationary.  For example, the vehicle system may
chusify scatterers gy stalionayy or nom-stationary uaing  gn expectation  mainuzation
slgorithing. Other examples ars possible ag well.

HULUE] At block 706, method 700 includes making a determination of a likehhood
that the at least one scatterer 1s stgtionary with respect o the attovomous vehbicle.

102} In some tmplemeniations, the act of making the defermination of the
hikelthood that the at lesst one scatiersr is stationary with respect to the vehicle based on the
radar data may mvolve awking an absolute deternunation {e.g., 8 binary delermination
without considering a level of confidence) that the at least one scatteres iy stationary with
reapeet o the vehicle Inother embodunents, that act may invobve determining whether the
at least one scatterer is stationsry o g confidenve level basis. For instance, for a given
seatterer candidate, the vebicle sysicm may be configured to determine 8 confidence level
indicative of how likely 15 that the spatterer v staBiopary with respect o the vebicl
Heretn, a scatterer that has been ditermined in absolufe to be stationary, or determined 1o be
stationary with g threshold high confidence level, may be referred 1o as 2 “stationary
scatterer,”

{0183} The vehicl system may be configund to determe such @ confidence level
for a given scatterer based o vardous factors.  In some tuplementations, for wmstance, the
vehicle systent may take futo acconnt image data reecived from at keast one camera mounted
on the vehicle when deteriining the confidence level for whether the scatterer Is stationary’

For example, the vehicle system may be configured to identify an-object in an image or series
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of uages captured by g camers, and may have doved information indicating that the object iy
typically a stationary ohyject or a non-stationary olject. A & more parivular example, the
vehicle sesten may determing with a panicular confidence fevel that an object in an boage 18
3 stop sign, which the vehicle systemy may determine 1o be a stationary object.  As another
particular example, the vehucle system may determing with 8 particular confidence level that
sn object inan image is a car, but might vot necessarily determing with tweshold high
confidence {e.g., confidence greater than a predefined threshold of 75, on a scale of 0 to 100}
that the car §s stationary or not. Other examples are possible as well,

{0104} Addittionally or alternatively, in swme mplamentations, the velele systenm
may-ake nto scoount optical data récetved from at last one LIDAR semsor mounted on the
vehicle when deterauning the confidence level for whether the scatterer is statiomary. Fov
sxarnple, at least one LIDAR sensor may e configured o ase altraviolet, vistble, orinfrared
Hight at vartous wavelengths o image scatterers dn the soviresment,  Dhfforent types of
scattering may be used for different LIDAR applications:  Further, saitable combinations of
wavelengths can allow for remole mapping of objects by looking for wavelength-dependent
changes in itensity of reflecied sipnaby. Sl further, three-dimensional (303} imaging may
be aschieved using both scanning and nopescanmng LIDAR systetus 1o produce 8 3D pog

¥

cloud, whichoa LIDAR wnit of the vehicle systern may then output as a data file. The pom
cloud canthen be used to identify and viswalize scatlerers in the environment. In some
scenarios, the vehicle system may analyze the point cloud and deternung {perhaps with a
given confidence levely whether anidentified scattererin the environment {s stationary or nof,
possibhy by referrng to stored Information that might indicate whether the identified scatterer
i typicalby statonany. Other examples are 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
whather the scatierer iy stationary. The predefined map data way teke the form of a miap
gocessible by the vehicle systent. For instance, the vehidle system may download an updated
map from a server or may already have stored such 8 tmap,  In any event, the predefined map
data may Inclade a known Jocation of the scatterer. Ihsote examples, the predefined map
data may RAuther nchude an mdication of whether the scattersr iy & type of scatterer that i3
typically stationary or pot. Furthermorg, the vehiele system may refer o the predefined map
data to deternune whether the scatferer s stationary.  Tooother example, the vehicle systen

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

1
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two 1o determing whither the scatterer has moved or not. Other examples are possible 88
well,

{106} fn some implementations, the wehiele systom may take inlo avdount remote
assistanee data when determining the confidence level for whether the scatterer iy statiopary:
For example, the vohicle systom may fransmi, fo 2 computing device of a remets assistance
Auman opertorn, 8 recorded tmape or video of the seatterer, g5 well as & request prompiing the
hurosn operator fo view the bmage or video and determine whether the scatterer is statiopary.
IF the vebicle system thewn vecelves from the computing device rompte assistance data
indicating the huropa operator’s threshold high fevel of confidence, for instance, the vebicls
system may responsively increase the confidence level For the scatterer, perhiaps {0 be above s
predefined confidence threshold {o.g, prodefived threshold of 80, on s sale of D to 100). On

3

the other hand, if the vehicle system receives from the computing device remote assistane

&

dats indicating the human opergtor’s threshold fow kevel of contidénce (v, a vonfidence
tevel below a predefined threshold), the vehicle system may responsively decrease the
confidence level for the scattersr, orperbaps leave the confidence level anchanged.

{6107} {rher techniques and considerations may also b used to determine the
confidence level for whether the scatterer i stationary, 1n addition to ov altzematively © thass
deseribed gbhove, Varations of the technigues desertbed above are possible ag well.

