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ADJUSTABLE VERTICAL FIELD OF VIEW

CROSS REFERENCE TO RELATED APPLICATION
{01} The present application clatms priogity 1o ULS. Patent Application No. 162145872,
filed December 10, 2018, which clalms priority 1o US. Provisional Patent Appheation Ne.
62/610,339, filed on Desember 26, 2017, the entive contents of which are herein incorporated
by reference in their entirety.
BACKGROUND
{02] A vehicle could b any wheeled, powered vehigle sod may inchule 3 car, ek,
motoreveke, bas, ete. Vehicles can be olitized for various fasks such ag tpmsportation of
peopie snd goods, as well as many other uses.
{031 Some vehicles nmy be portially or fdly autonomous. For instance, when a vehicle is
in an sutohanons mode, some of all of the deiving aspects of vehicle operstion can be
handled by an sutonowons vehicle system flel, any ond or more computer Systems that
individualty or collectively fonction o facilitate control of the sutonemows vehicle). In such
cases, computing devices located onbomd anddor e a server mebwork eould be operable o
carry out functicns such as planting & driving route, sensing aspects of the vehicle, sensing
the snvironment of the vehicle, snd controlling drive components sach ay steering, throttle,
and brake.  Thus, sutonomous vebicles ey reduce o elinunate the need for human
interaction in various aspects of vebicle speration.
SUMMARY
{64  In oneaspect, the present applivation describes an apparatus. The apparatus fnchudes
a Huht sensor: The light sensor comprises a pharality of calls aligned v a phualiy of
horizontal rows and a phurality of vertical colunms. The apparatus further includes an optical
system configured to provide the Heht sensor with an overall vertical ficshd of view asd an
overall horizontal feld of view of an external environntent of the apparatus. Fach horizontal
rivy provides a corresponding portion of the overgll verticad ficld of view and euch vertical
column- provides: & comresponding pottion of the oversll horizontal field of view,
Addittonally, the systen includes & procsssing unit Configwed 0 divide the phurality of
horizontal fows of the lipht sensor to one of more enabled rows and ong or more disabled
rows. The processing unit is also configured to obtain image data from the lpght sensor by
samping one or mote cells i the one or piore enabled rows without sampling the cells in the
one or wore disabled rows, where the roage data images 8 portion of the overall vestical field

of view, The imaged portion of the vertical field of view corresponds tir the one or more
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portions o the vertical field of view provided by the one or more enabled vows, T addition,
the provessing unit &8 configured o store the received fmage dafa {n a memory of the
apparatus,

{85 Inoanother aspect, the present application destribey a method of operating an optical
systemt. The method inclhudes providing lght to a sensor of the optical system. The sensor
gomprises a plurstity of cells aligned dnog plurality of horizontal rows and a plurality of
vertica! eolunms and the sensor is configured with an overall vertical field of view and an
overall horizontal field of view of an external sovivorment of the apparatus.  Eacl horizontal
row provides 3 corresponding portion of the overall vertieal fliald of view and sach vertical
cohumn provides a corresponding portion of the overatlhorizontal feld of view. The wmethod
also includes selecting oue or more rows of the plarality of horizontad rows of the Hght
sensor. The method further inclades enabling the Hght sensor to provide image data from one
of more cells in the selected one or more rows. Additionally, the misthod includes receiving
the image data from the enahled Hght sensor, where the bmgge daty images a portion of the
overall vertical fleld of view and the imaged portion of the vertical field of view corresponds
0 the pue o more porfions of the vertical fisld of view provided by the selected one or mors
rows,  Further, the method inchedes storing the received bmuge data in @ emory of the
apparatus.

6] In sull another aspeet, the present application describes an avlicle of manufacture
including a now-transitony conmputer-readable medham having stored thercon instructions that,
when executed by a processor 8 compuling. systom,. causes the computing system to
perform operations,  The operations may mnchude providing light to « sensor of the optical
svstern, The -sefsor comprises a plurality of cells dlighed ina phaality of horizantal rows and
a plurality of vertical colunms and the sensor is configured with an overall vertical field of
view and an overall borizontal field of view of an external envivonment of the apparates.
Each horizontal row provides s corresponding portion of the overall vertical field of view and
gach vertical column provides a corresponding pdrtion of the overall horizontal field of view.
The operations glso include seleciing one or morg rows of the phaality of horizontal rows of
the Light sensor.  The operations fether include enabling theé light sensor to provide image
data frotn one or wmore cells m the selected one of mote rows,  Additionally, the opetations
nclude receiving the image data from the enabled Hght sensor, where the image data images
a portion of the overall vertical field of view and the inaged portion of the vertical field of

view corresponds to the eng or more povtions. of the vertical fald of view provided by the
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sefected one or more rows. Further, the operations include storing the received image data in
a memery of the apparatus.
{67] The fivcgoing sunumary iz tHlustrabive paly and 1xonot intended to be inany way
Lmiting. In addinon to the dlastrative aspects, umplementations, and featores. deseribed
sbove, further aspects, mnplementativess, and featarss will becoms apparent by reference o
the figures and the following detailed description,

BRIEF DESCRIPTION OF THE DRAWINGS
{08]  Figwre 1 tva fupctional block diagran slustrating oo ovebiols, sccording to an example
anplementation,
{89 Figure 215 a conceptual illustration of a physical configuration of a vehicle, according
o an example fmplementation,
{018] Figure 3A & a conceplusl Hlustration of wireless communication betyveen various
computing svstemms  related o an antonomous vehicle, avcording to an example
implomentation.
{813 Ploore OB is o simphfied block disgrany depicting example components of au examples
canwra S’}\'S{'E}i‘ﬂ.
{012} Figure 30 & 8 conceptual iflustrativn of an tmaging operation of dn exanple
apparatus.
{13]  Figure 4 illustrates & conventional fmage sensor.
{014] Figure 5 ifluswates an example image sensor. acvording & an example
traplementation.
{015] Figure 6 iluswwates an example mmge sensor, accowding fo an example
troplementation;
[016] Figure 7 illustrates an example fmage sensty, acowding fo an  exanwpls
implementation.
17 Figure 8 i3 o flow chart of 2 method, aceording to an example implementation,
{018] Fizwe 9 iy a schematic diagram of g conmyputer program, sccording to an example
implementation,

DETAILED DESCRIPTION

{619 Example methods and svstems are desoribed herain, 11 should by undesstond that the
words “example,” “exemplary,” snd “illostrative” are nsed herein 1o medn Yserving ss @
example, hstance, or llosiration” Any soplemeniation or feature deseribad berein as being
an Texample” being “exemplare,” or being “illestrative”™ is not necessarily (o be constroed as

proforred  or advantageous over other implemenistions or festwes. The oxample

a
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implementations described besetn aré nol msant fo be Hndting,  Bowill be readily wndesstood
that the aspeets of the present disclosare, 28 gensrally described herein, and llustrated i the
figures, con be arvanged, substituted, combined, separated, and desygned o g wide vanety of
different configurations, all of which are explicitly contemplated herein.  Additionally, w this
disclosure, unless otherwise specified andfy unlesy the particular context clearly dictates
otherwise, the terms- 2" or “an” moans af leastone, and the term “the” means the at least one:
Yot further, the term “enabled™ may mean sctive andfor functional, not necessarily requiring
an affirmative action to buw on, Simlardy, e oo “disabled” may mean non-active andior
non-functional, not necessarily requiring an affirmative action to turn off.

{020} Furthermore, the particular givangements shown nthe Figures should not be viewed
as hmiting. Tt shoudd be anderstood that other implementations might inchude more or Tess of
sach element shown v a given Figure, Forther, some of the iHostrated elements may be
combined oromitted. Yet further, an example Implementation may melode elements that are
not Hustrated i the Figures.

