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ADJUSTABLE VERTICAL FIELD OF VIEW

CROSS REFERENCE TO RELATED APPLICATION
{01}  The present apphcation claims priority to US. Patent Apphieation No. 16214572,
filed Devember 10, 2018, which claims priority o .S Provistonal Patent Apphication No.
62/610,339, filed on Devember 26, 2017, the entire contents of which are heretn ncorpovated
by reference in their entivety.
BACKGROUND
{621 A vehicle couid beoany wheeled, powered velucle and may inchde g car, thuek,
motorevele, bus, ete. Vehicles can be uhilized for various tasks such as tanspovtation of
people sud goods, as well as many other uses.
{831 Some vehicles may be partially or fully autonomous.  For wastance, when 8 vehicle 38
i an gutonomous mode, some of all of the drtving aspects of vehicle operstion can be
handled by an sutonomous vehicle systenmt (e, any one or more computer Systems that
mdividually or collectively fonction to facilitate control of the sgtonomous vehicle)., In such
cases, computing deviess located onbomrd andéor o a server network could be operable to
carry out functions such as planning & driving route, sensing aspects of the vehicle, senslag
the environment of the vehicle, snd controlling drive components such ay steering, throttle,
and brake.  Thus, autonomous vebicles may reduce or eliminate the need for human
interaction in various aspects of vehicle operation.
SUMMARY
{04]  In oune agpect, the present application describes an apparatus. The apparatus inchades
a light sensor.  The Hght sensor comprises a pharality of calls aligned in a phuality of
horizontal rows and a phurality of vertical columms. The apparatus further includes an optical
system configured to provide the light sensor with an overall vertical field of view and an
sverall horizontal field of view of an extermal environment of the apparatus. Each horizontal
row provides a corresponding portion of the oversl vertical ficld of view and euch vertical
colwmn provides a corresponding poution of the oversl horizoutal field of wiew,
Additionally, the system mnclodes a processing unit configurad to divide the plurality of
horizontal rows of the light sensor nte ong or mors enabled rows and ong or more dinabied
rows. The processing unit is also configured to obtain image data from the hght sensor by
sapyring one or more cells i the one or more enabled rows without sampling the cells in the
one or wore disabled rows, where the baage data images a portion of the everall vertical field

of view. The imaged portion of the vertical fickd of view corresponds ty the one or more
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portions of the vertical field of view provided by the one or wmore enabled rows. In addition,
the provessing unit 18 configured to store the received image data 1o a memory of the
appatatas,

{051 In another aspect, the present applicabion destnbey a method of operating an optical
systent. The method inchides providing Hzht to 2 sensor of the optical sysiem. The somsor
gomprises a plorality of cells aligned in g plurality of horizontal rows and a plurality of
vertical colunms and the sensor is configured with an overall vertical field of view and an
overall horizontal field of view of an external envivorment of the apparatus.  Eacl horizontal
row provides g corresponding portion of the overall verticad finld of view and sach vertical
column provides a corresponding portion of the overall horizontal field of view. The method
alsn ncludes selecting oue or more rows of the plarality of hevizontad vows of the hight
sensor. The method further inclodes enabling the Hght sensor to provide timage data from one
or nuwe cells in the selected one or more rows,  Additionally, the msthod includes receiving
the image datg from the enabled hght sensor, where the tnsge data images a portion of the
overall vertical field of view and the imaged porton of the vertical field of view corresponds
to the poe oy more portions of the vertical field of view provided by the selected one or more
rows.  Further, the methiod includes storing the recetved hmage data in 3 nidmory of the
apparatus.

{6l In sull another aspect, the present application deseribes an article of manafacture
including a non-transtory computer-readable medium having stored thereon instructions that,
when executed by a processor in a computing system, causes the computing system to
perform pperations,  The operabonps may nchude providing hight 0 a sepsor of the optical
system, The sensor gonprises a plurality of cells aBigned ina plurality of horizontal rows and
a pluratity of vertical columns and the sensor is configured with an overall vertical field of
view and an overall horizontal field of view of an externgl envivonment of the apparatus.
Fach horizondal row provides s copresponding poction of the overal] vertival field of view and
gach vertical coluimn provides a corresponding portion of the overall horizontal ficld of view.
The operations slso include selecting one or more rows of the plurahity of horizontal rows of
the light sensor. The operations further include enabling the bight sensor o provide image
data from one or mors talls in the selected bae or muore rows.  Addittionaliy, the aperations
mehude receiving the image data from the enabled light sensor, where the image duta images
a povtion of the overall vertical Hield of view and the inaged portion of the vertical field of

view corresponds o the ong or more portions of the vertical field of view provided by the
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selected one or move vows. Further, the operations mtlude storing the recerved image datam
a memory of the apparatos.
{07] The forcpoing summary s Ulustrative oaly and s not intended o be W any way
mating, In addiion to the dlustrative aspects, implementations, and features desoribed
sbove, further aspects, mplementations, and featurss will become apparent by referenes (o
the figures and the following detailed description,

BRIEF DESCRIPTION OF THE DRAWINGS
{08 Flgurs 1 s functional Blook disgram dlustrating o veliels, sccording 10 an example
implementation,
{09 Figure 2 1 a conceptual illustration of a physical configuration of a vehicle, according
to an example tmplementation,
{0181 Figure 3A 1 a8 conceplual Hlastration of wiveless communication betwveen various
computing svstemns  related 1o an antopomous  vehicle, according o an  example
snplementation,
{813} Figore 3B is a simphified block disgran depicting example components of ay example
camers system,
{812} Figure 3C is a conceptual Hlustration of an imaging operation of an exanple
apparafus.
13 Figure4 Hustrates-a conventional fmage sensor,
{014] Figure & illustrates an oxample image sensor, according o an  example
taplementation.
015 Figwre & illusirstes an cxample mage sensor, accowding o an sxampls
mplementation,
[016] Figure 7 illustrafos s coxample hmage sensty, accwding o an  oxanwle
implementation.
{6171 Figuwre 843 a fow chart of 2 wethod, according 1o an example soplementation.
{018 Flowe ¥ ix @ schematic diagram of g computer program, sccording to an exsmple
implementation.

DETAILED DESCRIPTION

{6191 Example methods and systems are deseribed hersin. 1t should be undesstond that the
words “example,” “excmplary,” and “illustrative™ are used herein 10 mean “serving 8s s
example, mstance, or lusiration.”  Any voplementation or feature deseribed berein as being
an “example” being “oemplare,” or being “dlustrative” 18 pot necessanily (o be constraed as

preforred or advantagenus over other Implementations or featwrss. The example

[+



WO 2019/133254 PCT/US2018/065119

oplementations desertbed herein are not meant fo be limitiag:  Bowill be readily understond
that the aspects of the present disclosure, as gensrally described herein, and illustrated 1n the
figures, can be arranged, substituted, combined, separated, and designed v g wade vanety of
different configurations, all of which are explicitly contemplated horein. Additionally, in this
disclosure, unlesy otherwise speaifiod saddor wiless the particolar vontext clemly dictates
otherwise, the terms a7 or “an” means ot leastone, and the term “the™ means the at least-one.

=

¥et further, the torm “enabled”™ may mean active andfor functional, not necessanily requiring
an affivmabive action to turyon, Sipslady, e torey Vdizabled” may wesn nop-ackive andior
non-functional, not necessarily requiting an affirmative action to tum off,

1020} Furthermore, the particular arvangements shown in the Figores should not be viewed
as huntting. 1t should be understood that other inplementations might inchuade move or Tess of
cach element shown it a given Figure, Fuorther, some of the iHlustrated elements may be
combined or omitted. Yot further, an example implementation may neluds elements that are
not ilustrated m the Figores,

{021} In practice, an sptonomous or sent-gulonomons vehicle systemt may wse data
representative of the vebicle's snvironment to identify objects. The vebicle system may then
use the objects” identification as a basts for perfornsng another action, such a5 wstrycting the
vehicle 1o act i 8 cerkun way. For instance, if the object is a stop sign, the vehicke system
may instruact the vehicle o slow down and stop before the stop sign, ov if the object v a
pedestrian iy the muddie of the road, the vehicle systen may instruct the velucle o avoid the
pedestrian.

{0221 Insome scemarios, a veluole miay use a camery o image the savironment around the
velucle, The imaging of the spvironment may be used. for olect wdentification andior
pavigation. The optical camess may have s mgge seasor (e, light sensory, such as @
Complementsry Metal-Oside-Senviconductor {CMOR} image sensor. The hght sensor miay
include a phurality of sensor cells configured iy rows and columms. o order to capture image
dats, the cells of the sensor may be sampled to obtain the mage data. The cells of the Tight
sensor are aligned in a plurality of horizontal rows and 2 plurslity of vertal columns, The
tight sensor may receive Hght from the envivonment via an optical systers {e.g., # lens). The
optical system provides the hight sensor with an overall vertical fiald of view aod an overall
horizontal field of view of the environment.