{108} In some tmplemeniations, the act of making the determination of the
{ikelihood that the at lezst one scattersr is statonary with respeet fo the vehicle based on the
rdar data may fovolve mading the deternination based on Doppler messurements w a single
frame of the radar data. For example, the vebicle systemy may detect one o two scatlerers
having the same Doppler measurements, and may responsively determing that the one of tweo
scatterers are stationary. Alternatively, that act may involve making the determination based
on Doppler measurements m two or more frames of the vadar data, cither consecutive frames
o pon-consecutive: framey. For example, after rapge-Doppler compression a comparisen of
the phase in the output of mutched filter # bitween successive frames, of CPIs, So long as the
radar is coherent phase st the ouput of the matched filiers is stable {o.g.. no change v phase
of the vetwrn of the scatterer} i the scene 18 constant. Thercfore, 1 phase changes, they the

soene has changed. By way of example, evenmillimeters of mation may figger sucha

detestor.
{6109 In tnplomentations where the radar data Includes Doppler measuraments’ i

two {or mowe} copsecutive frames and the Doppler measurements: arg estimated 1o be

sssoniated with at least one scatterer, the vehicle system may by configured o consider
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differchees, or a lack of differences, between they Doppler measiwements i the conseoutive
frames to determine wformation about the scaffersr(s) in the savironment, such as the
tikelthood that the scatterer(s) are stabionary with respect to the vehicle. In addition, the
vehicles system may consider this o perhaps determine jafofmetion about the vehicle’s
movement.. H the vehicle 13 stationary, for instance, stationary scattersrs may have the same
for approximately the same, ¢.g., within a predefined threshold vatos of cach other) Doppler
measuements bebween fwo or more conseautive frames ~ namely, & Doppler measurements
of zeve of approximately zero. On the ofhsr hand, i the velicle s moving, stationary
scatterers may have the same {or approximately the same} non-zere Doppler messurements
between two or more conseculive frames, god the nop-zerd Doppler mensarements mgy
approximately represent the veloeity of the vehigle,

{Hig] Accordingly, the act of the vehicle systemt niaking the deterndnation of the
fikelihood that the at fesst oue scattérer is statipnary with respect o the vehicle hased on the
Doppler nicasurements in the two consecative frames niay involve the vehicle sysient making
g determingtion that a change 1 the Doppler measurements between the two conseutive
frames 18 lesy thay (or squal 1o} a predefined threshold fe.g., Tess than a Doppler measurensent
of 1}, If the change is less than a predefined threshold, the vehicle system muay deternming
with a threshold high confidence, or make an ahselute deternungtion, that the at least one
scatterar is stationary with respect to the vebicle.  Whereas, il the change i greater thas the
predefined threshold. the vebicle system may determine with a threshold high confidence, or
make an absolpte determination, that the at least one scatterer 18 not stationary with respect to
the vehiele,

{6111} In some exanydes, the veldcle systemy may determine a change m the
magnitude and phase of the scatterer-associated chutter in the twir consecutive frames of the
radar data, and i the mapmwinde and phase are both constant {or approximately constant)
between the two eotsecutive frames, the vehicle systom may determine that the scatferer s
stationary. Other examples are possible as well,

HU B In some dmplomentgtions, the vehicle system may be configured to determine
the likelihood that 8 seatierey is stationary with respect to the vehicle based on 2 consideration
of Boppler indasnreinents iy two or morg non-conseentive frames, For example, the vehidde
may détermine the Hkelihiood based on two Doppler meastrements made within g predefined
threshold tme of each other (v, within 0.5 seconds), but that were not necessarily,
consecubive fravnes.  As an example of how slse the vehicle system may consider non-

ropsecutive frames, the vehicle system may determine the Hhelihood based on a
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constderahion of the Doppler medsuwréments 1 every a-th frame i g sliding window fashion,
wlters # 18 greater than one {e.g, every Towrth frame). Other exanples are possible as well
{01134 At block 708, method 700 includes in response o the hikelithood being at least
equal 1o a predefined confidence thrashold, caleulating 3 velocity of the antononous vehicle
based on the radar data from the fwo or mors radar sensors, where the calenlated velocity
gomprises an angular velocity and a linesr velocity,

{0114} In somme inplementations, with regard fo g single radav sensor, the chtier
associated with a stationary scatierer may Bl along @ manifold that is based on(iy a Doppler
measurement of the soatterer, (1) a velocity of the radar seasor, and {18 a position of the
scatterer relative to the vadar sensor (8.8, a distance from the fadar sensor 16 the sCatierer in
the ervvironmenty.. For example, such clatter may fall slong a manifold defived by Equation
1, where of 16 the Doppler measarement of the scatterer, vy v the velocity of the radar sengor,
snd . 5 the position of the scatterer relative o the radar sensor. The velocity and position
gre vectors in Bguation {, whith inclades g dotprodoct.

Pr

i =~y ol Equation (1)
{0115] Eguation 1 may resull in g sinusoldal varianon of Doppler with an angle

hetween the velocity vector and the scatterer target azimuth.  Other exsiople equations ave
possible as well. The vehicle system locating @ stabiony scatierer manifold may allow the
sadar sevsor to determine an instantaneous velocity of the rader sensor relative to the
environment.