{0211 In practice, an aplovomous or semt-gutonomons vehicle systemt may wse data
representative of the velicle’s suvironment to identify objects. The vebicle systens may then
use the objects” idertification as a basis for performing another action, such us hstructing the
vehicle to sotin g certin way. For instance, if the object is 4 stop sign, the velucle system
may instrect the vehicle o sl down and stop before the stop sign, or i the object v g
pedestrian i the middle of the road, the vehicle systems may instruct the vehicle 1o avoid the
pedestrimy

{0231 Inosome scenarios, a veldcle my use & camera o image the eavironment around the
velucle. The imaging of the spvivonment may be used for obiect identification andior
navigationt. The optical camsrg may have an image sensor {Le., light sensor), such as'a
Complementary Melal-Oide-Semiconductor {OMOR) image sensor. The hight sensor nay
include a plurality of sensor cells configured in rows and columms. T order to caplure image
daty, the colls of the sensor may be sampled 1o obiain the imbge data. The colls of the Tight
sensor are aligred in 8 plurality of horizontal rows and & plurglity of vertal cohumns, The
Hght Sensor may receive Hght from the sovironment via an optical system (g8, 8 o). The
optical system provides the Hght sensod with an overall vertical fiald of view and an overall
horizontal field of view of the environment

{231 The light sensor may be configured witlt s rolling shutter. A rolling shuatter generally
will iteratively sample the Hight sensor tocapture image date. The data fromy the Hght semsor

may Tonm an image, ) plurality of images. or @ video. For example, n 8 traditional image
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sensor, a rolling shutter may iteratively sample the light sensor one row of cells at a time.
When sampling 2 tiaditional image sensor that has a rolling shutter, vhiects i the field of
view of the ssnsor that have a high speed woay appesr distorted,. Such distortions ars cansed
by the iterative sampling. Booause Boey of colls ave sanipled Heratively, the object being
imaged moves slightly between each sampling.  Therefore, each Hne will be sampled a
shightly later time than the previous line. Due to the defay in sampling respective Hnes an
ohject having hortzontal motion may have a horizontal skew, For example, a vehicle moving
across the fiekd of view of the sensty may have a horizontal shew and vertical compression
{or expansion} that distorts the vehicle, This skew may be troublesoms for provessing based
on the horizontal focation of objects in s image.

{024} The light sensor of the present disclosure may be samopled with a volling shutler that
samples the cells of the sensor nvertical colanms {eg. vertical with respect to the onentation
of the vehiclel, By sampling the light seasor in columus as opposed o rows, the distortion
caused by the fterative sampling oy be outigaied. Rather than 2 hovizobtal skew, there may
bea vertical skew and hortrontal compression {or expansion} of moving objects. In somwe
instances, having a horizontal compression or expassion may be wore desirable than the
horizontal skew of the teaditional sensot.

{23 Addivionally, the tmage sensor may be coapled to g processor configured 1o perform
one OF ore mage provessiog tasks. The image provessing may inclode image compression,
ofject recognition, pavigation rovting, ete.  When the Hght stnsor is used o capture image
data, the image data may consume a relatively large amount of data. Because of this large
amount of Image data, storage, processing, and moviny the image dala may be
computationally and memory intensive. In order toveduce the coamputational and memory
needs of the system, only a portion of the sensor may be enabled gt any piven time. To
achieve this, a region of the sensor may be disabled and sampling of sensor cells may ouly be
performed on the enabled portion, The processer coupled o the optical system may divide
the plurality of horizontal rows {or venival columas) of the Hght sensor into ome of mive
enabled rows and one or move disabled rows {or one of more enabled colanms and one or
more disabled columing). Fovexample, hall of the cells 'of the sensor may be enabled at any
given time.  The disabled portion may whade sue o twore repions of the sensor.  Foi
example, the disabled regions may be a plurality of rows at the top or bottom of the sensor.
o a defaolt mode, the tp 25% of the rows of the seosor qud the botlom 25% of the rows of

the sepsor may be disabled. This would leave the middle 30% of the rows eaabled.
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{026] The processor iy obain tmage data fromy the light sensor by sampling one or more
cells 10 the dne or more enabled rows by way of the rolling shutter withont sampling the cells
in the ene or more dissbled rows, The image dete captured by the optical system images ¢
portion of the overall vertical field of view corresponding to the oue ovamore poctions of the
vertical field of view provided by the one or more engbled rows. That iy, image data may be
created only from the snabled rows of the fmage sensor, therefore only a subset of the overall
field of view may be imaged.

{027 The region of the Hubt sensor that iy cnabled sy correspond fov a portion of the
overall field of view of the Hght sensor. By disabling a top andior bottom portion of the light
sensor, the Held of view may be reduced fo only contain g portion of what would have heen
the full ingge of the fdlv-enabled sensor. In some examples, the processor may he farther
configured o adiust the enabled portion of the sensor. The provessor may enable or disable
additional rows of the seasor to change the field of view that is imaged. In practics, this may
cause the field of view to adjust in an upward of dovwoward direction or expand or contvagt
the field of view. The snabled portion may be adjusted to capture a ditferent Seld of view
than o defuul field ofvisw. For example, when a vebicle pulls up 1o arstophisht, the stoplisht
may be mounted higher than novmal. T response processormay sdinst theenabled rows of
the sensor so that the feld of view capteres the stophight.

{628]  The processor may adjest the portion of the sensor that is enabled in many different
ways. In some examples, the portiony of the sensor is enabled ix based on map data stoved in
ihe memory of the apparstus. For exampie, the map data may indicate a change 1w the grade
of the roadway or an object near the roadway may be located higher o lower than nornal and
the processor may rosponsively adjust the enabled region of the sensor o keep a portion of
the roadway within the ficld of view of the sensor or o make sure the object is within the
field of view of the sensor. 1o another example, the system may fclude an inertial
measarement il {IMLUD) and the: portion of the sensor that 1 enabled may be based on data
frenm the IMUL For exaraple, the IMU data may indicate a change in the grade of the roadway
gnd the processer may responsively adjust the enabled region of the sensor 1o keep a pottion
of the roadway within the field of view of the sensor. Tnt some further examples, 1he porton
of the senser ¥s enabled based on an'obiset detested i the image date. Por example, a road
stgn may be fosated partinlly in the field o view of the sensor and the processor may sdjust
the voabled reglon v order to bave the Il road sign lTocated i the tield of view.

{1291 Example systems within the scope of e present disclosure will now be deseribed in

greater detail. An example systom may be huplemented i or may take the form of an
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automobife. However, an example system may also be implemented iy or fake the form of
other vehicles, such as cars, trucks, motorgyeles. buses, boats, atrplanes, helicopters, lawn
mowsrs, carth movers, boats, snowmobiles, aireraft, recréational vehicles, smusement park
vehicles, farm equipment, construction eqguipment, rams, goll caus, aing, trolleys, and robot
devices. Other vehicles arepossible as well

{8301 Reforring now to the figures, Figure | s a functional block dingram illusirating
example vehicle 100, which may be configured to-operate Tully or partislly in an sutonomous
mwde, More speoifically, velicle 10 may operate i an sutopomess mode without luwnan
inferaction through recciving condrod dnstructions from a computing system. As pat of
operating o the avtonontous mode, vebicle 100 may nse sensors to detect and possibly
wentify objects of the surronnding environment fo enable safe navigation. In some
implementations, vehicle 100 may also include subsysterns that enable & driver 10 control
aperations of velicle 100,

{031 As shown i Figwe 1, vehicle 100 may inclede various subsystems, such as
propulsion systern 12, sensor setem 104, control system 106, one or wore peripheraks 108,
power supply’ 110, computer system 112, data storage 114, and user nterface 116, In othey
examples, vehlicle 100 may include amtwe or fewer subsystems, which can cach mcluds
multiple elements. The subsysterns and components of velicle 100 may be futerconnected in
various ways:,  In addifion, functions of velicle 100 describad berein can be divided into
additinsal funciional or phvsical components, s combined info fewer funcicnsal or physical
components within implementations,

{032] Propulsion systemy 102 nwy inclade one ¢ more componenty operable-to provide
powered motion for vehicle 100 and can include an engine/motor 1S, an energy source 119,
a transmission 120, and wheelsftires 121, among other pessible components.  For example,
engine/motor 118 may be conhigured do convert energy spurce 119 into mechanical energy
and can correspend {o one or & combination of an tuernal combustion engine, an-elestric
motor, steam enging, or Stirling sugine, among othier possible options.  For instance, in some
tmplementations, propulsion system 102 may include swltiple types of engines andior

motors, such as & gasoline engine and an electric motor.

foc

{033]  Energy source 119 represents a sourcg 'of erergy that may, in full or'in part, power
one o more systemis of vehicle 100 (.p., enginefmotor 118} For instance, snergy soureg
1S can coveespond o gasobine, diesel, other petrolewmebased fuels, propane, other

compressed gas-based fuels, ethanol, solar papels, batteries, auddor other sowrces of electrical
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power:  In somie implementations, energy sowce 119 may inclede 4 combination of fuel
tanks, batteries, capacitors, anddor flywheels.

{034] Transmisston 120 ropy foosott mechanics! powsr frond enginedmotor 1S 1w
wheeleftives 121 andfor other possible systems of vebicle T As such, tansmission 120
may nchide a pearbox, o cluch, 3 differantial, and 2 drive shaft, among other possible
gomponents. A drive shaft may inchede axles that comnect to one or more wheelsitires 121,
{0381 Wheelsitires 121 of vehicle 108 may have various configurations within example
puplomentations.  For mstance, vebicle 100 may oxint ina wnicyvele, bioycle/nwstorovele,
fricyele, o cartruck fonr-wheel formal, among other possible comfipurations.  As such,
wheelsAires 121 may compeet fo vehicle 100 n various wavs and can exist in difforent
materigls, such as metal and rubber

{836] Sensor system 104 cancinclude various types of sensors, such as Global Positioning
Systenr (GiP8) 122, inential meassurement unit (IMU} 124, wadar 126, laser vangetinder /
LIDAR 128, camerg 130, stéering sensor 123, and throtilobrake sensor 123, amobg other
possible sensofs. Iy some implementations, sensor systemy 104 nwy also nslude sensors
configwred fo wonitor intermal systerns of the vebicle 100 (eg., Oy montor, fuel gauge,
engine oil lemperatuee, brakewear).