{6231 The light sensor may be configured witht a rolling shutter. A rolling shatter generally
will fteratively sample the light sensor to caplure image data. The data from the Tight sensor

may form an image, 8 plurality of images, or 3 video, For example, inn 8 traditional image
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sensor, 4 rolling shatter may iteratively sample the light sensor one row of cells at a time.
When sampling 2 traditional image sensor that has a rolling shutter, objects in the field of
view of the sensor that have a high speed may appesr distorted,. Such distortions are cansed
by the Hterative sampling.  Because Hoex of cells are sampled teratively, the object being
imaged movey shightly between each sampling. Therefore, each Hoe will be sampled 2
shightly later time than the previous lise. Due to the delay in sampling respective hnes an
ghject having horizontal motion may have a horizontal skew, For example, a vehicle moving
across the field of view of the sensor may bave a hogizontal skew and vertical compsession
{or expansion) thot Jistorts the vehicle, This skew may be troublesome for processimg based
on the horizontal location of objects in an image.

{024) The light sensor of the present disclosure may be sampled with @ rolling shutier that
samples the cells of the sensor i vertical columns {eg. vertical with respect to the onentation
of the vehiclel, By sampling the light seasor iy columus as opposed o rewws, the distortion
caused by the itorative samipling may be nutigated. Rather than a horizontal skew, there may
be-a vertical skew and horirontal compression {or expansion} of moving objects. In somwe
matances, having & honzoutal compression of expansion may be more desirable than the
horizontal skew of the teaditional sensot.

{125]  Addwonglly, the 1mage sensor may be coupled to a processor configured 1o perform
one OF more age provessing tasks, The image processing may include image compression,
ofject recoguition, navigation routing, efe.  When the lght sensor is used o capture hnuage
data, the image data may consume a relatively hrge amennt of data. Becaose of this large
amomnt of image data, stofage, provessing, and moving the nage dala may bhe
cornputationally and mwemory idensive. In order {ovfedoce the coanputational and memony
needs of the system, only a portion of the sensor may be enabled af any given time. To
achieve this, a region of the sensor may be disabled and sampling of sensor cells may only be
performed on the enabled portion. The processor coupled 1o the opticad system may divide
the phurality of horizontal rows {or vertical columas} of the Hght sensor info one of miwe
enabled rows and one or miore- disabled rows (O one of more enabled colenms and one ot
more disabled columns). For example, halfl of the cells of the sensor may be enabled at any
given time. The disabled portion way include oue or more regions of the sensor, For
example, the disabled reglons may be a plurality of rows at the top or bottom of the sénsor

In & defaolt mode, the top 25% of the rows of the sensor and the bottom 358% of the rows of

the sensor may be dingbled. This woald leave the middle 50% of the rows ensbled.
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H0X6] The processor may oblain imaee data from the light sensor by samphng one or more
cells i the one or wore enabled rows by way of the miling shutter withont sampling the cells
in the one or more disabled rows, The image deta captursd by the optical system images g
portion of the overall vertical field of view corrasponding to the one ov more portions of the
vertical field of view provided by the ene or more enabled rows. Thatas, image data may be
gregted oaly from the soabled rows of the image sensor, therefore only a subset of the overall
ficld of view may be imaged.

{0271 The region of the Heht seavor that iy coabled mpy correspond Wy a portion of the
overalf field of view of the Hght sensor. By disabling a top andfor bottont portion of the Hght
sensor, the field of view may be reduced fo only contain g portion of what wounld have heen
the full inage of the fidbyv-enabled sensor.  In some examples, the processor may be Further
contigured tor adiust the enabled portion of the sensor. The processor may enable or disable
additional rows of the seasor 1o change the field of view that s imaged. In practics, this may
cause the field of view to adjust in an upward or downward direction or expand or contract
the field of view. The enabled portion may be adjusted o capture a different Seld of view
than g defaul feld of view. For example, when a vebicle palls up to a stophight, the stophight
may be mounted higher than normal. In response processor may sdjust the enabled rows of
the sensor 30 that the Beld of view captures the stophght.

28] The processor may adiust the portion of the sengor that is enabled in many different
ways. In some examples, the portiony of the sensor s enabled is based on map data stoved m
the memaory of the apparstus. For @mmp?e, the map dats may indicate a change v the grade
of the roadway or an obiect near the roadway may be located higher of lower than normal and
the, processor miay responstvely adjust the cuabled region of the seusor 10 keep a portion of
the roadway within the field of view of the sensoy or to make sure the object is within the
field of view of the sensor.  In another example, the system may mehude an inevtial
measurement umd {IMLUD and the portion of the sensor thal 1o enabled miay be based on data
frean the IMUL For example, the IMU data nay indivate a change m the grade of the roadway
and the processer may responsively adjust the enabled region of the sensor to keep a pottion
of the roadway within the field of view of the sensor. Tn some further examples, the portion
of the sensor s enabled based on an object detected v the inage data. For example, a road
sign may be located partiafly o the field of view of the sensor and the processer may sdjust
the enabled region i order to have the ol rosd sign located in the field of view,

{3291 Example systens within the scope of the present disclosare will now be desentbed in

greater detail. An example sysiom may be implemented 11 or may teke the form of an
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automobile. However, an example system may also be implemented 1 or take the forat of
other vehicles, such as cars, trucks, motorcycles, buses, boats, atrplanes, helicopters, lawn
mowers, earth movers, boats, snowmobiles, aiveraift, recreatiomal vehicles, amusement park
vehielas, fann equipmest, construction equipment, ramy, goll caris, trams, trolleys, and robot
devices, Other vehieles are possible as well

{361 Reforring now to the figures, Figore | is a fanctional block disgram ilustrating
example vehicle 100, which may be configured to operate fully or partially in an sutonoraous
puade. More speothically, vehicle 100 may operate In an sgionomess mode without lugnanp
interaction through receiving controf instructions from a computing systerm. As part of
operating in the avtonomous mode, vebicle 100 may ose sensors to detect and possibly
wentify objects of the surrounding environment 1o enable safe navigation. In some
mplementations, vehicle 108 may also mehude subsysterns that enable a diver 1o control
operations of velucle 104,

{0311 As shown in Figwre 1, welicle 100 pay inclode various subsystems, such as
propulsion system 102, sensor system 104, control system 106, one or more peripheraks 108,
power supply 110, computer system 112, data storage 114, and oser interface 116, In other
examyples, vehicle 100 may include more or fewer subsystoms, which can each include
multiple eloments. The subsystors god components of veligle 100 way be futerconnected n
various ways. In addition, functions of vehicle: 100 described herein can be divided into
additional functional or phvsical vomponents, tr combined into fewer funclional or physical
components within implementations.

{0321 Propulsion systems 102 mmy includs one of more components operable to provide
powered motion for vehicle 100 and can wmolude an engine’/motor 11X, an energy source 119,
a transnussion 120, and wheelsftires 121, among other possible components.  For example,
engine/motor 118 may be configured fo convert energy spurce 119 into mechanical energy
and can correspond to mne of a combination of an tndernal combustion enuine, anvelestric
motor, steam engine, or Stirling sngine, among ofher possible options,  Fow instance, in some
tmplementations, propulsion svstem 102 may include sultiple types of eogines anddor
motors, such as a gasoline engine and an oectric motor.

{033]  Energy sowce 1Y represents a sourcs of energy that may, i full or in part, power
one or more systens of vehicle 108 {e.g.. engine/motor 118 For instance, energy soueg
19 can comrespond o gasoline, diesel, other petroleunvbased fuels, propane, other

compressed gas-based fuels, cthanol, solar panels, batteries, andfor other sources of electrical
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power. In some implementations, energy sowee 119 may inclede a combination of fuel
tanks, batteries, capacitors, andior flywheels.

{034] Transmission 120 may tapsmit mechanicg! powsr from cagme/niotor 118 1o
wheelsfires 121 andior other possible systems of vebicle 100 As such, tansmission 120
may ncdwde a gearbox, 8 cluteh, o dfforontial, and & drive shaft, among other possible
gomponents. A drive shaft may include axles that conueet to one or more wheelsdtires 121
{038 Wheelsiires 121 of vehicle 100 may have vanous configurations within example
inplementations.  For instance, vebicle 100 may exist in g woicyele, bioycledmotorgyele,
trigvede, o carftruck fovrswheel format, among other possible comfigurations,  As such,
wheelsires 121 mny comnect fo vehicle 100 in varions wayvs and can exist in different
materils, such as wetal and rubber

{036] Sensor system 104 can mclude vasious types of sensors, such as Global Positioning
System {GPS) 122, inerial measurement unit (IMUD 124, tadar 126, laser rangefingde
LIDAR 128, camerg 130, steoring sensor 123, and throtile/brake sensor 125, among other
possible sensors,  In some implementations, sensor systery 14 may also nelude sensors
configired to momtor intermnal systems of the vehicle 100 {e.g. Oy momtor, fuel gauge,
engtne oif lemperature, brake weard.

{371 GPS 122 may biclude s transceiver operable to provide information regarding the
posttion of vehivle 100 with respect to the Barth. IMU 124 may have 3 configuration that
wses one O more accclercrnters andior gyroscopes and may. sense position snd orientation
changes of vehicle 100 based on inertial acceleration.  For example, IMU 124 may detect a
pitch and vaw of the veliicle 100 while velncle 100 s stationary or v motion.