{116} fosome inplementations, the act of caleudating the velogity of the vehicle may
involve comparing the respective vefocitiey of the two or more tadar sensors and then
calonlating the velocHy based oa the comparison.  One reason for doing this, for nstance,
may be bevanse cach radir sensor may be moving at a respective different lnear velocity
depending on whether the vehicle 1s huning leftor right! By way ofexample, if the velucleds
twrning lefl, o radar semsor miounted on the tght side of the velifcle may be poving with @
greater linsar velocity than a radar sensor mounted near a grometrio contertine of the vehicle,
which in turn may be moving with 8 greater Hnear velocity than a radir sensor mounted on
the Ieft side of the vehicle, Further, if the vebicle v turming night, 8 radar seasor mounted on
the left side of the vehigle vy he woving with a greater Hnear velocity than a radar sensor
mounted near a geometrio conterline of the vehicle, which in fumn may be moving with a
greater lnear velocity than o radar sensor wmounted on the night side of the vehicle. By

cotrtrast, the respective angular velocities of each sersor nay be the same, megardless of
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which direction the vebicle i furning, a8 the sensors are mounted to the structure of the
vehicle that is turning at the angular valooiy.

{6117} fi some implementations, the act of caleulating the velocity bssed on g
comparison of the respective velocities of the twor or move radar sensors may involve
computing the hnear velooily of the vehiels o be an average of the respective lincar
velpgities of the two or more radar sensors,

{0118} In s example, before recciving the radar data, and while the vehicle s
moving on the wad, the vehicke system may cause at least a fivst and second radar sensor to
acquire first and second radar data, respectively, which may together compriss the radar data
received as noted with regard o block 702, In such implementations, the att of caloulating
the velocity of the vehicke based on the mdar data from the two or wore radar sonsors may
involve (1) calculating o first veloeity based on the first radar data, {8 calodating @ second
velocity based on the second radar data, and (1) caleulating a thitd velocity based on the fiest
and second velocites. In this example, calculating the third velocity based on the first and
second velotities mny Irvolve averaging the flrst and setond veloeitics,

{61194 in some implementations, the vehicle svateny may caloulate the Hinear velocity
of the vehicle and the angular velooity of the vehitle based on wd kast-twe Doppler
measurements,  For example, the Doppler megsurenents may mchade 2 first Doppler
measurement of a firdd stationary scatterer with respect fo-a firat radar sensor mounted on the
vehicle, snd a second Doppler measurement of a second, different stationary scatterer with
respeet 1o a second radar-sensor mounted on the vehicle st o difftrent location thay the Bt
rader sensor.  In another exampie, the Doppler measwenents mayv also inclode a thid
Doppler measurement of a third stationary scatterer, different froan the first and second
stationary scatterers, with respect to a third radar sensor mounted on the vehicle at a different
tocation than the fivst and second radar sensors. In other examples: the at least two Doppler
measwrements may inclede al loast two Doppler measpromests of the same stationary
scatterer, which may occur when the stationary scatterer falls within éach of the at least two
radar sensors” flelds of view, Other examples are pogsible gs well

{oia As g panticulat example, wlening back to Figwre 6, the vehicle system may
determine with a threshold high Bkelihiond {e.g., a confidence tevel that meets of exceeds the
predefined confidence thweeshold) that scatterers 612 and 614 sre statiomary, but may
determine with & threshold low likehhood {og, a confidence level that is below the
predefined confidence threshold) that scatterer 618 is statlonary (Le, scatterer 616 3

moving). For instance, scattever 616 may be a pedestrian walking across the voad. Furthey,
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the vaday data may Inclade 4 fivst Doppler messurement of scatterer 612 with respect to radat
sensor 604, as well as a second Doppler measarament of scatterer 614 with respect o radar
sensor 606, The vehicle system may thus calonlaie the Hnsar velocity of the vehicle sndior
the angular veloelty of the vebicle based on the first and second Doppler measutements,

{8121} In soine implementations, the vebicle system may ealeulate the lingar velogity
of the vehicle and the angelar velocity of the vehicle finthar based on respective positions of
the two or more mdar sensors from a geomeirie centorling of the vehicle, such as hased on (B
a firstdistance from g fiest sensor to the geometris conterhine and (1) & segond distance from
a second sensor to the geometric centerline. In addition, the vehicle systent may caloulate the
finesr velocity of the vehicle and the angular velocity of the vehicle further based on (B
respective positions of two or wmore stationary scatferers relative 1o the wehicke (e,
respective distances - from two or muwe stalionary scatterers to the vehicle) andior (i) a
pusition of a single stationary scatterer relative 1 the vebicle {e.g., a-distance from the single
stationary scatierer to the vehicle).
{0922} Furthermote, m these o other implementations discussed above, the clutter
mssociated with g statiomary scatterer may fall alony g maniiold defined by Equation 2, which
may be defined with respect L the geometric conterline of the vehicle. In BEquatim 2, d is the
Dioppler niegsurement with respect o 4 given radar sensor of the two br move radar sensors,
v iy the lingar velocity of the vehicle, @ is the angule velocity of the vehicle, p. is the
position of the given radar senasor relative 1o the gemmelric centerling of the vehicke, and pis

the position of the scatierer relative to the given raday sensor

Pt
oz B w0 X r —
e L
Eipuation {23
{o123y In these implementations, given dtwo different Doppler measwements, the

vehicle system may caloulate the Hoear velocity andfot the angular velocity of the vehicle;
perbaps usimg Bauation 2, or perhaps using a different tvpe of squation.