{037F GPS 122 mway bichude a transceiver operable to provide Information regarding the
position of vehivle 100 with reapect to the Earth. MU 124 may have a configuration that
wsss one Of more accelerometers andior gyroscopes and may. sense position and orientation
changes of vehicle 100 based on inertial acceleration.  For example, IMU 134 may detect 2
pitch and vaw of the vehicle 100 while vehicle 100 i» stationary or in motion.

{038] Radar 126 may represeit one or mone systenss configured to use radio signals 1o sense
objects, including the spesd and heading of the objects, within the local environment of
vehile 100, As such, radar 126 may mclhude aptennes configuved o transmut and receive
radior signals.  Imosome tnplementations, radar 126 may correspond fo g mountable yadar
systent confipured to obtain messurentents of the surrounding enviromment of vehicle 100,
{039 Laser rangefinder / LIDAR 128 may inclode one ot more laser sources, 3 laser
seanner, and ong of more detectors, anouy other systen componenis, and migy bporate i a
coherent mode {e.g., using beteradyne detection} or it an incoherant detéction mode. Camera
130 mgy include one or more devices {e.g., still camery or video cumera) configured to
captare images of the enviroument of vehicle 100,

{3481 Steering semsor 123 may sense o steering angle of vehicle 100, which may involye

measuring an angle of the steering wheel or measuring an sleotrical signal representative of
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the angle of the stesring wheel: In some implementations, steering sensor 123 may measure
an angle of the wheels of the vehicle 100, such 85 defecting an angle of the wheels with
respect o & forward axis of the vehicke 100, Steering sensor 123 may alse be configored to
measure 8 combination for-a subset) of the angle of the sfeering wheel, leetrical sipnal
representing the angle of the steering whael, and the angle of the whaels of veliicle 100,

{041} Theottle/brske sensor 125 may detect the position of sither the throttle posttion or
hrake position of vehicle 100, For instance, hrottle/brake sensor 128 may measure the auple
of both the gay pedal (thotte) and brake pedal or may measere an sleerical signal that could
represent, for instancs, an angle of & gas pedal {throttle} andéor an angle of a brake pedal.
Throtile/brake sensor 135 may also mcgsure an angle of a throttle body of vehicle 100, which
may fochude part of the physical mechaniso that provides modolation of energy source 11910
engine/motor 118 {e.g.. o butterfly valve or carbwretor).  Additionally, throttle/brake sensor
125 may measure a pressure of one or wmore naks pads on 8 roter of vehicle 108 or a
combination {or & subsét) of the angle of the gas pedsl {hrottle) and brake pedal, electrical
stpnal representing the angle of the was pedal {irottle) and brake pedal, the angle of the
throttle body, and the pressure that at least one brake pad Is applying 10 & rotor of vehicle 100,
fn vther implementations, throttle/brake seusor 125 may be configured o measure a pressurs
applied fo a pedal of the vebicle, such as a throttle or brake pedal.

{842] Conirol systern 106 may inchude components configured 10 assist iy navigating
vehicle 100, such as sieering unit 132, throttle 134, brake unit 136, sensor fusion alporitiun
138, computer. viston system 140, navigation ¢ pathing system 142, and obstacle svoidance
svsterm 144, More specifically, stesting unit 132 may be operable to adjust the heading of
veliicle 100, and thpottle 134 may control the operating speed of sngineimotor 118 1o control
the acceleration of vehicle 108, Brake unit 136 may decelerate vehicle 100, which may
mvolve using friction to decelerate wheelsfires 121 In some twplementations, brake unit
136 way:comyvert kinetic snerpy of wheeladires 121 1o slectric current for subsequentuse by a
system or svstens of vehile HEL

{0431 Sensor fusion algorithny 138 may include g Kalman filter, Bavesian network, or other
alcorithros that Can process data froms sensor system 104, T some implementations, sensor
fusion algorithin: 138 may provide assessments based on incoming sensor data, such as
evaluations of individust objgets andior features, evalustions of 8 particalar stiuation, sadio
evaluations of polential inpacts within g given situation,

{844 Computer vision system 140 may inclade hardware and software operable to process

snd-anabyze unages i an effort to determine objects, environmantal objects {e.g., stop Hghts,
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road way boundaries, et} and obstacles.  Ag such. tompuler vision system 140 may use
obiect recogaition, Stracture From Motion (8FM), video tracking, and other algorithms used
i compuier vision, for mstance, o recopnize objscts, map an environment, track ohjects,
estimate the speed of objects, efe.

(048] Navigation / pathing system 142 may doternine a driving path fir vehicle 100, which
may involve dynmmiclly sdiusting navigstion dwring operatiom. As such, ngvigation /
pathing system 142 may use data from seasor fuston glgorithm 138, GPS 122, snd msps,
among other souress o navigate vehicle 100, Obstacle avordance systern 144 may evaluate
potential obstacles based on sensor dale and cause sysiems of webicle 100 to aveid or
otherwise negotiate the potential obstacles,

{646]  Asshown in Figure 1, vehicle 100 may also include peripborals 108, sueh as wiveless
commuication system 146, touchsoreen ME, microphong 138, andfor speaker 182
Peripherals 108 may provide controls or other clements for a pser to inferact with user
interface 116, For example, touchscreen 148 may provide information o userd 0f vehicle
10, User iterface 116 may alse accept pat from the aser oid tonchsereen 148,
Peripherals 108 may also euvable vehicle 100 1o communicate with devices, such as other
vehicle deviess.

{471 Wireless conmununication systemn 146 may wirelessly communicate with ong or more
devices diveetly or via a communication petwork.,  For example, wireless communication
system 146 cmild wse 3G callular conwnunication, such as CDMA, EVEQ, GEMAGPRS, or
4G cellular commumication, such as WiMAX or LTE, Aliernatively, wireless commumication
systemn 140 ny-communicate with 3 wireless local area petwork {CWELAN) using WiF ot
otier possible connestions,  Wirsless communication systemr 146 may alse: conymunicats
dirsctly with a device using an infrared link, Bluetooth, or ZigBee, for example. Other
wireless protocols, such as varjous vebicular communication svstems, are possible within the
context of the disclosure. Foyraxample, wirsless communication svstem 16 may michude one
or miore dedicated shontrange communications {DSRO) devices that could include public
andior private data comnwnications between vehicles andfor rogdside stations.

{048]  Vehicle H00 miay inclode power supply T for powering components.  Power sopply
110 may nelude 2 rechargeable thium-ion or kadeacid Tattery i some implementations.
Fou instance, power supply 110 may include onw or more batteries configured to privvide
electrical power. Vehicle 100 yoay also ase other types of power supplies.  In an oxanyple
yoplementation, power supply 110 and energy source 119 may be integrated fwto a single
SNSTEY SOUree,

10
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{049 Vehicle 100 may also mchade computer svstem 112 o perfonn opetations, such as
operations described stherein. As such, computer system 112 may include af least one
processor 13 (which could imclude at least oné microprocessan) opemble o exéouts
instructions 118 stored 39 a nonsiranstiony computey readable medinm, such as data storage
1 Insome smplemsentations, computer system 112 may represent a plurality of computing
devices that may serve o contrel individual components or subsystoms of vebicle 100 a
distributed fashion,

{058] In some poplomentations, data storage 114 may contain instawetions 113 (ag,
prograoy Iogic) executable by progessor 113 fo sxevute vartmus, functions of vehicle 100,
incloading those deseribed above 1n connection with Figure 1. Data storage 114 may contain
additions] instructions a8 well, nchiding Jostructions fo transimit data to, receive dala from,
nteract with, andior control ong or more of propulsion systemy 102, sensor system 104,
control svstemt 108, and periphersls 1R,

{051} In addition to instuctions 115, data storage 114 may store data sach as roadway
mapy, path informption, amonyg other information. Sach fnformation may be used by vehicle
100 and computer system 112 during the operation of vehicle 180 i the autonopious, semi-
agtononous, andior manugl modes.