{038] Radar 126 may represent one or mewe systems confzured 1a use radio signals 1o sensy
objects, inclading the speed snd heading of the objects, within the local environment of
vehivle 100, As such, radar 128 may mchude aptennas configared to transnut and receive
radio signals.  In some unplementations, radar 126 may correspond fo @ mountable radar
system configured to obtain messurentents of the surrounding environment of vehicle 100,
{039 Laser ranpefinder / LIDAR 128 may melode one ot more faser sources, a lsser
seanner, and one or more detectors, among other system components, and may oporate i a
coherent mode (e.g., using heteradyne detection} or in an incoherant detéction mode. Camera
130 may include one or more devices {e.g., still camers or video camera) configuied o
capture images of the environment of vehicle 100,

{348} Steering sensor 123 may sense g steering angle of vehicle 100, which may involye

measuring an angle of the stesring wheel or measuring an elsetrical signal reesentative of



WO 2019/133254 PCT/US2018/065119

the angle of the steering wheel: In some tmplementations, stcoring sensor 123 may messurd
an angle of the whesls of the vehicle 100, such a5 detecting an angle of the wheels wih
respect o a forward sxis of the vehicle 100, Steering sensor 123 may also be configored to
measure 8 combination for a subset} of the angle of the steeriny wheel, dlectrical signal
representing the angle of the steering wheel, and the angle of the whaels of vehicle 106,

{041 Tiwottle/brake sensor 123 may detect the posttion of sither the throttle position or
hrake position of vehicle 100, For instance, throttledbrake sensor 125 may measure the angle
of both the pag pedal (throttde) and brake pedal or may meavergan ehectrics] signal that could
represent, for instance, so angle of 8 gas pedal (throttle} andior an angle of a brake pedal.
Throttlobrake seasor 125 may also nwasure an angle of a throttle body of vebicle 100, which
may nchade part of the physical mechanism that provides modualation of encrgy source 11940
engine/motor 118 {eg., o butterfly valve or carbwretor).  Additionally, throttlebrake sensor
125 may measure a pressure of one or wmore dwake pads on a rowr of vehicle 100 or a
contbination {or a subset} of the angle of the gas pedal (throttle) and brake pedal; electrical
signal representing the angle of the gas pedal {twottle) and brake pedal, the angle of the
throttle body, and the pressure that at {east one brake pad is applying 10 8 rolor of veldcle 100
In pther implementations, throttferbrake seusor 125 may be configured to measure a pressure
applied 1o a pedal of the vehicle, such as a throttle or brake pedal.

{8421 Control systemy 106 may include components configured 1o assist i navigating
vehiels 100 such as steering wnit 132, throttle 134, brake unit 136, sensow fusion algontiun
138, computer vision system 1O, navigation ¢ pathing system 142, and obstacle svoudance
systern 144, More specifically, steering wnit 132 miay be operable to adjust the-heading of
velcle 100, and throttle 134 may control the operating speed of sngingdimotor 1R 1o control
the acceleration of vehicle 188, Brake unit 136 may decslerate vehicle 100, which may
mvolve using friction fo decelerale wheelsfires 121 In some implementations, brake wit
136 may convert Kinetic energy ofwheelsdires 121 1o slectiie cuurent for subsequent wse by a
system or systems of vehivle 100,

{0431 Sensor fusion algorithny 138 may include & Kalman filter, Bavesian network, or other
algorithms that can process data from sensor system 104 In some implementations, sensor
fusiont algorithin 138 may provide assessments based on incwming sensor data, such as
evaluations of individual objects andior features, evalustions of g pwrticular situation, sudior
evaloations of potential ipacts within g given situation,

{44} Computer vision system 140 may include hardware and software operable to process

and analvze imsges i an effort o determing objscts, environmental obisets feig., stop lights,
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voad way boundaries; etc), and obstacles.  As such Compater vision system MO may use
obiect recopnttion, Structure From Motion (SFM), video tracking, and other alporithms used
i compuier vision, for mstance, to recopnize objects, map an environment, track ohjects,
estimate the speed of objects, efe.

{B43]  Navigation / pathong system 142 may deternune a driving path fiw veducle 100, which
nwy involve dynwmically sdiusting navigation during operation. As such, navigation /
pathing svstemn 142 may use data from sensor fuston sigorithm 138, GPS 132, snd maps,
among ofher sources o navigate vehicle 100, Obstacle avoidanice svstem 144 may evaluate
potential obstacles based on sensor data and cause sysiems of weobicle 100 o avoid or
otherwise negotiate the potential obstacles.

{046]  As shown in Figure 1, vehicle 100 may also include peripherals 108, such as wiveless
commumcation system 146, touchsorgen  BE, microphone 130, andfor speaker 152
Peripherals 108 may provide controls or other clements for 8 oser o inferact with user
iterface 116, For example, touchscreen 148 may provide information to users of vehicle
100, User interface 116 may also accept mpot from the user vl fouchsereen 148
Peripherals 108 pay also enable vebicle 100 to communicate with devices, such as other
vehiele deviess.

{047] Wircless comumuication system 146 may wirclessly communicate with ong or more
devices directly or via a communication petwork.,  For example, wireless communication
system 146 could use 3G collular conmumnication, such as CDMA, EVDO, GEMAGPRS, or
4G celhilar communication, such as WiMAX or LTE. Alematively, wireless commumication
systemn 146 may commupicate with a-wireleas local area petwork CWLAN)Y using WiFy o
other possible connections.  Wireless compumication systomy 146 may also communicats
directly with a device using an infrared link, Blustooth, or ZigBee, for example. Other
wireless protocols, such as variows vehicular communication svstems, are possible within the
context of the disclosure. Forexample, wiveless compwnication svsteny 146 may include one
or more dedicated short-range commumications (DSRCY devicrs that could inclwde public
andfor private data comnwnications between vehicles andfor rogdside stations,

{048]  Vehiole 100 may include power supply 1 for powering components. Power sapply
110 may inchade 8 rechargeable lithiumaron or fead-aoid battery n soime implementations.
For instance, power supply 110 muy include ope or more butteries configured to privwide
electrical power. Vehicle 100 yoay also nse other types of power supplies. In an cxample
implementation, power sapply 110 and energy source 119 may be integrated itto a single
SREFEY SOUee,

g
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{049] Vehicle 100 may also nclade computer system 112 {o performn opetations, such a8
operations desenbed therein.  As such, computer system 1312 may include at least one
processor 113 {which could include at least ome wmicroprocesson) opemable o executs
instructions 115 stored i a nou-transitony computer readable medinm, such as data storage
114, In some inplomentations, computer system 12 oy represent a plusality of computing
devices that may ssove o controd ndividual components or subsystoms of vehicle 100 i a
distributed fashion,

{056 In some implementations, data storage 114 may contain instartions 115 {8,
program logic) executable by processor 113 to execute vatious fonctions of vehicle 100,
inclading those deseribed above 1n connection with Figure 1. Data storage 114 nay contain
additional instructions ax well, nchuding Jostructions o transmoid data to, recaive data from,
teract with, andior control ong or more of propulsion system 102, sensor system 14,
gontrol system 106, and periphersls HIE

{051] In addition fo instractions 115, data storsge 114 may store data such as rondway
maps, path information, among other nformation. Suech fformation may be used by vehicle
100 and computer system 112 during the operation of vehicle M in the autonomous, semi-
autononious, and’or manugl mudes.

{052]  Vebicle 100 may inchude user interface 116 for providing information o or receiving
input from a user of vehicle 100, User interface 116 may control or enable control of content
andfor the layout of mteractive images that could be displaved on touchscreen 148, Further,
aser futerface 116 could wnclude one or more nputiontput devices within the set of
peripherals 108, such as wireless comnumicaton system 146, touchsoresn 148 muicrophone
130, and speaker 132

{0531 Computer svstem 112 may control the function of vehicle 108 hased on mputs
received from various subsystems {(e.g., propulsion system 102, sensor system 1M, and
controd system 106}, as well a8 from user iterface 116, For sxampie, computer system 112
nwy utilize toput from sensor system 104 in order o estimate the outpul produced by
propulsion system 102 and control svstermn 106, Depending upon the implementation,
computer system H2 could be operable to montor many aspects of vehicle 10 and ity
subsystems.  In some umplementatinns, computer system 112 may disable some or all
functicns of the vehicle 100 based on signals received frone sensor system 104,

{634] The components of velucle 100 could be configured to wark in an interconmected
fashion with other components within or outside thewr vespective systoms: For instance, inan

sxample implementation, camera 130 copld capture a plurshity of images that could represent

11
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information-abowt @ state of an environment of vehicle 1 operating i an sutonomous
mode. The state of the environment could wclude parameters of the oud on which the
vehicle is openting. For sxample, computer vision system 140 may be able to recognize the
slope (grade) or other fatures based on the plurality of images of & roadway.  Additionally,
the combination of GPS 122 and the features recognized by computer vision svstens. 140 may
he used with map dats stored in data storage 114 to determine specific road parameters,
Further, radar umt 126 may also provide informanon about the surroundings of the vehicle,
{055 In other words, o combioation of various seasors Owhach could by termed wp-
mdication and output-indicstion semsorshand computer system 112 could interact o provide
an indication of an put provided to control a vehicle or an indication of the swrronndings of
a vehicle.

{336} In some mnplementations, computer systern 112 may make o deterntination about
varitus chjects based on data that 15 provided by systems other than the radw systemu For
example, vehugle 100 may Tave lasers or other optica! sensors configured to sense objects in a
field of view of the velucle. Computer system H2 may use the outpats from the vanous
sensors o determine nformation about objects in a field of view of the vehicle, and may
determine distance and direction information to the varions objects. Computer system 1132
may also determune whether objects are desigble or undesivable based on the outputs from
the variows sensess.