{01244 i some implomentations, the act of caleulating the velocity based on g
comparison of the respective velocities of the twoor move radar sensors may volve vsing a
maximn hkelihood estimator {MLE} that i configured to Heratively deterniine the most-
fkely velues for the Hinear velocity of the vehicle andior the angular velocity of the vehicls,
based on the radar dam (e.g., various Doppler messurements) from the two or more madar

sevsors,  For example, the vehicle svstem may ose the MLE, two differat Doppler
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megswenents, dnd Bouation 2 fo deratively defermine the mostdikely Hnear veloaity axd
angutar valooity.

{01254 Muoreover, in some implementations the linsar velocity andfor angular veloeity
mhay be caloulated with higher accuracy wiing radar daty acquived from three or move vadar
SENSOTS,

{0126} In some implementations, the vehicle system may receive information
including (3 an nghication that one or more of the welocity of the vehicle is sbove a
predefined velocity thweshold (o, 1 meters per second (s andfor (1) an indication that a
steoring angle of the welicke ix sbove a predefined angle threshold (og, 453°%). In-such
implemeitations, the act of calculating the velocity of the vehicke may be performed Tn
response fo recetving this information;

T At block 71, method 7 inchedes controlling the autosomous vehicle baged

on the calculated velogity.

{0128] Tn some implementations, the gct of controfling the vebicle based on the
calculated velocity way involve causing 1 movement modale of the velucle system to adjusta

Hinear velocity of the vehicle, The movement modude may take the form of 4y entity that
receives signals from various movement devices such as the IMU and that also manages
processing of movement data, such as gyroscope snd accelerpieter vegdings.  Such a
movement modude may mnclade the IMLUL or may be separate from bet compnunicatively
tinked to the IMUL Puther, the act of causing the movement module © adjust the linear
velopity may mvolve csusing the movement module & increase or deerease the Hnear
velocity of the vehivle.

{6129 Additionally or alternatively, the act of controlling the vehicle based on the
calculated velocity may involvs causing 8 movemsnt meduls of the vehicle systentto adiust g
stecring angle of the vehicle, such as by inersasing or decreasing the current steering angle of
the veéhicle:

jB138} Additionally or alternatively, the act of controlling the vehicke bazed on the
calonlated velocity may involve providing, on a display mounted on an interior of the vahwele,
an fndication of ofie or wore of the calénlaed angulay velocty and the calaulated binear
velocity ‘of the vebicle. For nstance, the vehicle system may display 10 the user, viaa
eraplical user interface andior a speedometer, a visual indivation of the caleulated angular
andfor timegr velocity.

3131} The act of controlling the vehivle based on the caloaiated velooity may nvolve

other oparations as well, additionally or alternatively i those described sbove.
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{03321 Frgure 8 i o flowehart of wn exarople method 800 for veliele motion detection
using radar techuology. Method RO0 vepresents an example method that may nchide oneor
mere oporations, functions, or actions, as depicied by one of more of blocks 802, 804, 806,
BO&, and 810 each of which way be carrled vut by any of the systens shown 1 Figures 1, 2,
X384, 5 and &, among other possible systems. Those skilled i the avt will understand
that the flowchart descrihed herein ostrates Rwctionality snd operation of certain
tmplementations of the prosent disclosure,  In this regard, cach blogk of the Sowohart may
represent @ modals, a segment, or @ portion of program code, which includes one o more
mstruetions exeousable by one or mors processors for implementing speoific lngical functions
oF steps in the process. The program code may be stored om any type of computer readable
medin, for example, such as a storage devicg inclnding a disk ov hard dove.

{6133} I addition, each block may represent circnitry that 18 wived o perform the

specHic logical functions in the process. Alternative implementations are included within the
seape of the example Jmplevnentations of the present application in which functions may be
execyted out of order from that shown or disoussed, inclading substantially conCurrent or o
reverse ondir, depending on the fonctiomality vvolved, 'as would be undersiond by those
reasonably skilled do the art. In oxaoples, a compating systom may cause a system o
perform one or more blocks of method 800,

{4134} At block 802, method 8080 inchides receiving, frow a radar sensor mounted on
ar. awtonomons velicle, radar defs representative of 3 physizal environment of the
sutonomous vehicle,

{0335 At block 804, method 880 includes based on the radar datg, detecting at least
one seatterer prosent in the envivonment. The act of detecting the af least one scatisrer based
on the radar data may involve any one or more of the same operations distussed sbove with
regard to block 704 of method 700