{052} Vebicle 100 may include user interface 116 for providing fuformation fo or receiving
inpat ffom a user of vehicle 100, User interface 116 may control or enable control of content
andior the layout of interactive fmages that coald be dispdaved o touchsoreen 1480 Fusther,
aser interface 116 could nglude one or more foputiontput: devices within the set of
peripherals 108, such as wireless communication system 146, touchseren 148, microphone
130, and speaker 132,

{653 Computer system 112 may control the function of vehicle 100 hased on inpuls
received from various subsvstems (eg, propulsion system 102, sensor system HM, and
control system 1063, as well a5 from wser interface 116, For sxampie, computer syxtom 112
may utifize input from sensor system 104 in order o extimale the outpul produced by
propulsion system 102 and control system 106, Depending upon the mnplementation,
Computer systemy F12 tould be opetable to monitor many aspects of vehicle 108 and g
subsvstems.  In some implementations, computer system 12 may disable some or sl
functions of the vehicle 100 based on signals received from sensor systam 104

{#34] The components of vehicle 100 cauld be configured wowark in an interconnected
fashion with other components within or outside thetr respective systems. For ingtance, bran

sxample implementation, camera 130 could capture a phaality of tnages that could represent
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information abont @ stade of an environmest of vehucle R operating I an sutonomous
mode. The state of the environment could include parameiers of the road on which the
vehicle s operating. For example, computer vision system 140 may be able to recognize the
slope {(grade) or other features based on the plurality of images of & roadway. Additionally,
the combination of GBS 122 and the features recopnized by conputer vision svsteny, b may
be used with map dats stored in data storsge {14 {o determine specifie road parsmeters.
Further, radar umit 126 may also provide information about the sarroundings of the vehicle,
{085] In other words, @ combination of various sersors Owhich could be termed nput-
indication and output-indication sensorsy and computer system 112 could ibtaract o provide
an indication of an nput provided to control a vehicle or an indicanion of the surronngings of
avehicle,
{086] In some implementations, computer systern 112 may make 3 determination -about
various sbjects based on data dhat is provided by systerns other than the radio systen For
example, vehigle 100 may have lasers or other optical seasors configured fo sense objeets in a
fisld of view of the velicle, Computer system 2 winy use the outpots from the various
sensors o determine information about objects o g field of view of the vehicly, and way
determing distance aud divectivn- informanion 1o the vanous objedts, Cumputer system 132
may also deternsine whether abjects are desirgble or undesivable based oni the owtputs from

the various Sensoers.

{087] Abhough Figure 1 shows wvarious components of vehicle 100, fe, wirsless
communication system 148, computer system 112, data storage 114, and user nterface 116,
as betny integrated into the vehicle 1060, ope or myore of these components could be mounted
or assuciated separately from vebicle 100, For example. data sterage 114 could, iy partorin
full, exist separate from vehicle 100. Thus, vehicle 100 could be provided in the form of
device elements that may be located separately or together. The device elements that make
up vehicle 100 could be commumicatively coupled topether in a wired andior wireless
fashion.

{0581 Figwe 2 depicts an sxamople physical configurstion of vehicle 200, which may
fepresent ofe possible physical conBgutation of vehicle 100 desciibed in reference o Figare
1. Depending on the soplemestation, vehicle 200 may melude sensor unit 202, wirelesg
communication system 204, radin unit 206, deflectors 208, and camera 210, among other
possible components.. For instance, vehicle 200 may include some or all of the elements of
components deseribed in Fimge 1. Although veldele 200 is depicted i Figure 2 asa car,

vehiels 200 can bave othier confipurations within axamples, such as a wruck, 1 van, & semi-
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tratfer truck, a wotordyele, a golf cart, an off-road vehicle, or a farm vehicls, amonyg othet
possible examples.

{6591 Scosorunit 207 may inchude one or move scisors configured 0 capiure information of
the surrounding envivoament of vehicle 200, For example, seusor upnit 202 may luclude any
combination of cameray, radars, LIDARs, ranps finders, radin devices {s.3., Blugtooth andior
SO2.11Y, angd gcoustic sensors, ammng other possible tvpes of sensors. In some
tmplementations, sensor anit 207 may inclede one ov move movable moonts operable to
adiust the ovientation of sepsors i sensor unit 202, For exanwle, the mwvable mount may
incdude 3 rotating platform that can scan sensors so as to obtain nformaticn from each
direction around the vehicle 200, The movable mount of sensor umit 202 may also be
movable i a sconming fishion within a pantioudar range of smgles sudfor aximuths,

{868] In some implementations, sensor onit 202 may inchude mechanical stroctures that
gnahife sensor unit 202 10 be mounted stop the roof of 1 cur.  Addidionally, other miounting
tocations sre possible within examples.

{061 Wireless communication systenm 204 may have 8 location relative o vebicle 200 a3
depicted in Figure 2, but-can also have difterent focations within implementations. Wiveless
communeation system 200 sy include vag o more wireless transhusters and pne o #iorg
receivers that way communicate with other external or internal devices.  For example,
wireless commumication system 204 may inclade one or more transceivers for
conununicating with 8 user’s device, other vehicles, and roadway elements {e.g., signs, fraffic
sinals), among other possible eotities.  As soch, vehicle 300 may wnclade one or mae
vehicudar compnmication systems for faciliating commuunications, such a5 dedicated short-
ragge compunications {DSRCY, radio frequency idemification (REID), and other propossd
communication standards directed towards intellipent transport systems.

{f#62] Camera 210 may have varrous positions relative {o vehicle 200, such as a location on
3 front windshield of vehiels 200,  As such, camera 21T may capture images of the
envirenment of vehicle 200, As iHustrsted in Fleure 2, camera 210 may capture images from
8 forward-locking view with respect to vehicle 200, but other mounting locations (ncluding
movable mownts) abd viewing angles of Camern 210 are possible within implementations, Tn
somie examples, Camesy 210 may corespond o ong or more Visible Hght cameras.
Aliethatively or additionally, camern 310 may include lofrared sensing capabilities. Cameta
10 way alse inclade optics that voay provide an adjustable field of view,

{863] Figure 3A s & concephual Hlastration of wireless communication befween various

copyputing  svstems: refated 10 an  sutonomous wvehicle, according o an  cxample
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implementation.  In particular, wireless commmnication  mwy  oceur betwesn remole
computing system 302 and vehicle 200 via vetwark 304, Wireless compuumcation may alse
ocour betwsen server computing systom 306 and rampie computing systen 302, and between
server computing system 306 and vebicle 200,

{864] Vehicle 200 can correspond to varions tvpes of vehicles: capable of transporting
passengers of objscts between locations, snd may take the form of sny one or more of the
vehicles discussed above.  In some instances, velicle 200 may operate in an sutononmous
mode that enables & control system to safely navigate vebicle 200 between destinations using
sensor measurements. When operating i an autonontous mode, vehicle 200 may navigate
with or without passengers. -As a result, vehicle 200 may pick up wnd deop off passengers
batween desired destinations.

{863] Remote computing system 302 may represent anty type of devics related & remote
assistance techniques, including but not limited to those deseribed hereln. Within examples;
remote Cornputing systam 302 may represent any tepe of device configured o (i) receive
information refated o vehicle 200, (8) provide an interface through which 8 hienan operator
can i s percsive the information awd inpart 3 response related to the information, and (i)
trabsnit the response 1o vehicle 200 or o other devices, Remote computing systean 302 muay
takee varions forms, sach as g workstation, o desktop computer, a laptop, a tabler, g mobile
phone {8.g., & smart phone), andfor 8 server. In some examples, remote computing system
302 may inchide mutiple computing devices operating together in a petwork configuration.
{066] Remote computing systent 302 may mehude ong or more sohsystems and components
sinstlar or dentical to the subsyetems and components of vehicle 208, At 8 ousimom, remots
computing svstem M2 may inclade a processot configurad fot pacforming various operations
described herein. In some implementations, remote computing system 302 may slso include
a wser interface that includes inputioutput devices, such as a touchscreen and a speaker
Otherexamyples ars posaible ag wedl

{0671 Network 304 represents infrastructure that enables wireless compiiivation hetween
remote computing sysiem 302 and vehiele 2000 Netwonk 304 glso ensbles wircless
Contmunication Detvesn server comipuiting system 36 and remote computing system 303
and between setver computing system 306 and vehicle 200,

{068] The position of remote Computing systeny 302 can vy within examples.  For
instange, remote compeiing system 302 may have & reinote position front vebiele 200 that has
a wireless communication vis nefwork 304, It another example, remote compoting system

32 may correspond b & computing devics within vehicls 200 that is separate from vehicle
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200, bust with which a buman operalor can interact while & passenger or deiver of vehicle 200,
In some examples, remote computing system 302 mav be a compuling device with a
touchscrsen operable by the passenger of vehicls 200,

{369]  In some implewentations, operations described hereln that are perfonmed by remiote
computing system 302 may be additionally or alternatively performed by vebicle 200 {ie., by
any systemis) or subsystem(s) of vehicle 2087, I other words, vehicle 200 may be
configured to provide 2 reroote assistance mechanism with which i driver or passenger of the
vehicle can interact,

{070} Scrver compuiting system 306 mgy be configured t wirslessly commumeate with
remofe computing system 302 and velucks 2090 via network 304 {or porhaps directly with
remote compating systern 302 andior vehicle 2003 Rerver compoting system 306 sy
represent. any computing devicee confipured to recstes, store, determine, andior send
information relating to vehicle 200 and the remote assistance thereofl  As such, server
computing system 306 may he configured to perform any opergtionds), or portions of such
operation(s), that isare deseribed herein gs performed by remote computing system 32
godlor vehicle 208, Some mplementations of wireless conwnanivation related 1o remote
assistance may utidize server computing system 306, while nthers may tot.