{087] Although Figure 1 shows vartouy components of vehicle 100, Le, wirsless
communication system 148, computer system 112, data storage 114, and user mterface 116,
as being integrated indo the vehicle 104, e or wore of these components could be mounied
o associated separately from vehicle 100, For example, data storage 114 could, iy partor in
full, exist separate from vehicle 100. Thus, vehicle 100 could be provided in the form of
device clements that may be located separately or together. The device elements that make
up vehicle 100 could be commuicatively coupled together I 2 wired andfor wirgless
fashion.

{058] Figure 2 depicts an example physical configurstion of vehile 200, which may
represent ong possible physical conBguration of vehicle 100 descrtbed in reforence to Figwee
1 Depending on the maplomentation, vebicle 200 may chade sensor unit 202, wireless
communcation system 204, radic unit 206, deflectors 208, and cumera Ei{?, ameng ather
possible components. For instance, vehicle 200 way include some or all of the clements of
components deseribed in Figure T Although veldele 200 s depicted fn Fizure 2 as a car,

vehicle 200 can have other confipurationy within examples, such as a truck, 2 van, & semi-
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tratler track. a motoroycele, a golf cart, an off-road vehicle, or a farm vehicls, amony other
possible examples.

{659]  Sensorunt 207 may inchude one or more sensors configwred fo capture nformation of
the surrounding envivomment of vebicle 200, For example, seasor unit 202 may welude any
combination of cameras, radars, LIDARSs, range finders, radio devices (2., Blustooth andfor
80211y, and acoustic sensars, among other possible types of sensors.  In some
implementations, seasor anit 202 may include one o more movable mounts operable to
adiust the ovientation of sepsors It sepsor unit 202, For example, the wwvable mount may
inchude 8 rofating platform that can scan sensors so as to obtain mformation from cach
direction arpund the vehicle 200, The movable mount of sensor unit 202 may also be
movable v a scamming fishion within a partioular range of angles sndfor axtmuths.

{0681 In some implementations, sensor onit 202 may inchuide mechanieal stroctures that
gnable sensor unit 202 10 be mounted atop the roof of u car.  Additionally, other mounting
locations are possible within examples.

{061} Wireless communication system 204 may have o location relative to vehicle 200 ag
depicted in Figure 2, but can also have different focations within implementations. Wireless
comnunation system 200 vy tnclude one vy more wireless transnutters and one or mors
receivers that may commumicate with other externad or internal devices.  For example,
wireless communication system 204 way inclede ome or more transceivens for
conununicating with 3 user’s deviee, other vehicles, and roadway elements {e.g., signs. traffic
signals), among other possible entities.  Ag such, vehicle 200 may wclade one or more
vehicuar commuoncation. systeins for faciltating communitations, such as dedicated shorts
ragge communications {DSRO)Y, radio frequency identitication (RFID), and other proposad
communication standards directed towards intellipent transpert systems.

{862} Camera 210 may have various positions relative 1o vehicle 200, suchyas a location on
3 front windshigld of vehiele 200, As such, camera 210 may caplure images of the
gnvironment of vehicle 200, As iHustrsted in Figure 2, camera 210 may capture bnages from
g forward-looking view with respect o vehicle 200, but other mounting locations (mclading
movable mounts) and viewing angles of camern 210 are possible within inplementations. In
some examiples, camera 210 may comespond to one or more Visible lght cameras.
Alternatively or additionally, camera 210 may include mifrared sensing capabilities. Camera
310 may also include optics that moay provide av adjustable field of view.

{63} Figure 3A ¥ & concepiual Hlostration of wiveless conynunication between various

omputing  systems related 0 an  avtonomous vehicle, according 10 an  example
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implementation. In partioudar, wireless commupication sy ocear between remote
computing systen: 302 and vehucle 200 via vetwork 304, Wireless comnuitacation mav alse
ocour between server computing system 306 and remote computing system 302, and between
server computing system 306 and vehicle 200,

{064] Vehicle 200 can vorrespond fo varions tvpes of vehicles capable of transporting
passengers or objects between focations, and may take the form of sny one or more of the
vehicles discussed above.  In some fostances, vehicle 200 may operate i an autonomous
made that snables a control system to sefely navigate vehicle 200 between destinations using
sensor measurements. When operating in an autonomouns mode, vebicle 200 nwy navigste
with or without passengers. As a result, vehicle 200 may pick up and drop off passengers
between desired destinations.

{065} Remote computing system 302 may represent any type of device related o remote
assistance techniques, including but not limited o those deseribed heveln, Within examples,
remote computing system 302 may represent any type of device configured o (3} receive
mformation refated to velcle 200, (1) provide an interface through which a human operator
can i turs peresive the information and mpud 8 response related o the information, and (it}
transimit the response 1o vehick 200 or to other devices. Remote computing system 302 may
take vartous forms, such as g workstation, & deskiop computer, a laptop, 2 tablet, 8 mobile
phone {e.g, o smart phone), and/or g server. In some examples, remole computing system
382 mayv include multiple computing devices operating together m a nefwork configuration.
{066] Remote computing system 302 may mclude one or more subsystems and components
siitlar o Wdentical to the subsystems and components of vebicle 200, Al a tanimum, remols
commputing sysiem 32 may include a processor conligured for patforming various operations
described herein. In some implementations, remote computing systein 362 may also include
a wser interface that includes inputioutput devices, such 83 a touchscreen and a speaker.
Other examples are possible as well.

{0671 Network 304 represents infrastructure that enables wireless compunication between
remole computing sysiem 302 and vehicle 2000 Network 304 glso enables wircless
contmunication between server computing system 306 and remote compating System 302,
and between server computing system 306 and vehicle 200

{868} The position of remote computing systemt 302 can vary within exangpies.  For
instance, remote compeling system 32 way have a remote position from vebicle 200 that has
a wiveless corunumication via network 3040 i another example, remotle compating system

32 may correspond & & computing device within vehicls 200 that is separate from vehicle
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200, bt wath which a human operalor can interact while 8 passenger or duver of vehicle 200,
In osome examples, remofe computing svstem 382 mav be 2 compuling device with &
touchsersen operable by the passenger of vehicle 200,

{369 In some implementations, operations described herein that are performed by wemote
computing system 302 may be additionally or alternatively performed by vebicle 200 {Le., by
suy svstemis) or subsystema(s) of vehicle 200).  In other words, vehicle 200 may be
configured to provide a remote assistance mechanism with which a driver or passenger of the
vehicle can intesaet,

{078} Scrver computing system 306 may be configured to wirslessly commumeate with
remole computing systent 302 and velucle 200 via network 304 {or perhaps directly with
remote computing systern 302 anddor vebicle 2001 Server compoting system 306 may
represent any  computing device configured to receive, store, determune, andfor send
information relating 1o vehicle 200 and the remote assistance thercofl  As such, server
computing system 306 may he configared to perform any operation{s), or portions of such
operation{s), that in'are described herein as performed by remote computing system 302
gadéor vehicle 208, Some implementations of wireless comumancation related to remote
assistanes may wiilize server computing system 306, while others nay not.

{71} Server computing system 306 nwy include one or more sobsystems and components
simitar or wWentical to the subsvatems and components of remote compaebing system 302
andfor vehicle 200, sueh as 8 processur configwred fiw performing various operations
described herein, and a wireless communication interface for vecetving information from, and
providing information o, remote conputing svsten 302 and vehicls 200,

{672} The varlous systems described above mry perform various operations.  Thess
operations and refated features will now be described.

{08731 In hne with the discussion ahove, & computing system{e.g mmaiﬁ computing system
312, or perhaps server computing system 306, or a computing svstem local to vehicle 200}
AV OPerate 1o usy 3 camers o capture images of the eovironment of an auwtonomous vk,
In general, at feast one conputing system will be able o analyze the toages and possibly
controt the autonomous vehicke,

{674 In soms mmplementations, o faciliaie autonomous operation a vehicls (e, vehide
2003 may receive dats representing objects in an cnvirdmment in which the vehicle operates
{also referred to herebt s “environroent data™) ma vatiety of ways. A sensor systent on the
vehicle may provide the environment data representing objects of the environment.  For

sxample, the vehucle tmay have various sensors, including a camera, 8 radar anit, a laser range
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finder, a microphong, a radio amt and other sensors.  Each of these seusors may
compuncats . environment data © a processor i the wvehicle abeut mibrmation each
FOSPECHIVE SCHSOT TECRIVES,

{073 In one example, a camera may be configured to caplure st mnages andior video, In
some unplementations, the velncle may have wore than mise camera positioned in different
orienttions.  Also, i some implementations, the camera may be able 1o move © capture
tmages andior viden in dilfferent directions.  The camera may be configured o store captured
tmages and video 10 & memaory for later processing by a processing svstem of the velucle.
The captured images andfor video may b the environment data.  Further, the camera may
inclade an image sensor as described herein,

{076} In anothor example, # raday il may be configured to fransmit an electromagnetic
signal that will be reflected by various obiccts nesr the velicle, and then capture
glectromagnetic signals that reflect off the objects. The caphived reflected electromagnetic
stgnals may enable the radar system {or provessing system) to make varions determinations
about objects that reflected the electromagnetic signall  For example, the distance and
position to vantous reflecting objects may be determined. In some buplementations, the
vehicle may have more than one radar in ifferent onentations. The radar system ny be
configured o store captured information to & memory for later processing by a processing
systemt of the vehicle. The mformation captured by the radar system may be snvironment
data.