{1136} At block 806, method 800 meludes making a deternination of & jikehhood
that the at Jealt one scatferer is stationary with respect o the autonomaous vehicle, The act of
naking the defermination of the hkelihood that the at feast one scatlerer is stationary with
fespect to the antonomous vehicle gy bvolve gy one or niore of the same operations
discussed above with regand 1o block 706 of method 700,

I3 For exsmple, the vehicle systom may be configured to use 3 single fhame of
Doppler measurements estimated to be associgted with the at least one scatterer 10 deternune
the Tikelibood that the at least one scatterer iy stationary. by another example; the vehicle

systepy may - be confipured 10 wse two Or more consecutive o ponconsecutive frames {e.g.,
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eviry p-th frame, where # & greater than ongd o deterpine the hkelihood that the af least ong
scatterer & statipnary.  In particudar, i the &t least one soattersy is stationary, Doppder
measuroments that are sstimated to be associated with the gt least one scatierse may be the
same bebween twoor more frames of the radar data.

{3138} At block S08, mwethod 388 includes based on the determination being that the
tikelihood is ab Teast equal to a prodefined confidence threshold, detcemining an indication
that the antonomous vehicle Is stationary.

{0139 The act of determuning that the likebhood s at least equal o the pradefined
caonficdence threshold may be involve any ong o more of the same operations discussed sbove
with regard o block 706 andfor block 708 of method 700, For instance, using the vadar data,
anst perhaps one or wore of the other considerations discussed sbove (e.g., finage data,
predefined map dota), the veliele svstem may determing with & threshold high confidence
{e.g.. 8 confidence level above a predefined threshold of 95 out of 100} that 8 given scatierer
is stationary.

{0144 Further, in bne with the discussion above, the sehicle system may be
confipurad fo considir differsnces between the Doppler measurements v fWo o more
consTeutivi OF nonrconsecutive frames i order o deternsine fnformation abowt the vehicle's
movement.. For example, if the vehicle is stationary, stationary scatierers may have the sume
{ov approximately the same) Doppler measerements among at loast ong frame, sach as (i) two
o7 more consecutive frames andfor (1) every s-th frame, where s is greater than one. In
particudar, the stetionary scatierers may have Doppler measurements of zevo or approximately
ZRTO.

SHES Theretore, when the velicle systom has determined that the likelihood that the
at least one scatterer is stationary is at feast equal o s predefined vonfidence threshold, the
vehicle system may analvze Doppler measurements in muliple Fames of the radar data to
faciblate high-gecwracy movement detection.  For instance, i the velicle 18 statiopary,
statfonary scatterers may have a Doppler mensurement of zoro or approximately zdro, and
thus, if the vebicle renwitis stationary over two.or more frames, the Doppler measurement
will vemaln ot zere or approximately rero or may change 10 an egtent fhat is below a
predefined change threshold. In response t thiy occurring, the vehicle systeny niay determiine
that the vehicle is statfonary. On the other hand, Wthe vehicke moves even a small amownt
{c.g., approximately | millimeter or less) over two or more frames, the vehicle system may
detect a change o vanious parameters assoviated with 8 stationary scatterer, such as the

magritude and phase of scattersr-assoctated clutter inthe radar data. Tn some examples, the
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vehicle systen gy have a prodefined chonge threshold that s st low feg., a change of 0.5)
st that when the vehicle moves a small amount, the vehwle system mav detect that the
change excesds the predefined change threshadd, and therehy determing thet the vehigle s not
stationary.

{142} The indication that the vehucle i3 stallonary may take variouns forms. In some
tmplementations, the act of determining the indication that the wehicle is statfonary may
imvolve stortng i mewmery an wdication {e.g, a flag) that the vehicle ix stationary.
Additionally or aliernatively, the ol may invoelve fransmitiing, o the movement modude of
the vehich system or other component of the vehicle system, the indication that the vehicle is
stationary,

{43} Additiopally .or alternatively, the act way nvolve providing 1o the aterior of
the vehicle a visual indication that the vehicle is stationary, such as an itheninating a light or

providing text on § display soreen, Additionally or alteratively, in stine scenarios, such a8

when the vehicle IS stationary and in park, the act may invelve the vehicle system performing
other actions, such as onlockimg the doors @ the vehicle o twming off ¢ dinming the
headlights of the vehicle, Other examples are possibileas wedl

{0144

conjunction with the vehicle system determining that the vehicke i stationary baged on the

These and othet methods of determining the indication may occwr after or'in

vadar data.
{0145} In some implementations, the vehicle system anay receive an indication that

vetoeity of the vehicle s helow a predefined velocity Sreshold. In such implementations, the
veliicle system may perform act of determining the indication that the vehicle is siationary in
responss o receiving the indication that the velocity of the vehicle is balow the pradefined
velocity threshold. For sxample. if the vehicle system detects that the velocity of the vehicle
has dropped below a predefined velocity threshold of (.2 ns; the vehicle svstem may engage
i oong o moe of the operations discussed above to determine whether the vehicle 18
stationary or not,

{0146} At block 814, method 800 includes based on the determined mdication,
controlling movement of the avtonomous vehicle.