{871 Server computing system 306 may include one or more subsystems and components
simitar or identical to the subsvstoms and components of remote compaeting system 302
andior vehicle 200, such as @ processwr configured Bw porforming varinus. operations
described herein, and a wireless communication interface for veceiving information from, and
providing information v, remmole computing svstem 302 aud vehicle 200,

{072 The varivus systems desciibed above may perform varions operations.  Thess
operations and refated features will now be deseribed.

{8731 Inhine with the discussion ghove, @ computing system (e.g., remote computing system
302, o perhaps server computing system 306, or a conputing system Ioval to vehicke 200)
IAY OPLIALe 10 uss § vamers o capture images of the eovironment of an autonomous vehivle.
In geoeral; at feast one computing system will be able o analyze the bnages and possibly
Control the metonomons vehicle,

{074] In some nplomentations, o faciitaie antonomous operation a vehicle (e, vehivke
00 may receive dats representing objects th an enviromment in which the vehicle operates
{also referred to herein gy “envvironmoent data™) i a variely of ways, A sensor system on the
vehicle may provide the envivonment data representing objects of the enwviromment. For

sxample, the vehicle may have various sensors, including a camera, a radaronit, 3 laser range
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finder, & microphong, a radiv wnmit, and other sensors.  Bach of these sensors may
commuicate . environivent data © 2 processor in the vehk: about information each
POEPECHVE SSRSOT FECeives,

{073 Inoone example, a camera'may be conligured to caplure still images andior video, In
some implementations, the veljcle may have mere than one camera positioned in different
orientations. Alse, in some implementations, the camera may be sble to move o capture
tmages and/or video in different directions. The camera may be configured o store caplured
tages and video to & memory for laley processing by a processing system of the velucle,
The captured images argbor video may b the environment data.  Further, the camera may
inclode an image sensor as described herein,

{6761 Tnoanother example, & radar untt may he configured to trapsmit an electromaguetic
signal that will be reflected by various objects nemr the vehicle, and then capture
glectromagnetic signaly that reflegt off the objeots. The cuptured refledted electromapnstic
stgnals muy chable the fadar system (U processing systes) o make various determsinations
ghout objecty that reflected the electromagnetic signal.  For example, the distanice and
position o various reflecting objects may be determined.  In some tmplomentations, the
vehicle may have more than obe sadar in different orientations. The radar system tway be
configured fo store captured information to g memory for later processing by a processing
systent of the vehicle, The information captured by the radar systemy may be gavironment
data.

W77 In another oxample, a laser vange finder may be configured o transmiit an
eleciromagnetic signal (e, Tiehi, such as that from o gas or dlode laser, ov other possible
Bght source} that wil] be reflected by target oljeots near the vehicle: The laser range finder
may be able to capture the reflected clectromagnetic {e.g., laser) signals. The capiured
reflected electromagnetic sienals may enable the range-finding svatem {or processing system)
to deternune 8 range fo various objects.  The range-fuding svelem may ales be able o
determine a velocity or spoed of target obiects and store B as enviromment data,

{078]  Additiomally, in an cxample, a microphone may be configured o capture audiv of
envirovment surroubding the vehicle,  Sounds captired by the wicrophone may inchide
emergency Vehicle srens and the sounds of other vehicles, For example. the nucrephons
may capture the sound of the siren of an wrkrgency vebichs. A processing system may be
able to wdentfy that the captured audio signal i indicative of an emergeney vebicle. In
another example, the miicrophone may captare the sound of an exhaust of another vehicls;

such as that from & motorcyele. A processing system may be able o identify that the
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captured audio signal 19 ndicative of aowotontycle. The data captired by the myicrophong
may form a porting of the environment data.

{6791 fn wet another cxample, the radio onit may be configured & fransput an
slectromagnetic signal that may take the form of a Bluetooth signal, SO21E sigual, andior
sther radio technology signal, The fnt electromagnetic radiation signal may be transmitted
via ong or move antenngs located in g radio pnit. Further, the first electromagnetic radiation
signal may be transmitted with one of many different radio-signaling modes. However,
some implementations s desirable o trapsant the fodt electromagnetic radiation signal with
a signating pode that requests & response from devices Tocated near the autenomous vehicle.
The processing systom may be able o detedt vemby dovices based on the respomses
compnumicated back to the radio unit and use this comprivated information as g pottion of
the environment data,

{088]  In soane tmplementations, the provessing systamn may be able to combing information
from the various sensors in order 0 make further defermunations of the environment of the
vehicle, Por exanpde, the processing system may combing data from both raday informuation
aod @ coptwred buage to detesmine i another vehicle or pedestrian i in front of the
agtononows vehicle: In other nplementations, other combinations of senser dats may be
used by the processing systenyto make determyinations about the ‘envivonment.

{381]  While pperating in an autonomouns mode, the velicle may control 118 operation with
Higle-to-no human doput. For example, & human-operator may enter ap: address o the
vehiele snd the vehicle may then be able to drive, without further foput from the human {e.g.,
the et does not have o sleer or fouch the brake/vas pedals), to the specified destination.
Further, whike the vehicle is operating autonomously, the sensor system may be receiving
environment data. The processing system of the vehicle may alter the control of the vehicle
based on envirosment data received from the vavious sensors.. In some examples, the vehicle
may aller a velocity of the veluele i rasponse fo environment data from the various seasors.
The vehicle may change velocity in order to avaid obstacles, obey fraffic faws, ¢te, When a
processing system in the vehicle identifies objects near the vehicle, the vehicle may be able to
Change velocity, or alier the movenent in ancther way.

{082 ‘When the vehicle detects an object but i3 not highly confident i the detection of the
object, the vehicle can request a lnunan operator (or a move powerlidl computer) to perform
OB OF MO reynote assistance tasks, suolt as 1) confivm whether the obiect 13 in fact present
in the environment {e.g. if there is scteally a stop sign or i there 13 actually no stop sign

presert), {1ty confrm whether the vehicle’s identification of the object is correct, (ii1) correct
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the identificanion 1F the wdentification wiy indorrect andfor (Iv) provide a supplementad
mstruction {or modity a present lnstruction) for the antonomous vehicle, Remote assistance
tasks may also include the human operator providing sp instrastion 10 control operation of the
vehiole (e, mstruct the velicle o stop at a Mop sign if the human operator determines that
the object is a stop sign), alhough n some scenarios, the vehicle el may control iy own
operation based on the human operator’s foedback related to the identificstion of the object.
{0831 To facibitate this, the vehicle may snalvee the environment data representing objects
of the envigomnent i determine 3t Teast one object hayving 8 detecton confidence belw a
threshold. A processor in the vehicle may be configurad to detect various plvjeots of the
chvitonment based on envitonment data from varfops sensors. For example, v one
mplementation, the processor vogy be configured to deteet objeets that way be bmportant for
the vehicle to récognize.  Such ohjects may include pedesirians, street signs, other veldoles,
indivator signals on ofher vebicles, and other vardous objects detected in the captured
enviroviment data,

{884} The detection confidence may be indivative of & likelthood that the detérmined object
i correctly identified in the sovivonment, or is present in the environment. For example, the
processor may porform object ditection of objects within fmage datd i the redetived
environment data, and deterorine that the at legst one object has the detection confidence
below the threshold based on being unable to identity the object with a detection confidence
above the threshold,  If o resalt of an object detection o objees recognitinn of the object is
incanclusive, then the detection confidence may be fow or below the sot threshold.