{077 In another example, a laser range finder may be configured to transput an
eleciromagnetic signal (oo, hght, such as that Bom 2 gas or diode laser, or other possible

bight source) that will be reflected e @ target objects bear the vehicle: The laser range finder
may be able to capture the reflected clectromagnetic {e.g., laser) signals, The captured
reflected electromagnetic sienals mayv enable the range-tinding svstery {or processing system)
to defermine a range o vanous objects.  The range-finding svstem may also be able
determine 2 velocty or spoed of tarpet objects and store it as gnviromnent data,

{0781 Additomally, v an cxample, a microphone may be configured 0 capture audw of
envirowment swrrounding the vehicle.  Sounds captured by the wicrophone may include
emergency vehicke siréns and the »ounds of other vehiclss,  For example, the muiciophons
may capture the sound of the siren of an smergency vehicle, A processing system may be
able to wdentify that the captwed audio signal is indicative of an emwrgeney vebicle. In
another example, the microphone may captare the sound of an exhaust of another vehicls,

such as that from g motereyele, A processing system may be able to identify that the



WO 2019/133254 PCT/US2018/065119

captured audio signal i ndicative of a motortyele. The data captired by the microphong

may form a portion of the environment data.

{0791 In vet another example, the radio anit may be configured to transout an
slectromagnetic signal that may take the form of a Bluetootly signal, 30211 sigaal, andfor
ather radhio technology siznal. The finst electromapnetic radiation signal gy be transamtted

via one of more antennes lovated in g radio anit. Farther, the first electromagnstic radiation

signal may be transmitied with one of many differcet radie-signaling modes. However, i

some implementations itas desivable to transaut the flost electromagnetio radiation sigmal with
a signating mode that requests & response from devices Tocated noar the autonomous vehicle

The processing systermn may be able io detect veamby devices based on the responses
commuicated baek to the vadio anit and use this commumicated information as 8 portion of
the enviromnent data,

{080]  In some tmplementations, the processing system may be able o combine information
frovn the various sensors in order to make farther defermunations of the environment of the
vehiicle. For examiple, the processing svstem may combine data from both raday information
and @ coptwred bmage to determine i another vehicle or pedestriian 3 i front of the
agtononious vehicle, In other mplementations, other combinations of senser data may be
used by the processing system to make determinations about the environment.

i8] While pperating W an autonomouy mude, the vehicle may control #is operation with
Ligtle-toeno human inputt For example, 8 human-operator may enter an address into the
vehicle and the vehicle may then be able to drive, without further fnput from the buman {e.g.,
the uman does not have to steer o fouch the brake/gay pedals), to the specified destination.
Further, while the vehicle is operating sutonomousty, the sersor sysiem miay be receiving
environment data. The processing system of the vehicle may alter the control of the vehicle
based on environment data received from the vavious sensors. In some examples, the vehicle
may alier & velocity of the velycle in respongse to environment data from the various sensors.
The vehicle mav change velocity 1n order (o avoid obstacles, obey traffic laws, ete, When a
processing system in the vehicle wentifies ohjects near the vehicle, the vehicle may beable o
change velocity, or alter the movenent in another way.

{6821 Whan the vehicle dedects an obiject but i not highly confident in the detection of the
object, the vehicle can request a human operator {or a more pewerfid computet) to perform
4B OF MOKe rerole assistance tasks, suclt as {1} confivm whether the object 15 in fact present
in the enviromment (e.g  if there is actually a stop sign or i there & actaally wo stop sign

present), (1) confirm whether the vehickes identification of the object is correct, (i11) correct
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the idenbificanon 1F the idenbhication wis noorrect andior {iv) provide a supplemental
mstruction for modily a present instruction) for the antonomous vehicle, Remote assistance
tssks may alse include the human operator providing sn instraction 10 conivol opervation of the
vehiele (.., mstruct the vehicle {0 stop at a stop sign if the human operator determines that
the object iy a stop sign), althougl n some seenarios, the vehicle waelf may vontrol s own
operation based on the human operator’s feedback related to the identificstion of the object.
{0831 To facihtate this, the vehicle may snalveze the environment data representing objects
of the enviromment. o determine st Teast one oot having 8 detecton confidence below @
threshold. A processor in the vehicle may be configured to detect vanous objects of the
chvitonment hased on environment data from various seasors. For exanmple, in one
implementation, the processor ey be configured to deteet obiects that way be important for
the vehicle to recognize. Such objects may include pedestrians, strest signs, other vehicles,
indivator signals on other vehicles, and other various objects detected v the capursd
enviroviment data,

{084} The detection confidence may be indicative of 4 Bkelihood that the determined object
s correctly wdentified in the envivonment, or i3 present in the environment. For example, the
processor may perform objeet detection of objects within fmage data i the recetved
environment data, and deternune that the a1 least one object has the detection confidence
below the thresheld based on being unable to identity the object with a detection confidence
above the threshold, I a result of an object detection oy object recognition of the object is
tnconchusive, then the detection confidence may be low or below the set threshold.

{08S]  The vehicle may detect nhiests of the enviconment in vasions way depending on the
souree of the envivonment data.  Insome inplementations, the eavironment data may conmg
from a camera and be image or video data. In other implementations, the environment data
may come from a LIDAR unit. The vehicle may analyze the captured image or video data o
identify objects i the image orvideo data. The methods and apparatuyes may be configuted
to monitor ingge andfor viden data for the presence of objects of the environment. i other
tmplementations, the environment data may be radar, audio, or other data.  The vebicle may
be configired to dentify objects of the envivonment based on the radar, sudio, or other data.
{686 In some implemenigdions, the technigues the vehicks usey 1o detect objscts may he
based on a st of known date. For exanmple, data related to environmental objects may be
stored to 8 memory located n the velucle. The vehicle may cowmpare received data w the
stored data fo determine objects. In other implementations, the vehicle may be confipured to

determine objects based on the context of the data.  For sxample, street signs related 10
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construction may generally have an orange color  Accordingly, the vehitle may e
configured to detect objects that are ovange, and located near the side of roadwavs a5
construchion-related street signg.  Additionally, when the processing system of the vehicle
deteets objects wthe captured data, it also may calotlate a confidence for each object.
{6871 Further, the vehucle may alse have g confidence threshold, The confidence threshuold
nwy vary depending on the type of object being detected.  For example, the confidence
threshold may be lower for an object that msy roguive s guick responsive action from the
vehicle, such as brake Hghis on another vehbicle, However, in other mplomentations, the
contfidence threshold may be the sanwe for all detected olyects.  When the confidence
associated with a detected object 18 groater than the confidence threshold, the vehicle may
assume the object was correctly recognized and responsively adjust the comtrol of the vehicle
based on that assumption.
{088} When the confidence associated with a detected obiject is less than the confidence
threshold, the actions that the vebicle takes may viry. In some implorsentations, the vehicle
may react a8 i the detected object s present despife the low confidence level  In other
implementations, the vehicle may veact as i the detected object i not present
{088] When the vehicle detects an objeet of the envuonment, o may also caleulate ¢
confidence associated with the specific detected object. The confidence may be caloubaed n
various ways depending on the oplementation.  In one example, when detecting objects of
the environment, the vehicle may compary siviroament data (o prodeternuned data relating to
known objects.  The closer the match between the enviromment data to the predetermined
data, the higher the confidence. nvother implementations, the vehicle may vse muathematical
analysis of the snvironment data o detenmine the confidence associated with the objects.
[090] In response to determining that an object has a detectinm comfidence that s below the
threshold, the vehicle may ransont, to the remole compuling system, a request for remote
assistance with the identification of the object.  Ax discussed above, the remote computing
system may fake varions forms,  For example, the romote computing system may be
computing device within the velucle that is separate from the vehicle, but with which a
haman operator can inferact while a passenger or driver of the vehicle, such a3 a touchscreen
interface for displaving remote assistance information.  Additionally or altersatively, ax
another example, the remote computing svsten may be s remote computer terminal or other
device that is located at a location that is not near the vehicle,
{391] The request for remote assistance may inclade the envivonment data that inscludes the

object. such as image data, andio datg, ete. The vehiele may transmil the eovivomment data to
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the remoole. computing system over a nobwork {eg. network 304% and i sonw
mplementations, via @ server {e.g., server computing svstem 306). The haman operator of
the ramoie compating systent may 1 tum use the envivonment data a5 a basis T respending
to the request,

{3921 Byosome implementations, when the object is delected a5 having o confidence below
the confidence threshold, the object may be given g preliminary identification, snd the
vehicle may be configured 1o adjust the operation of the vehicle W response to the
prefaninary ideotification. Such an adjustoient of operstion may take the formvof stopping the
vehucle, switching the vehigle 10 ¢ hunan-controlied mode, changing a velocity of vebivle
{e.g., a speed audfor divection), among other possible adjustients,

{0931 In other wplementations, even if the veliele detects an object having a confidence

that mests or exceeds the threshold, the vebicle may operate In accordance with the detected
abject {e.g., come 1o a stop i the object is wWentified with high confidence as a stop sign), but
nay be configured 0 reguest reminle assistance b the same thine as (or at a later tme from)
when the velucle operates iy accordance with the detected object.