{0147} iy Boe with the disowssion above, the actof controlling the movement of the
vehicle may mvolve providing (g, transmitting) to the movement miodude of the vehicle an
instruction that, npon receipt by the movement moddle, may casse the vehicke 1o remain
stattonary.  For example, the nsiruction nwy take the forme of an bastraction for the

movement moduie to deny receipt of signals frony the IMU (s, Frony the gyroseops anddor

(557
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from the accelorometery or fromm another vehicle component, which fay tesolt jnthe vehicls
remaining statfonary. Herein, the act of denving receipt of a sipnal may refer to various
aetions, such as (1) tecsiving but not reading the signal {or otherwise tpaoning the signal), (1)
preventing receipt of the signal, or (1) receiving and veading the signal, but net using the
signal 1o cause movementof the vehicle, among other possibilities,

{148} In alternative implementations, however, the instruetion may cavse the vehicle
system o engags 1.3 process fo begin moving the vehicle,

{6149} Figure 9 15 a schematic iHlusirsting @ conceptoal partal view of an example
computer program product that includes a computse program for executing a computer
prodess on & computing device, guanged gecording to at foast some embodinents presented
herein, T some embodiments, the disclosed methods may be eplemented as computer
program. instructions sncoded on & non-trapsitory computer-readable storage media e
machine-readable format, or on other non-transitory medig or articles of manufacture.

OS] Tn one embodiment, example computer program product SO0 s provided using
signal bearing medium 902, which may inchade ong or moete propramming instéections 904
that, whent exeouted by ong or miore processurs may provide functinnality or portions of the
functionality described above with regpect to Figaves 1-8. In soine examples, the signal
beaving mediom 902 may encompass 8 nobstransifory computer-readable medium 908, such
as, but not Hmited to, a hard disk drive; a Compact Dise (CD), a Digital Video Disk {DVD), 2
digital taps, memory, ste. Insome inplomentations, the signal bearing medium 902 may
encompass 3 computer recordable medion 908, such as, but not hmited ) oemony,
read/write (RAW) Chs, BAW DVDys, oo B some amplementations, the signad bearing
madiym 902 may cheompass & communications medium $16, such as, but not limited o, &
digital and/or an analog commuuication medium {e.g., a fber oplic vable, 8 waveguids, o
wired compumications Bink, 2 wireless commmication hink, ete).  Sumlarly, the signal
bearing mediom 902 may comespond o 3 remote storage (oo & cloadh A computing
system may sharg informpation: with the cloud, including sending or seceiving information.
For example, the computing system may recctve additional information from the cloud to
svgiment information oblatned from seusors or anotherentity.  Thus, for exaniple, the signal
beariy madinm 802 may be conveysd by 4 wireless fort of the. conimunications medinm
210

{151} The one or woore progranuning fostructions 204 ey be, for example,
copypater executable andior logic mplemented instractions. Insowme examples, 8 computing

deviee such as the computer systens 112 of Figure | may be configursd o provide various

]
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operations, Ruchions, or aobions 1o response 0 the progranuning instructions 904 conveyed to
the computer systent 112 by ong or more of the computer readible medium 906, the computer
recordable medium Y08, and/or the communications medium 910,

{0152 The non-transitory computer readable medivm could also he distributed
smong multiple dats storags cloments andfor clowd {e.g:, romotaly), which could be remotedy
tocsted from cach other,  The computing device that exccutes some or all of the stored
instructions could be a vehicle, such as the velicle 300 tustrated w Figure 2. Alteratively,
the compating device that sxegutss some or all of the stored Instractions coald be another
computing device, such as a server.

{3183 The ahove detailed description describes various features and functions of the
disclosed systems, devices, and methods with refrence fo the accompanying Hgures. While
various aspects and smbodiments have been discloged herein, other aspects ard embodinments
will be apparent. The varicus aspects and enbodiments disclosed heveln ave fir purposes of
Hustration and are not terded 1o be Himiting, with the troe scope being indidated by the

following claims.
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CLAIMS

What is claimed is:

i A methed performed by a computing system configured 1o tontrel an
sutosomous vebicke, the method comprising:

receiving, by the computing sysiem, from at least one radar sensor mounted on the
gutonomons vehicle, radar dats represontative of a physical envivonmeny of (he sutonamous
vehicle;

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

baged on the wdar data, making, by the computing system, a determination of 8
fikedihood that the at keast ong scatterer s atationgry with rexpeet to-the autononioss vehicle;

i response to the hikelihood being at least equal 1 a predefingd confidence threshold,
calcolating, by the computing systern, @ velocity of the autosomous vehicle based on the

radar data from the at least one radar sensor, ‘wherein calculating the velocity comprises one

off
determining, by the computing system, an indication that the autononous
vehicle 1¢ stationary, and
determining, by the computing systeny, an angelar velocity of the aulomomous
vehivle and o Hnear velocity of the avtonomous vehiols; and
controfting, by the computing system, the sutonomons vehicle based on the calenlated
velocity.

2. The method of clam 1, wherein the detsrmining the indication that the
autonomous-vehicle is stationary is performed in response fo receiving an indication that a
veloeity of the autonomeony vehicle 1 below a predefined velocity threshold,

X The method of clavm 1, wheretn detecting the at least one scaiterer present in
the envitotunent comprises jsolating the at feast one scatterer frony g remainder of the radar

data.