{085) The vehicle may detect obiests of the envitompent in various way depending on the
sourcs of the envirohment data.  In some implementations, the environment data may comes
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 to
identify objects i the tmage or video data. The methods and apparatuyes may be configured
t0 monitor inage andfor viden data for the prisence of obiects of the envivonment. {n ofher
implementations, the environment data may be radar, audio, or other data. The vehicle may
be configured 1o identify objects of the environment based on the radar, sudie, or other data.
{086] In some implementations, the technigues the vobiols uses to detect objects may be
based on a set of known data. For example, data related to environmental objects may be
stored to & memory located in the veluele, The vehicle may compare redeived data o the
stored data to determine objects. I other implementations, the velicle may be confisured

determine objects based on the context of the data. For sxample, street signs selated o

i8
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constraction may gengrally have an omnge color, Accordingly, the vehiole may bhe
cogfipured to detect objects that are orange, and located near the side of roadways a5
consfruction-related shreet signs.  Additionally, when the processing system of the vehicle
deteets objects i the captured data, # also may caloulate a confidence for each object.

{087] Funher, the vehicle may also have a confidence threshold, The confidence threshold
may: vary depending on thetype of object being detecied.  For exemple, the confidence
threshold way be lower for an object that wmy require sguick responsive action from the
vehicle, such as beake fighis on another vehbicle, However, in other implomentations, the
confidence. threshold may be the same for all detected sbjects.  When the confidencs
associated with a detected obisct 18 greater than the confidence threshold, the vebicle mgy
assume the objeet was correctly recognized and responsively adjust the control of the vehicle
based on that assamption.

{U88] When the confidence associpted with a detected objeet is less than the confidence
threshold, the actions thiat the vehicle takes may vary: 18 some iniplomentations, the vehicle
may react ax if the detected object s present despite the low confidence level, In other
iplementations, the vehicle may react as i the deteoted object is not present.

{089] When the velile detects an objeet of the environment, # may also caleulate g
confidence associated with the speaific detected object. The confidence may be cxloulnred in
various ways depending on the uplementation.  Inone example, when detecting objects of
the environment, the vehicle may compary suvironment dats 1o pradeternungd datg relating o
Known objects. The closer the match between the enviromnent data to- the predetermined
data, the higher the confidence. In other implementations the vehiclke mav use mathematicad
analysis of the soviromment data fo determine e confidence associated with the objects;
[090] In response to determining that an object has a detecting confidency that is below the
threshold, the vehicle may transmit, to the ramole computing system, a request for remote
assistance: with the identification of the object.  Ax discussed abworve, the remote computing
system méy take various forms.  For example, the romote computing systom may be a
computing device within the vehicle that 1s separate from the vehicle, but with which a
Bursan Opérator can interact whild a passenger or driver of the vehicle, such o 8 touchscrten
mterface for displaving remote asvistance mformation.  Addiionally or alfernatively, 8
another example, the rémote compuiing system muay beia iémote computer eominal or other
device that is located ata location that 15 yot uear the vehicle.

{3911 The request for remote assistance may inclade the envivonment data that inchudes the

ohjent, such 3 image data, sudio daty, ete. The vehicle may transmif the epvivonment data &
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the remole computing sysiem over a noebwork {eg. nélwork 304) and I somw
mplementations, via & server (e.g., server computing svstem 306). The human operator of
the ranete computing sysient aiay 1o tumuse the envivonment dats a5 2 basts for respending
to the request.

{092]  Insome implementations, when the object is detected as having a confidence below
the: confidenge threshold, the object may be given ¢ preliminary identification, and the
vehicle may be configured 1o adinst the operation of the vehicle fn response o the
prefiminary identification. Such an adjustonent of operation may take the form of stopping the
vehicle, switching the vehicle 10 8 human-conirolied mode, changing a velocity of vehicle
{o.g.. aspeed andfor divection), among other possible adjustments.

{6931 Tnoother wplementations, even if the vehicle detects an object having a confidence
that meds or sxceeds the threshold, the vehicle may operate in accordance with the detected
ohject fe.g., come 1o a siop if the object is Wentiffed with high confidence as 'y stop signy, but
nay be configured (0 réguest remote assistance at the swme thimeas (or at 2 later tdme from)
when the velcle operates in accordance with the detected object,

{694} Figure 3B shows a simplified block diagrany depicting example conponents of
an example carnera systemt 3500 This cxample camera system 350 conld correspond 1o
camera 130

HAY Camera system 350 may include at lesst one provessor 352 and system
memory 354, in an example sisbadiment, camera systent 338 may include a svstem bus 336
that communicanvely connects processor 352 and system memory 354, a8 well as other
components of camers system 350, Depending on the destred configuration, provessor 352
can be any type of processor including, byt not limtted o, 3 micvoprocessor (uP). a
micracontroller (uC), 2 digital signal processor {DSP), or any combination thereof.
Furthermore, system memory 334 can be of any type of memory now knows or later
developed including but sod Hinited 10 volatile memeory (such ay RAM ) non-volatils memory
Gsuch as ROM, flash memory, vt} or any combination thereoll  In some examples, the
system memory 354 may be a wemory cache e emporarily store wrage data. - Additionally,
the camerd systemt 330 nisy be coupled to an external memory 358, The oxternal memory
338 may be 3 wemory located in 2 different portion of the autonomous vehicle andior focated
af & remote comyputer servar, The external memory 338 may be tsed for longer term storape
andior processing of raages. For example, toage data in the external memwory 358 wagy be

wsed by a navigation system of the autonowons vehicle.
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{096} A example camery SyStem 350 may dochade various other componenty as
well. For example, the camera systent 350 melndes an inwage sensor 356, The image sensor
336 may be an image sensor such as desorihed heveln, For exawple, the intage sensor 356
may mchade a rolling shutier and be configured 4o have portions selectively enabled or
disabled by the processor 352,

{097} According to an example embodiment, camers system 330 may include
program nstructions 360 that are stored insystem memory 354 {andior possibly n another
duta-storage wediany) and execotable by processor 352 to factitave the varieus fanetions
desceribed horein inchading, bt oot Himited to, those functions described with respect fo
Figorg 8. Although various components of camers, system 3580 are shown as distnibuted
coraponents, it shoald be snderstond that any of such components may be physically
integrated anddior distributed according to the desired configuration of the computing systeny
{098} Figure 3¢ conceptual Hlusiration of an tuaging operation of an gpparatys that
includes an optical systent 382 (e.g., afons) and an boage sensor 384, The image sensor 384
could be i g camers, Such gs camera system 330 shown in Figwre 38, The optical svstem
382 provides an pverall fedd of view 386 to the mape sensor 384, Theoverall field of view
386 mneludes g vertioal field of view 388 and ahorizontal fieldof view 390, The overall ficld
of view 386 vomesponds to the largest angnlar extent that the bogge sensor 384 can tmage vig
the optical system 38

{099] In some examples, at least one porting of the tmage senstr 384 nay be
disabled. When at least one portion of the image sensor 384 s disabled, the field of view
may be only aportion of the overall field of view 388, As an example, when two postions of
the fmage sensor 334 ane disabled, there may be an imaged field of view 382, 2 lop dizabled
portion of the field of view 3944, and a bottom-disabled portion of the field of view 394R.
The top disabled portion of the field of view 384A and the botiom disabled portion of the
field of view 3948 may comaspond to the twe disabled regions of the fmage sensor 384,
{0108] Figure 4 iHustrates a conventiona! image sensor 400, The image sensor 400 may béa
CMOS mage sensor. The conventions! image sensor 400 may comprise a grid 402 of sensor
Cells 404, The grad 402 of sensor cells 404 way be arvanged in columns 10 and rows 412
In some examples, convertional Bnaze sensor 400 may e wider than it 4s tall (Lo may bave
more vertival columns than horizontal rows).  During operation. the sensor cells 404 may
vegetve Hebt and convert the light mio clectrical smignals.  The electrical signals may

correspond 0 the color god Intensity of Haht that is veceived by a respective sensor cell,
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{0381 In order to form an mage, 4 processor, such 43 a processor desdribed with Tespedt o
Figurs 1 andfor Figure 38 may control the saupling of cells 404 of the image sensor 4000 As
shown in Figure 4, the image sensor 400 nmy bo sampled one row 406 ata time. Sampling in
this way is Known as a rolling shatter. In some examples, the image sensor 408 nisy saimple
more than ons one. Tow at.a tme. The inage sensor 400 may be sampled in an jterative
fashion and cromentally adjust the sample row 4080 The processor may incrementally
sample the rows 412 of sensor 400 by iteratively incrementing the semple row 406, o some
examples, the iterations nay be hinear, that s after each row sompled the et wow iy
subsequantly S&mpit‘-d. {nn other examples, the samphing may be performed - different ways.
{8102} As previously discussed, i a conventional image sensor 400, & volling shatter muy
eratively Sﬁm;\it‘, the traditional troage sensor 400 one row 406 of cells at » tme. When
sampling a tradiional image sensor 400 that has a rolling shutter, objects in the feld of view
of the sensor that have o high speed may appear distorted. Distortions wee caused by the
terative samphng of the raditional fmage sensor 400, Because Hoes of cells are samopled
fteratively, the object being imaged moves shightly between sach sampling. Therefore, cach
Hine will be samplad a shghtly loter tme than the previous line.  Due the delay i sanysting
respective fnes an objeet having horizontal motion may have & hortzonial skew. Far
examaple, o vebicle moving acvoss the field of view of the seasor may bave g horizontal skew
and vertical compression (or expansion) that distorls the vehicle.  Thiy shew may be
troublesome for processing based on the location of objocts naw image.