{094} Frgure 3B shows a simplified Mock diagram depicting example compongnts of
an example catnera systemt 3500 This example camera system 330 could vorrespomd 10
carnera 130,

{395} Camera system 350 may inclade gt least one processor 332 and system
memory 354, n an oxample swbodiment, camera system 358 may include g system bus 336
that commumigatively connects processor 352 and systemy memory 354, as well as other
components of camers system 350, Depending on the desired configusation, processor 352
can be any type of processor including, but not hntted to, a mucroprocessor (uP), o3
microcontroller (pCh a dipital signal procsssoy (D8P3, or any combination thereof.
Furthermore, systemy memory 334 ¢an be of any tvpe of memory now knows or later
developed cluding but oot Himited to volatils memory (such as RAME non-volatile memory
{such as ROM, flash memory, et} or any combination thereofl  In some examples, the

system memory 334 may be a memory cache to temporarily store image dat. Additionally,

o
w

he camiera systemt 350 may be coupled to an external memory 358, The oxtemal memory
338 may be 3 memory Toeated B a different portion of the autoncmony vehicle andior located
at a remote computer server. The external memory 338 may be used for longer term stivage
and/or processing of buages. For example, toage data n the external menmory 358 may be

used by a navigation systern of the mgonomens vehicle,
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{096] An example camera system - 330 may oclude varous other componenty 83
well, For example, the camera system 3530 moindes an image sensor 3536, The image sensor
336 may be an mnage sensor such ax desortbed herein,  For example, the image sensor 356
may mehade a rolling shutter and be configured o have portions selectively enabled or
disabled by the processor 352,

{097] According to an example cmbodiment, camera system 350 nay include
program nstructions 360 that are stored in system memory 354 {andfor possibly in snother
data-storage wediony) and execotable by processor 332 to facilitare the various fongtions
deseribad horon inchiding, Wt not linsied fo, those functions described with respect fo
Figure 8. Although varions components of camers systern 350 are shown as distributed
components, it shoald be enderstood that any of such components may be physically
mtegrated andior distributed according 1o the desired configration of the computing systen.
098] Figure 30 conceptual Hiustration of an iaging operation of an spparatus that
ticludes an optical systen 382 (o.g., a lons) and an boage sensor 384, The smage sensor 384
could be i a camers, such a3 camera system 330 shown i Figure 3B, The optical svstemn
382 provides an overall Held of view 386 to the mags sensor 384, The overadl field of view
386 mehdes g vertical field of view 388 and a hotizontal field of view 3900 The overall field
of view 386 corresponds to the fargest angular extent that the bmage sensor 384 can image vig
the optical system 382,

{099] In some examples, at feast one portion of the hmage sensor 384 mav be
disabled. When at Teast one portion of the image sensor 384 i disabled, the field of view
may be only aportion of the overall field of view 388, A an example, when two portions of
the Image seosor 384 ane disabled, there may by ay imaged feld of view 382, a top disabled
portion of the field of view 3944, and a bottom disabled portion of the field of view 3%4R.
The top disabled portion of the field of view 384A and the botiom disabled portion of the
field of view 3948 may comrespond (o the two disabled regions of the himage sensor 384,
{0108] Figure 4 Hustrates a conventional tmage sensor 400, The image sensor HK may be a
CMOS mmage sensor. The conventional image seasor 400 may comprise a grid 402 of sensor
cells 404, The grid 402 of sensor colls 404 way be arranged in cohumns 410 and rows 413
I some examples, conventivnal naze sensor 400 may be wider than it s tall {Le. nay bave
mowe vertical colwans than horizontal rows), During operation, the sensor cells 404 may
veceive Hght and convert the Hght mto clectrical signals.  The olectrical signals may

correspond o the color and intensity of Hight that s received by arespective sensor cell

21



WO 2019/133254 PCT/US2018/065119

H161] o order to forman mage, 9@ processor, such as a processor described with respedt o
Figure 1 and/or Figure 38 may controf the sampling of cells 404 of the image sensor 4000 As
shown in Figure 4, the image seasor 400 may be saropled one row 406 ata time, Ssmpling in
thiy way is known as a rolling shutter. In some examples, the Image sensor 308 may sample
more than one one row at a time. The mage sensor 400 may be sampled in an Hterstive
tashion and incrementally adjust the sample row 408, The processor may incrementally
sample the rows 412 of seasor 400 by weratively ncrementing the sample row 406, 1o some
examples, the ferations may be hnear, that s after sach row sampled e pext row &8
subsequently sampled. In other examples, the samipling may be performed in different ways.
{0102] As previously discussed, i1 a conventional fmage sensor 400, g rolling shutter may
ieratively ssmple the traditional troage sensor 400 one row 406 of cells at 8 time.  When
sampling a traditional image sensor 400 that hes a rolling shutter, objects in the feld of view
of the sensor that have g high speed may appear distorted. Distoations sre caused by the
tterative sampling of the raditional image sensor 400, Because lines of cells are sampled
tteratively, the object being imaged moves shightly between gach sampling. Therefore, cach
fine will be sampled a shuhtly later tme than the previous (e, Due the delay i sampling
respective {mes an object having horizontal motion muy have & horizontal skew. For
example, 8 vebicle moving acvoss the Hield of view of the sensor may have g horizontal skew
and vertical compression (o expansion) that distorls the veldele Thiy shew may be
troublesome for processing based on the focation of objects i an image.

{0163] Figure 5 dhustrates an exanple wmage sensor 500, according to an example
implementabion.  The image sensor SO0 may be a CMOS image sensor and simidar to image
sensor 4 of Figwre 4. it sote examples, image sensor 300 may be taller than ks wide
(i.e. may have more horizontal rows than vertical colwmnsy.  The tmage sensor 500 may
simifarly comprise a grid 502 of sensor cells 304, The grid 502 of sensor cells 504 may be
atranged i columms 310 and rows 312, The image sensor 500 may be configured 1o receive
light by way of an optical system. Duning operation, the sensor cefls S84 may recetve Hht
and convert the bight into electrical signals. The electiical signals may correspond o the
color and intensity of Hght that is received by a respective sensor cell.

{6104] In order to form an umage, 30 image processon, such as a provessor déseribed with
respeet to Fumure o andior Figure 3B may control & sampling of the inage senvor 800, As
shovwn i Figore 8, the boage sensor 300 may be sanpled one colonm 506 af 2 time. As
previcasty discussed, insome examples, the image seusor 300 may be configured & samples

more rows {such as 2, 4, 5, 8, eic.} at a tine rather than ope. Unlike image sensor 408 of
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Figwre 4, the mmage sensor 500 of Figure § 18 sampled in columns rather than rows. The
intage sensor 300 may be sampled in an iterative fashion and merementally adjust the sample
colunn 08, The processor mgy incrementslly sample the columu 310 of toage sensor 560
by iteratively 'incrememing the sauple colimn 310, In some examples, the iterations may be
Hnear, that s after cach row sampled the next row 18 subsequently sampled.  In other
gxamples, the sampling may be performed o different wavs, o some oxamples, the
sampling may be performed on colurans in a non-sequential order.

{8105] By sampling the boage sensor 300 of Figure 5w colomws S10 as opposed o rows

LAY

312, the distortion caused by the ferative smnpling nway be mitigated.  Thus, the skew as
described with respect fo the taditional mmge seasor 400 of Figure 4 may be mitigated.
Rather than g hovizontal skew, the ssopling described with respect to Figure 5 there moay
have a vertical skew and hortrontal compression {or expansion} of moving objects. In some
instances, having 8 horizontal compression or expansion may be more desirable than the
honzental skew of the traditional sensor,

{0108 Figwre 6 illustrates an example image sensor 6(HL, according o an example
implemenfation.  The image sensor 600 may be a OMOS nmage sensor and stmtlar to the
previoushy-discussed image sensors. The mnage sensor 600 may similarly comprise a grid
802 of sensor cells 604, The grid 602 of sevsor cells 604 may be arranged in columns 610
and rows €12, Unbike the previvusty-discussed image sensors, image sensor 600 may have
both an enabled region 608 and at lesst one disabled region.  As shown in Figure 6, image
sensor 600 has a top disabled region 606A and & bottom disabled region 6068,

{0107] Bach horizontal row provides a corresponding portion of the overall vertical feld of
view (g, overall vertival field of view 388)  Each vertical coliwnm provides g corresponding
portion of the overall horizontal field of view {o.g., horizontal ficld of view 3903 Thuy, the
maged field of view corresponds to the field of view provided by the rows and colomns in
snabled region 608,

{108] The image sensiv 600 may be configured to receive light by way of an optical systeny.
During operation, the optical systmn nay expose all of the sensor cells 804 o hght
However, only the engbled cells in the enabled cell region 608 provide inage data.

{6109] In various examples, the enabled region 608 and the disabled regiony 6064 and 8468
may be defined i different ways. In some examples, the enabled region 608 nay be defined
as a regron nowhach the cells 602 are powered and disabled regions 6064 and 6068 have
cells 6602 that are not powered. To this example, only powered cells produce a signad output.

In other examples, the cnabled region 608 may be defined as a region v which a provessor
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caphures dafa from the cells 602, o thus example, the processor midy selectively only sample
cells 1 oa repion that is defined to be enabled. In othsr sxamples, different methods of
enabling or disabling cells may be used.