4. The method of clan 1, wherein the radar dats includes Doppler measurentonts
captored in ot least ove frame, whereln makiug the determination of the likelibood that the at

foast one scatterey s stationary with respect fo the sutonomeus vebicke based on the sadar

5ok
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data comprises making the determination of the likelihood that the at least one scalieret &8
statingary with mespect 10 the autonomous vehicle based on the Doppler measurements in a

single frame of the at Teast one frame.

s The method of chum 1, whereln the radar data imchades Doppler morsuraments
capiured o two fraraes, wherein the Doppler messurements are estimated fo be associated
with the at least one scatierer, wherein making the defermination of the hkelthood that the at
keast pre seatterey is staliopary with sespect o the awtonomoeus velugle based on the vaday
data comprises making the determination of whether g change iy the Doppler measurements

between the tvo frames 1§ less than a predefined threshold, the wethod further Comprising:

determining, by the computing svstem, that the Tikelibood s st least equal 10 the
predefined confidence threshold in response to the defermihation being that the change in the

Doppler measurements between the two frames is less than the predelined tweshold,

6. The method of ¢laim I, whersin caluulating the velocity of the auitonomous
velicle based on the radar data is performmed: i vesponse 10 secgiving ong or e of (1Y an
indivation that ove or more of the velocity of the autonomous vehicle is above a predefined
velooity threshold and (1Y an indication that 8 steering angle of the autonomous vehicle s

above ¥ predefined angle thrasheld

7. The method of olaim 1, wheretty the ot least one radar sensor inclades a fast
radar sensor and a second radar sensor,

wherein the first radar sensor and the second radar sensor are mounted on different
locations of the autonemous vehiele, and

wherein calonlating the angular velocity of the autonomony vehicle s based on g fint
distance from the first sensor fo 8 peometric Centerline of the wutonomous vehicle and &
second distance from the second sensor to the geometric centerline of the autonomous

vehicle.

8. The method of claim 1, wherein the at least ong radar sensor includes g first
radar sensor and g second vaday sensor, wherein the frst radar sensor and the second radur

sensor are mounted on different focations of the autonsmous vehicle, wherein the radar data
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mcludes first vadar daty frony the fitst radar sensor and second vadar data from the second
radar sensor, the method further comprising:

before reveiving the radar data, and while the autonomous velicle 18 nioving on' g
road, cansiug, by the computing system, the st and second radar sensors to scquire the first
and second radar datwy,

wherein calenlating the velocity of the astononsous vehicle based on the radar data
comprises {1} calcplating 8 first velocity based on the first radar daty, (1) caloulating g second
velogity based o the second radar data, and (1) caleulating o thivd velocity based on the first
and second veloeities, and

wherein controlling the autonomous vehicle based on the calculated velocity

comprises controiting the autonomous vehicle based oun the caloutated thind velocity.

8. The method of claim 1, wherein making the deternination of the likelihood
that the at least one seatterer IS statiovary with respect 1o the autonomous vehicle is based on
predefined map dats accessible by the computing syatem, wherein the predefined map data

mcludes a known location of the at feast one seatterer B the environment

Hi A computing system configared to control. an autohomous vehicle, the
computing system comprising:
at least one rader senvor munted o the autonomous vehicle: and
g processor confipared to perform operanons comprising:
receiving, from the ot least one radar sensos, vadar dafa represemtative of a
physical envivemment of the sutonomous vehicle;
hased on the radar data, detecting at least one scatterer present in the
snvitonment;
based on the radar data, making a determination of § likelihood that the at feast
oneseatterar is siationary with respect o the autonomous vehicle;
in response 1o the likelibood being at lesst equal w4 predelined confidence
threshold, calcalating 8 velocity of the autonomous vehicle based on the radar datg,
wherein caleulating the veloctty coumprises oheof)
defermining sn indication that the awtonomous vehicle is stationary,
apd
determining an angular velocity of the antonomous vehicle and a Hnow

velocity of the sutonomous vehicls; and
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controlling the sutonomous vehivlebased on the calculsted veloony,

1L The computing system of olaim 10, wherein the compusing, system further
comyprises a moveient module; and

wharein couttolling the auwtonomouns vehicke based on the caleulated - velooity
gomprises causing the movement module to adjust a Hnear velovity of the autonomous

vehicle.

12, The computing systom of claimy 10, wherein the computing system Rurther
comprises 8 movement module, and

wherein controlliog the sutonowons vebicle based on the calovlated  veloity
comprises causing the movement modole to adjust 8 steering angle of the astonomous

vehicle.

13, The computing system of elatm 18, wherein the computing system firther
comprises a movemant module, and

wherein conitrolling the autonomous vehicle based on the calenlated velocity
comprises providing, o the movement module, an instraction that, upon receipt by the

movement module, cansey the autonomons vehicle o remain stationary.