0183 Fligwe 3 illustates an exanple wsge sensor SO0, accordivg to an example
implementation.  The image sensor S48 may be o CMOS imege sensor and simalar {o buage
sensor 400 of Fiawre 4. In some examples, hmage sensor 300 may befaller than it iy wids
{i.e. may have more horizontal rows than vertical colmnsy,. The tmage sensor 500 may
similarly comprise a grid 502 of sensor cells S04, The grid 502 of sensor cells 304 may be
artanged in columms 318 and rows 512, The mage sensor SO may be configured 0 receive
tight by way of an optical systemy. During operation, the sensor colls 504 may recetve Tight
snd convert the lght into clectuieal signals. The electrival signals may correspond @ the
cotorand intensity of Hight that 8 received by a respective sevsor cell.

{0104] In order fo form an image, an image processor, such as a provessor déseribed with
respect to Figre b sndfor Figure 3B may control 8 sampling of the g sonsor 800, As
showt in Figure §, the tmage sensor 300 may be sampled ove colamu 506 at & time. As
previousty discussed. in some examples, the mage sensor 300 may be configured o samples

more rows {such as 2, 4.5, 8, efc.} at o time rather than one. Unbike mage sensor 400 of
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Fiawre o, the fmage sensor 300 of Figure § 58 ssopled In colinuns vather than rows. The
s sensor 300 may be sampled in an Herative fashion and incrementally adiust the sample
column 308, The processor may nerementally sample the colomy 310 of boage sensor 360
by iteratively incrementing the sample colmn 510, In some examples, the lterations may be
lincar, that i3 afer cach row sampled the next row is subscquently sampled.  In other
examples, the sampling may be porformed in different wavs,  In some sxamples, the
sampling may be performed on colutans in a non-sequential order.

{0105] By sampling the boage sensor 300 of Pigure 5 i codumns 31 as opposed 1o rows

W

12, the distortion cansed by the Herative sampling nwy be mitigated.  Thus, the skew as
described with Tespect fo the traditional image sensor 400 of Figure 4 may be mitigated.
Rather than g hovizontsd shew, the savopling described with respect to Figure 5 there way
have a vertical skew and horizontal compression {or expansion} of moving objects. In some
instances, having & hovlzontal compression or expansion miay be mene desirable than the
horizontsl skew of the traditional sensor,

{0108] Figwe 6 illustrates an example image sensor’ 608 according o sn ‘example
fuplementation. The image senser 600 may be a UMOS image sensor and similar to the
previousty-discnssed image sensors. The mage sensor 600 mav similarly comprise & grd
502 of sensor cells 604, The wrid 602 of sensor cells 604 may be arranged in cohnong 619
and rows €12, Uinlike the previousty-discussed image sensors, image sensor 600 may have
both an enabled region 608 and at least one disabled region. As shown i Figure &, image
sensor 600 has o top disabled region 606A and g hottom cdhsabled region 6068,

{01671 Bach hortrontal row provides & corsssponding portion of the overall vertical fald of
view (e, overall vertical field of view 388} Each vertical coluimm provides & corresponding
portion of the overall horizontal field of view {e.g., horizontal field of view 3903, Thas, the
miaged field of view corresponds to the field of view provided by the rows and columns in
snabled region 608,

{8198] The mmage sensty 600 may be configured o reteive Hght by way of an optical systen
During operation, the optical system nay expose all of the sensor cells 604 o light.
However, only the cuabled cells i the enabled cell region 608 provide fimgge data.

{6389] In various examples, the engbled region 608 and the disabled regions 6064 and 6068
may be defined in different ways. In someexamples, the enabled region 608 may be defined
as a regton inowhich the cells 602 gre powered and disabled regions SU6A and 6068 have
cells 602 tat are not powered. Tothis example, only powersd cells produce s signal output.

I other exapples, the enabled region 608 may be defined as a rogion v which a processor
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capiures data From the Cells 602, o this example, the processor may selectively only sample
cells i a region that is defingd to be enabled. In other sxamples, different methody of
cnabling or disabling cells may be used.

{8118] Figure 7 dlustalgs an example image sepsor 700, according to an example
implementation,  The image sensor 700 may be a CMOS mage sensor and similar & the
previousty-discussed bogge sensors. The image senser 700 may sinilady comprise a grid
702 of sensor cells 704, The grid 702 of scosor eells 704 may be arranged fn columms 710
and sows T12. Similar to image sensor 600 of Figure 6, fmage sensor 700 may bave both an
cnabled region T8 and af loast one disabled region. Asshownin Figure 7, iinage sensor 780
has a top disabled region 7064 and a bottom disabled region 78R,

{8111} The fmage scosor 700 may be configured to recetve light by way of an optical system.
During operation, the optical system may expose all of the sensor cells 704 to light
Howgver, anly the enabledicells in the ensbled call region 748 nay provide imaze data,
{0112] Imiage sensor 70U may be the same image sensor as imagd sensor 600 of Figure 6, but
having an adhested enabded vegion 708, In some examples, an image processor may beable
o sedjustthe enabled region 708, For exanaple, the enabled region 708 may move tos region
that is higher or lower (s measured by rows) on the fnagh sensor. {a other examples, the
number of rows of the enabled region 708 may be increased or decreased.

{6113] Figure B is & fow chart of a methad 800, sccording to an example implementation.
Method 800 reprosents an example method that may include one oy mowe operations as
depicted by one or more of blocks 802-808, cach of which may be cavvied out by any of the
systems shown i Figures 1V7, ammong other possible systems. Inan example implementation,
a computing systeny such ax camera systsm 330 porforms the tustrated operations, although
in other implementations, one or more other systems (e.g., server computing system 306} can
perform some or all of the operations.

{8114] Those skilled in the art will vaderstand that the flowcharts described herein Hustrates
functionglity and operations of vertain implementations of the present disclosure,  In this
regard, each bloack of the flowcharts may represent » module, o segment, or a poriion of
prograny code, which includes one ormore atrottions sxecutable by oue of more processors
for tplementing specific logical functions or steps in the provesses. The program code may
be stored o any type of computer readable miedium, Ry example, such a5 a stovage devioe
inclading a disk or haed drive,

{B115] I addition, each block may represent chreuitry that is wired to perform the specific

fogieal functions in the processes, Alterpative implementations arg moluded within the scope
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of the example implementations of the prosent application in which Tutctions may be
executed out of order from that shown or discussed, including substantially concnrrent of in
reverse order, depending on the functionality volved, as would be understood by those
reasonably skilled i the art.  Within examples, any system miay cause another system o
perform one of move of the operations {or portions of the operationy) described balow,

{0116] In Hne with the discussion. above, a computing systent {o.4., Camsra system 330
remete computing systom 302 or server computing systern 306) may operate as shown by
oethod 300, As shown in Figure 8, at blogk 302, the conynding system operates seeetving
light at Hght sensor via an optical system. The sensor niay be configured with a plurality of
cells aligned in g plurality of horizontal rows and a phaaly of verfical coluntns. The sensor
s configured to have an overall vertical feld of view and an overall honzoutal field of view
of an external environment of the apparatus,  Bach horzontal row provides a comrespording
purtion of the overall vertical fleld of view and each vertical colums provides a
corresponding portion of the overall honzonta! field ofview,

{81I7] At block 804, the optical system operates by dividing the plusglity of horizontal rowy
of the tight sensor nto ong or more enabled rows and one or more disabled rows. The rows
may be divided as previousty discussed with vesprorto Figires G and 7. I sonve exangiles, o
processor focal to the vehicle may make & determination of which rows should be enabled. in
other examples, 3 remote compuder system, such as an assisted percepion system can
detmrmine: whizh cells should be selected. By dividing the rows, the bmage sensor only
traages a porfion of the original field of view corresponding to the enabled rows.