{0118] Figure 7 dlustriales an example smage sensor 700, according to an example
implementation,  The image sensor 730 may be a4 CMOS image sensor ad simdiar o the
previcusty-discussed trosge sensors. The image sensor 700 may similsrly comprise g gnd
702 of sensor cells 704, The grid 702 of sensor cells 704 mny be auanged fn colonms 710
and rows 12, Simibler to tnmge sensor 800 of Figure 6, image sensor 700 may have both ap
ciabled region 708 and at least one disablad region,  As shownin Flgure 7, image sensor 780
has a top disabled region 706A and a bottom disabled region TO6R.

{8111} The mage sensor 700 may be configured 1o receive hght by way of an optical system.
Pharing operation, the optical system may expose &l of the sensor cells 7604 to light
However, only the enabled cells in the enabled cell region 708 may provide image data.
{0112] Image sonsor 700 may be the same bnage sensor gs image sensor 600 of Figore 6, but
having sn adiusted enalded region 70, In some examples, an image processor nay be able
o adiust the enabled regton 708, For exanypde, the enabled region 708 may move (o 8 region
that is higher or lower (3s measwred by rows) on the image sensor. In other examples, the
number of rows of the engbled region 708 may be increased or decreased.

{113 Figure B s a How chart of 3 method 800, according to an example implementation.
Method 800 reprosents an exanplc method that may include ope or more operglions as
depicted by one or move of blocks BOZ-808, cach of which may be caried out by any of the
systems shown in Flgwees -7, amonyg other possible systems. Inan example implementation,
8 computing system such 2y camera system 330 performs the lusitated operations, although
n other implementations, one or more other systems (e.g., server computing system 306} can
perform some or all of the operations.

{61 14] Those skilled i the art will endersiand that the Howcharts described herem Hiustrates
ﬁme{isnahty and operations of certain implementations of the prosent disclosure,  In this
regard, each block of the fowcharts may represent & module, & sepment, or a portion of
progrant code, which includes one or more instructions executable by ong OF more processors
for plementing specific logical functious or steps in the provesses. The progrant code may
be stored on any type of computer readable mediuny, for example, such a5 a storage device
incloding a disk or haed drive.

{115] In addition, each block nmay represent cireuitry that is wired to perform the specific

fogieal functions in the processes, Altoraative implementations arg included within the scope
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of the example implementations of the present application i which functions may be
executed out of order from that shown or discussed, including substantially concnrrent of o
reverse order, depending on the functionality involved, as would be understond by those
reasonably skilled mo the art. Within examples, any system may cause another system i
perform one of move of the operations {or portions of the operations} described below:

{8116] In line with the discussion above, a computing svstem {g.g., camera system 350,
remate computing system 302 ov sorver computing systern 308} may opevate as showa by
mrethod B, As shown i Figure 8, at block 802, the congnsting system operates secelving
light at Hght sensor via an optical system, The sensot msay be configured with a phoaliy of
cells alipned in g plurality of horizontal rows and g phaaliy of verfical columns. The semsor
s configured to have an overall vertical field of view snd an overall horizountal field of view
of an externat environment ot the apparatus.  Each horizontal row provides o cotresponding
portion of the overall vertical field of view and each vertical columan provides a
corresponding portion of the overall honzontal Hield of view.

{01 17] At block 804, the optical system operates by dividing the plesadity of horizontal rows
of the light sensor into one or more enabled rows and one or more disabled rows. The rows
may be divided as previously discussed with respeot to Figures 6 and 7. In some exanyles, g
processor local to the vehicle may niake a deternunation of which rows should be enabled. In
other examples, 3 remote computer system, such as an assisted perception system can
determine which cells should be selected. By dividing the rows, the hmage sensor only
tmages a portion of the original field of view corresponding o the enabled rows.

{018 Addittonally, the inage sensormay be coupled to a processor configored to-do image
procesying, such as gme of the processors desgribad with respect to Figure 1 or Figwre 38
The image processing may inchude imaps compressiony, object revognition, e, When the
sensor capiures image data, the image data may consume 8 relatively large amount of data.
Becsuse of large amount of data, slorage., processing, and moviig data may be
gomputationally and memory imnteasive. To reduce the computational and memory needs of
the systeny, only a portion of the sensor may be selecied {that 13, engbled) at any given time.
For example, 4 region of the sensor may be disable and sampling of sensor cells way only be
performed on the snabled portion. In practice, hall of the cells of e sensor mry be onabiled
at suy piven fime. In sonmwe examples, the disabled portion may be one of more regions of the
sensor. The disabled regrons may be a plurality of vows at the top or bottom of the sensor. In
a defaull mode, the top 25% of the rows of the sensor and the bottom 23% of the rows of the

sensor miay be disabled. Thivwould leave the nuddle 50% of the tows snahled.
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{0319 The repion of the sensot that v cnabled may comvespond 1o a field of view of the
sensor. By disabling g top or bottom portion of the sensor, the field of view may be reduced
to only contain g center portion of what would have been the full image of the fully-cnabled
sensor. In some examples, the processor may be further configured o adjust the enabled
portion of the sonsor.

{0128] In practice, this may cause the field of view fo adjust i an upward or downward
looking divection or expand or contract the field of view, The enubled portion may be
adiusted o captere a dilfferent Hold of view the default field of view, For example, when a
velucle pulls up 1o o stoplight, the stophght may e mounted lughey than nororal. The
processor may adjust the onabled rows of the sensor so that the field of view captures the
stoplight.  The processor may adjust the portion of the sensor that is eoabled in differemt
ways. In some examples, the portion of the sensor is enabled is based on map dota stored in
the memory of the apparstus. For example, the map daa may indicate a change i1 the grade
of the roadway or gn object near the roadway may be located higher or lower than normal and
the processor may responsively adjust the enabled region of the sensor to keep a portion of
the roadway within the field of view of the sensor or K make sure the object 1 within the
fiedd of view of the sensor,

{H121] In another exanple, the system may include an mertial measurernent wart {IMU) and
the portion of the sensor that 1s enabled may be based on data frony the IMU. Forexample,
the IMU dafa may indicate a chapge i the grade of the roadway and the processor may
responstvely adist the snabled region of the sensor 0 keep g portion of the roadway within
the field of view of the senser.

{6122] In some further examples, the portion of the sensor 15 enabled 15 based on an object
detected in the image data. For sxample. a road sign may be located partially in the field of
view of the sensor and the processor may adiast the enabled region to have the fsll road sign
tocated in the field of view,

{8123] In yei some further examples, there nmy be a polential objpet lovated wholly or
partially in the field of view of the sensor. The processor may adjust the enabled region ©
have ‘the potential object located in the Seld of view. A processing system may then
determine i the potential obieet is sctually an object and classily the ohject,

{0124] At block 806 {or at block S08} the optical systeny operates by obtaining mage data
froms the hight sensor by sanpling one or move cells in the one or more enabled rows withowt
sampling the colls n the ove or more disabled rows. The bmage data boages @ portion of the

averal] verieal field of view, and the magsed portion of the vertical Held of view corresponds
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{o the one or more portons of the verticad field of view provided by the ove of more enabléd
rows. The image data may be received by sampling a plurality of cells fom the ensbled rows
to form image data.  The sampling may be performed across at least one of the vertical
columny of the sensor.  As previously discassed, the optical camera may have an image
sensor, such as-g OMOS nnage senser.  An image sensor may include 8 phgality of sengsor
gells configured in rows and colunws. To capture image data, the cells of the sensor may be
sampled o obtain the mage data. The tmage sensor may be configured with a rothing shutter.
A rolling shotter generally will fteratively sample the bmage sensor 1o capte imags data,
The data from the image sensor may fonm an image, a plurality of iages, ora video;
{3125] A rolling shuodter may introduce sonie distortions in the captured fmage.  Distovtions
are caused by the fterative sampling of the wage sensor. The image sensor of the present
disclosure may be sarpled with a rofling shotter that samples the cells of the semsor in
verticsl columns. By sampling the image sensor in colmnns as opposed o tows, the
distortion caused by the fterative sampling may be nutgaied. Rathor than o horizontal skew,
there may be a vertical skew and honzoutal compression (ov expansion) of moving objects
Inn some mstances, having a borizontal compression or expansion may be more desirable than
the honizontal skew of the traditiomal sensor.
{4126] At each cell that makes up a colomn bemg sampled, the cells that ave enabled may
output an electieal signal. This electrical signal vulput by each respective oell may be i
proportion 1o the fight that hits each respective cell, For sach enabled cell of 3 colunm, data
ts captored based on the clectrical signal. After cach cell of & row has been sampled, a new
coluwmn may be sampled o oreste another column-of an image. The columns may be sanpled
ftevatively uniil o the colunins have beon sampled.
{81271 At block SOR, the coraputing system operates by providing storing the image datain a
memory of the spparatus. The image data may be stored na raw format, that 15 anprocessed
directly as-.captured. Tn other examples, the image data may be stored i lemporarny memoy,
such as @ cache, for further processing. The image dsta may be compressed or manipulated
before being stored i a memory. The memory may be & memory within the optical system, a
mentory of the apparatus that is not part of the optical system, andfor the memory may bea
Moty that i located at o remote compuier systen,
{0128] In some examples, the tmage data may by used by a vehicle coutrol system to
determine a vehicle instruction for execution by the auwfonomous velucle. For example, a
vehicle may be operating i an autonomons mode and alter it operation based op information

of an object captured in an image. o some examples, the image data may be related 1o a
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different control svstem, such @ remote compuding system, {o delerniine g vehicle control
mstruction.  The autonomous vehicle may receive the instruction from the remote computing
svstern and responstvely alier its autonomous operation,

{0129] Addionally, m some examiples, the avtonomous vehicle may receive a requast from
the remete computing System o adiing an enabled portion of the sensor based op unage data
transpmitied o the remote computing server. In response o receiving the request to adjust the
enabled portion of the sensor, the processer of the vehicle may adjust the sensor and fransmit
ary image from the adiusted sensor back o the remote computing systent.