14, Thecomputing system of claim 13, wherein the movement modile mchudesan
mertial messwrenent unit (IMUY including one or more of an accelerometer and 8 gyroscope;
and

wherein the instruction mcludes an instruction fiw the movement module to deny
receipt of signals from the IMUL

15, The conputing system of claim 10, whersin the computing systan further

comprises a display mounted on an inferior of the autonomous vehicle, and
wherein controfiing the autosonwus vehicle hased on the calculaed velocity
cornprises providing, on the display, anindication of one or mors of the caleulsted angular

velovity and the caloulated Havar velocity of the autonomous vehicle.
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16, An article of manuficture chiding & nonctrasitovy  compuiesreadable
medinm having stored therson nstructions that, when executed by & processor in 3 computiog
systern, causes the computing system o perform aperstions comprising:

receiving, fromat least ope radar sensor mounted on the autonomous vehicle, radar
data ropresentative of a physical environment of the atonomos vehicle;

based on the radar data, detecting st least one scatterer present in the envirpmment

based on the radar data, making 2 determingtion of a likelibood that the st least one
seatterer is stationary with respect (o the aatonomeus vehicle

i response o the Hkelihood bemng af least equal 1o o predefined confidence threshakd,
caleulating o velocity of the sutonomons vehicle Based on the radar data, whergin caleulating
the velocy comprises one of!

determiniing an indivation that the sutonomous vehicke §s stationary, and
determining su angular velooity of the qutosomous vehicle and a lincar
veloeity of the autonomous vehicle, and

canrotling the sutonomons vehiels based on the caloulated velocity.

1

=t

The article of manufacture of elatim 16, whersin the determining the indication
that the astonomous vehicle IS stationary is performed in response 1o receiving an indication

that a velocity of the autonomous vehicle is balow a predefined velooity threshold,

iR The article of nwnufactare of claim 16, whereln detecting the gt lesst one
scatierer present i the environpent comprises dsolating the at least one scatterer from a

remainder of the radar data,

9. The aticle of mannfacture of clabn 16, wherein the sader dats ncludes
Boppler moasuromenty captured in ot Jeast one frame, wherelyy making the determination of
the Hkelhhood that the at least one scatiorsr is stationary with réspect to the sutonomous
vehiele based on the radar data comprises making the detsrminstion of the likelihood that the
at Jeast one scalterer iy stationary with respect fo the autonomons vebicle based on the

Doppler ineasuraments ina single frame of the at eastone frame.

2 The artiele of mwnafacture -of clabm 16, whersin the tader data nclades
Doppler peasorements captured I8 two frames, wherein the Doppler socaswrements are

sstimated to be associaed with the at feast one scatierer, wharein making the determination

1ok
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of the likelibood that the at feast one scatterer is sfationary with respect to the auonomoas
vehicle based on the radar data comprises making the determination of whether a changs in
the Doppler measurements between the two frames i fess than a predefined threshold, the
aperations further comprising:

determiniing that the likelihood 153l least equal to the pradefined confidonce thyeshold
i response 1o the defermination being that the.change in the Doppler measurerments betwesn

the twao fraoes is fess than the predelined threshold.

21, The arttcle of manufeture of claim 16, wherein caloulating the velocity ‘of the
antonomous vehicle based on the tadar data & performed in wesponse 1o voosiving one or
more of (1) an ehication thatone or move of the velocity of the amonomeus vehicle is above
a predefined velocity threshold and (31) an indication that a steering angle of the autonomous

vehicle s above a predefined sngle threshold,

22, The article of manufacture of daim 16, wherein the ot least one radar sensor
mchudes a fiest radar sensor and & second radar sensot,

wherein the first madar sensor and the second midar sefisor are mounted i different
tocations of the sutonomoas vehicle, and

wherein caloalating the angular velogty of the autonomons vehicle s based on g first
distance froun the first sensor 1o g geometric contsrline of the aulonmnous vehicle and a
second distsmce from the second sensor 1o the geometric centerling of the sutonomons

vehicle.

23. The article of manufacture of claim 16, wherein the at least one radar sensor
meludes a first radar sensor and g second radar sensor, wherein the Hrst radar sensor and the
second radar sensor are mounisd on different locations of the auionomouws vehicly, and
wherein the radar daty imclodes Grst radar data from the fiest radar sénsor and second mdar
dats frowm the second radar sensor, the operations further comprising

before receiving the radar data, and while the qutonomious vehicle 1 moving on a
road, causing the first and second raday sensors to acquire the frat and second vadar dista,

wherein caleulating the velocity of the sutonemous vehicle based on the tadar data
conprises (1) catoulating a Srst velovity based onthe Srst vadar data, (i) caleulating ¥ second
velooity based on the second radar datg, and ity caloulating # third velooity based o the first

snd second velovities, and
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whersin controlling the avtonomows vehicle based on the calonlated velocity
comprises controlling the autonomous vebicle based o the caloulated third velovity.

340 The weticle of manufactive of clatm 18, whereln muking the determination of
the likelthood that the af least one scatterer i stalionary with respect o the autonsmous
wehicle ix based on predefined wap data accessible by the computing system, whersin the
predefined map data ingludes 2 kvown location of the o least one scattersr in the

envirowmend,
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