{01 18] Additionally, the image sensor mayv be coupled to a provessor configared 1o do inwge
processing, such as one of the processors descitbad with respect to Figure 1 or Figurs 38,
The image processing may inchade image compression, object recognition, etc. When the
sensor caphues image data, the tmage data may consume a relatively large amount of data.
Because of large amount of data, storage. processing, and moving data swy be
computationally snd memory intensive. To reduce the computational and memery needs of
the systent, only a portion of the setsor may be selected {that is, engbled) at any given time.
Forexample, d region of the sensor may be disable and sampling of senstr ¢olls may ondy be
performed o the soabled portion. It practice, hall'of the cells of the sensor may be enablsd
at suy given time. In somwe examples, the disabled portion may be ong of mora regions of the
sengor. The disabled regions may be a plurality of rows at the top or boitom of the sensor. In
a default mode, the top 25% of the rows of the sensor and the bottom 35% of the vows of the

sensor miay be disabled. This would leave the muddle 50% of the rows snabded.
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{0319] The region of the sensor that ¥ coabled may conespond 16 fHeld of view of the
sensor. By disabling ¢ top or bottonm pottion of the sensor, the fivkd of view may be reduced
to only contain a center portion of what would have been the full tmage of the fully-enabled
sensor. In some examples, the processor may be further configuted o adjust the enabled
portion of the sensor.

{8128] In practice, this moay cavse the feld of view fo adjust i an opward or downward
tooking divection or expand or contract the field of view. The enubled portiom may be
adiusted o captere a different fold of view the defadt ficld of view. For exampls, when 2
vehicle pulls up to o stoplight, the stophight may b mounted highsr then normal. The
processor may adiust the onabled rows of the seasor 30 that the field of view ¢aptores the
stophight,  The processor may adjust the portion of the sensor that is enabled in difforemt
ways. In some examples, the portion of the sersor is enabled ix based on map data stored in
the memary of the apparstus:  For example, the map dula may indicate a change o the grade
of the roadway or an object near the roadwity may be located higher or lower than hormal and
the processor mgy responsively adjust the enabled region of the sensor 1o keep v portion of
the-roadway within the field of view of the sensor or to wake sure the ohject 15 within the
fidd of view of this seasor.

{H21] Tn another example, the system may include an inertial weasurement wnit (IMU) and
the porfion-of the sendor that is enabled may be based on data from the IMUL For example,
the IMU defe may indicate a change in the grade of the readway and the proosssor nny
responsively adiust the soabled region of the sensor 0 keep s portion of the roadway within
the field of view of the senser.

{0122] In somwe further examples, the portion of the sensor i3 enabled ts based ont an objsct
detected in the image data. For sxample, a road sign may be located partially in the ficld of
view of the sensor and the processor may sdnst the enabled region to-have the Al road sign
located in the field of view,

{8123] In ver some further examples, there 'may be a potential objpot beared wholly or
partially i the field of view of the sensor, The processor may adjust the enabled region ©
have the potestial object located in the feld of wiew. A processing system may then
determine if the potential object is actualiy an object and classify the oljeect,

{0124] At block 806 {or at block 808} the optical systent operates by obtaining muge data
from the light semsor by sanypling one or s cells in the one or more eoabled rows without
sampliing the colls iy the one or more disabled rows. The bmage dats images d portion of the

overall vertical Held of view, and the imaged portion of the vertical Tield of view corresponds
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{o the one o more portions of the vertical field of view provided by the one or more enabled
rows. The image data may be received by sampling a plurality of cells from the gnabled rows
to fornt image data. The ssmpling may be performed across at least one of the vertical
cohumms of the sensor.  As praviously discossed, the optical camera may have ab image
sensor, stieh az g UMOS inage sonser. An Duage sensor may include & plurality of sensor
gells configured in rows and colunws. To capture image dada, the cells of the sensor may be
sampled to obtain the image dats. The tmage sensor migy be configured with a rolling shutter.
A rolling shotter generally ol Seratively sample the bage sensor to captge: mags data.
The data from the image sensor may fornt an image, a plurality of mwages, ora video,

{0125} A rofling shaiter may introduce sonwe distortions fa the captured image.  Distortions
are caused by the fterative sampling of the inwee seasor. The tmage sensor of the present
disclostre may: be sampled with a rolling shutter that samples the cells of the sensor in
vetticsl columns. By sampling the image sensor in cohunns gs opposed to tows, the
distorion caused by the Herative sanipling may be nutigated. Rathor than a horizontal skew,
there may be a vertical skew and horzontal compression {ot expansion) of moving obhiests.
I some instances, having a horizontal compression or sxpansion may be more desirable than
the hovizontal skew of the traditional sefsor

{H126] At each cell that maekes up s columy being sampled, the celly that are enabled may
owtput an electriead signal. This electrical signal vulput by each respective cell may be in
proportion 1o the Heht that hits cach respectivecell, For gach wnabled coll of 3 colunm, data
ts captured based on the electrical stgaal. After each cell of & row has been sampled, a new
column may be sampled to oreate another column o an image. The columus may be sampled
itevatively untii all the colusns have bean sampledd.

{0127 At block SOX, the comnputing system operatss by providing storing the image data in a
memory of the spparatus. The image data may be sfored ina raw format, that is anprocessed
directly as captured. In other examples, the tmage data gy he stored in mporary memey,
such as a cache, for further processing. The Tmage dita may be compressed or manipulated
hefore being stored i a memory. The memory may be a memory within the optical system, a
memory of the appatatts that s fot part of the optical systemy, andfor the memory way boa
metnny that 38 located at o remote computer systom.

{G128] In sowie exampies, the image data may b used by a vehicle control system to
determine a vehicle instruction for execution by the autonomous velicle. For example,a
vehicle may be operating in anactonemous mode and alter ity operation based on information

or-an obiect captured i an hmage. I some oxamples, the image data may be related 10 4
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differant control system, such 2 remote Sompuling svstem, to detetnine g vehicle control
mstruction. The autonomony vehicle may receive the instruction from the reniote computiog
svster and responsively alier its autonomous operation,

{0129] Additionally, Tn some examples, the autonomous vehicle may receive a request from
the remote computing system to sdhnyt an enabled portion of the sensor based on image data
transnutted fo the remote computing server. In response to receiving the request to adjust the
enabled portion of the sensor, the processer of the vehicle may adjust the sensor and transmit
an frnage frony the adiusted sensor back to the remote conputing systent

{0138 Figure 9 is a schematic disgram of a compuist program, according o an
cratople fmplomontation. In some implementations, the disclosed methods may be
mplemented as computer program nstructions encoded on a non-lransitory computer-
readable storage media in a maching-readable format, or on other non-transitory media or
atticles of nranuiacture.

{0131} In.an ¢xample implementation, computer program product P00 is provided
gsing signal bearing meditan 902, which may inchade one or more prograrmming instructions
904 that, when execmted by one or more processors may provide functionality or portions of
the functionaluy deseribed sbove with respect to Figures -8, 1o some exanples, the signal
beartng medinm 902 may encompass 2 non-transitory computer-readable wedium 906, such
as, bat ot Homted fo; & bard disk drive, 3 CD, a DVD, a digtal tape, memory, components {o
stove remotely (o, on the clowd) ete. Insome implementationy, the slunsl bearing medium
807 may encompass i computer recordable mediam 0¥, such as, but not limited to, memory,
readiwrite (RAW) CDs, B/W DVDs, ot B some amplementations, the signal bearing
sedium 902 may encompass a communivations meditsy 910, such as, but not tmited 1o, 2
digital and/or an analog communication medium {e.g., a Gber optiv vable, a waveguide, o
wired compumications Bink, 8 wireless communicapion hink, e}, Similarly, the sigwal
bearing miediom 902 may comespond o a remote storage feg., & cloud) A computing
system may sharg informastion with the cloud, including sending or receiving information.
For example, the computing system may receive additionn! information from the cloud to
avgment wformation obtzined from sensors or abother entity,  Thus, for example, the sighal
bearing madium 802 may be conveyed by 4 wireless fortn of the. conununications: medinm
41

{0132] The one ov mome programmisg metuctions 904 may be, for cxample. computer
executable andfor logic implemented dostractions. 1o some examples, 8 computing device

sugh as the computer system 112 of Flaure 1 o remote computing svatent 302 and perhaps
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server compuating system 306 of Figure 3A or ong of the processor of Figars 3B may be
configred © provide various operations, functions, or actions in responsg to the
programming mnstructions 804 conveved to the computer system 112 by one or pove of the
computer readable medivm 906, the computer recordable wedinm 90K, andior the
sopununications medium 1%,

{8133] The non-fransitory computer readable medium could also be distributed among
muthiple data storage clements anddor cloud {e.g., remotely), which conld be remotely located
from cach other. The computing dovice Bat executes some or all of the stored insiructions
could be a velucle, such as vehick 200 Hlostrated in Figure 2, Allernatively, the computing
device that executes some ov all of the stored instructions could be another Computing device,
such as a server,

{8134] The above dotailed description desoribes various features and operations of the
disclosed systoms, devices, and methods with reforencs to the accompanying fimpes. While
various aspects and embodiments Bave been disclosed herein, other aspects and embodiments
will Berapparent. The various aspects and embodiments disclosed herein arg for purposes of
iHustration and are not ftended o be Hmiting, with the true scope being indicated by the

following claims.