{01384 Figure 2 Is a schematic diagnumn of a computer program, aceordibg o an
crample implomentation.  In some implementations, the disclosed methods way be
plemented as computer program nstructions encoded on 8 pon-lransitory computer-
readable storage media i a machine-readable format, or on other norctransitory media or
griicles of manufaciure.

{0131} In an cxample implementation, computer program praduct Y00 i3 provided
asing signal bearing mediion 902, which may inchade one or more progravandng instructions
904 that, when executed by one or more provessors may provide functionality or portions of
the functionaluty deseribed sbove with respect to Figures 1-8. In some examples, the sigaal
beartng medium 902 may enconpass 2 non-transitory computer-readable mediam 906, such
as, bot got imited 1o, a hard disk drive, 3 €D, a DV, a digtaltape, memory, components to
store remotely (e, on the clowd) ete. o some implementations, the sigaal bearing medium
907 may encompass 3 computer recordable medium 908, such as, but not Himited o, memory,
ceadiwrils (RAWY Chs, BAW DVDs, ste. Tn some unplemendations, the signal bearing
madium 902 may encompass a communications mediom 910, such as, but not lmitad to, a
digital and/or an analog commwmication mediwm {e.g., a fiber ophic sable, a waveguide, a
wired compnmications ok, a wireless commuication hnk, e, Sinilarly, the signal
bearing medinm 802 ney comrsspond fo 4 remote storage (.. & cloud) A computing
system may share mfonmation with the cloud, including sending of receiving information.
For example, the conputing system mgy recctve additions] mbormation fom the cloud to
augment nformation obtained from sensors or abother entity. Thus, for example, the signal
bearing medium 802 way be coveysd by & wireless Rorn of the conumumications. medinm
410

{0132 The oue ov morte progranuning imstructions 904 may be, for cxample, computer
executable andfor logic tmpleomented instractions.  In some examples, 8 computing device

such as the computer system 112 of Figure | or remote computing system 302 and perhaps
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server commputing system 300 of Figure 3A or one of the processor of Figore 38 may be
configured  provide various operations, functions, or actions in responsg fo the
programming instructions 804 conveyed to the computer system 112 by one or more of the
computer readable medinm 906, the computer recordable wmedium 908, andior the
copnmunications medium SHYL

{0133} The pon-iransitory computer readable medium could also be distributed among
nuthiple data storage clements andfor cloud {e.g., remotely), which could be remotely lovated
from cach other. The computing device that executes some or all of the stored instructions
coudd be g vehicle, such as vehicle 200 tostrated 1 Figure 2. Aliernatively, the computing
device that exccutes some or all of the stoved instructions could be another computing device,
such as a server,

{8134] The above detailed deseription desortbes variows features and operations of the
disclosed systems, devives, and methods with reforence to the accompanying figures. While
various aspects and embodiments have beon disclosed herein, other aspects and embodiments
will beapparent. The various aspects and embodinents disclosed herein are for purposes of
Hhustration and are not intended o be limiting, with the true seope bemng mdicated by the

following claims.
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CLAIMS

1. An apparatus comprising:
a light sensor, wherein the light sensor comprises a plurality of cells aligned in a
plurality of horizontal rows and a plurality of vertical columns;
an optical system configured to provide the light sensor with an overall vertical field
of view and an overall horizontal field of view of an external environment of the
apparatus, wherein each horizontal row provides a corresponding portion of the overall
vertical field of view and each vertical column provides a corresponding portion of the
overall horizontal field of view; and
a processing unit configured to:
divide the plurality of horizontal rows of the light sensor into one or more
enabled rows and one or more disabled rows; and
obtain image data from the light sensor by sampling one or more cells in the
one or more enabled rows without sampling the cells in the one or more disabled rows
using a rolling shutter, wherein the rolling shutter enables incrementally sampling the
one or more cells according to the plurality of vertical columns such that all enabled
cells in a given vertical column are sampled simultaneously, wherein the image data
images a portion of the overall vertical field of view, and wherein the imaged portion
of the vertical field of view corresponds to the one or more portions of the vertical

field of view provided by the one or more enabled rows.

2. The apparatus of claim 1, wherein the processor is configured to select the one or more
enabled rows and/or the one or more disabled rows based on map data stored in the memory

of the apparatus.

3. The apparatus of claim 1, further comprising an inertial measurement unit (IMU) and
wherein the processor is configured to select the one or more enabled rows and/or the one or

more disabled rows based on data from the IMU.
4. The apparatus of claim 1, wherein the processor is further configured to select the one or
more enabled rows and/or the one or more disabled rows based on a detected object or

potential object in the external environment.
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5. The apparatus of claim 1, wherein the one or more enabled rows number less than or equal

to half of a total number of rows in the light sensor.

6. The apparatus of claim 1, wherein the one or more enabled rows number less than or equal

to half of a total number of rows in the light sensor.

7. The apparatus of claim 1, wherein the processing unit is further configured to:
adjust the one or more enabled rows and the one or more disabled rows based on map

data such that the image data depicts at least an object as represented by the map data.

8. The apparatus of claim 1, wherein the apparatus is coupled to a vehicle having an inertial
measurement unit (IMU),

wherein the IMU is configured to measure a grade of a roadway upon which the
vehicle is navigating, and

wherein the processor is configured to adjust the one or more enabled and the one or
more disabled rows based on a change in the grade of the roadway such that the one or more

enabled rows capture image data of at least a portion of the roadway.

9. A method comprising:

receiving light at a light sensor via an optical system, wherein the light sensor
comprises a plurality of cells aligned in a plurality of horizontal rows and a plurality of
vertical columns and wherein the optical system provides the light sensor with an overall
vertical field of view and an overall horizontal field of view of an external environment of the
apparatus, wherein each horizontal row provides a corresponding portion of the overall
vertical field of view and each vertical column provides a corresponding portion of the
overall horizontal field of view; and

obtaining image data from the light sensor by sampling one or more cells in the one or
more enabled rows without sampling the cells in the one or more disabled rows using a
rolling shutter, wherein the rolling shutter enables incrementally sampling the one or more
cells according to the plurality of vertical columns such that all enabled cells in a given
vertical column are sampled simultaneously, wherein the image data images a portion of the
overall vertical field of view, and wherein the imaged portion of the vertical field of view

corresponds to one or more portions of the vertical field of view provided by the one or more
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enabled rows, wherein a processor determines one or more enabled rows and one or more

disabled rows.

10. The method of claim 9, wherein dividing the plurality of horizontal rows is based on map

data stored in the memory of the apparatus.

11. The method of claim 9, wherein dividing the plurality of horizontal rows is based on data

from an inertial measurement unit.

12. The method of claim 9, wherein dividing the plurality of horizontal rows is based on an

object detected in the image data.

13. The method of claim 9, wherein dividing the plurality of horizontal rows comprises

increasing a number of enabled rows.

14. The method of claim 9, wherein a number of enabled rows is less than or equal to half of

a total number of rows in the light sensor.

15. The method of claim 9, wherein the sampling is performed iteratively across the plurality

of vertical columns of the sensor.

16. A system comprising:

a light sensor, wherein the light sensor comprises a plurality of cells aligned in a
plurality of rows and a plurality of columns;

an optical system configured to provide the light sensor with an overall field of view
of an external environment of the apparatus, wherein each row provides a corresponding
portion of a vertical field of view and each column provides a corresponding portion of the
overall horizontal field of view;

a rolling shutter; and

a processing unit configured to:

enable a subset of the plurality of rows of the light sensor into one or more
enabled rows; and
obtain image data from the light sensor by sampling one or more cells in the one or

more enabled rows using the rolling shutter, wherein the rolling shutter enables incrementally
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sampling the one or more cells according to the plurality of vertical columns such that all

enabled cells in a given vertical column are sampled simultaneously, wherein the image data
images a portion of the vertical field of view, and wherein the imaged portion of the vertical
field of view corresponds to the one or more portions of the vertical field of view provided by

the one or more enabled rows.
17. The system of claim 16, further comprising an inertial measurement unit (IMU) and
wherein the processor is configured to select the one or more enabled rows and/or the one or

more disabled rows based on data from the IMU.

18. The system of claim 16, further comprising a memory configured to store map data,

wherein dividing the plurality of rows is based on the map data.

19. The system of claim 16, further comprising a vehicle.

20. The system of claim 16, wherein a number of rows is greater than a number of columns.

21. The system of claim 116, wherein the processor is further configured to select the one or

more enabled rows and/or the one or more disabled rows based on a detected object or

potential object in the external environment.
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