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(CrossReferencesttorRelated:Applications _
(10001] Thisapplication;claims;thetbenefit:6f prioritycdf.United StatestProvisional /Application
1N0.¢62/771,335, filed.ontNovember ;26,:2018;1UnitedsStatestProvisional ¢A pplicationtNo.€627795,668,

-2019. All of thefforegoingapplicationszareiincorporatedtherei ntbyrreferencelintthéireentirety.
IBACKGROUND

~TechnicaiField

[[000%] 'Ih_elpresent (disclosurerrel atesygeneral ly ttocautonomouswehicletnavi gation. liniparti cular,
{thisdisclosure,rel atesitossystems;andimethodstforimapping llanessplitscrll anemnfergeséandinavigating
usi n91§h§1 mqued llanesplitsarilaneimerges.

1Backgroundilnformation

[[0003] Asitechnology «continuesito:advance, the;goal df afully iaLitonomous vehicletthat iis
[capable of navi gati ng on roadways iisonthejhorizon. Autonomous 'vehi cles iy ineed to'take into accolint
@,;/ari ety of factorsand make :appropriate decisionslbased on those factorsto:safely iand ‘accurately reach
anintended destination. For example, ;an:autonomous vehicle may :need to process aand finterpret visual

weriax

to another road a appropriate intersections or interchanges. Harnessing and interpreting vast volumes of
information collected by an autonomous vehicle asthe vehicle travels to its destination poses amuititude
of des gn challenges._ The sheer quantity: of data (e.g., captured image data, map data, GPS data, §8AS6F
data, etc.) that an autonomous vehicle may need to analyze, access, and/or store poses challenges thaf €4t
in fact limit. or. even adversely affect autonomous navigation.. Furthermore, iif an aufonomous vehicle
relies on traditional mapping; technology - to navigate, the sheer volume of data needed to sfore and update
the map, poses, daunting; challenges.,

[0004] | I addition, tg the collection, of ‘data for- updating; the: map,, autonomous vehicles must: be
abletousathe map, for-navigation. Accordingly,, the size andl detaill of the: map must: be optimized;, aswelll
as the construction, andjtransmission thereof ..

SUMMARY’

[9005]] Embodiments; consi stenttwithithespresenttdiscl osures providessystemss andl methodsfort
autonomous;vehiclesnavigation. The:discl osediembodimentssmay/usecamerastoprovi derautononioiis
vehicle:navigationfeatures. Forrexample;,consistenttwitmthezdiscl osediembodiments, thesdiscl osed!
systems; may,include;one, two, orymore:camerassthattmonitorrthezenvi ronment tof fzvehicle.. Thesdisclosed!
systemsymay, provide:anavigational jresponse:basedion,,forrexampl e;,amanalysissof fimagesscapturedibyy

ane;orymore:of the-camerass
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([0006] 1;| nyan,embodiment,, a:systemifon navigating. & hostrvehiclésid disclosed. TThelsy/senTihay
.comprise,at east,one, processingidevi ceprogrammedcorreceiveifirstinavigational i nformationfrom &first
vehicl eythat, has,navi gated, al ong, ax oadksegment whereintthetroadsegmenttincludest &l anelspli teature,

Vertiva

d,wherein the road; segment includesiat d eash ifirstitravel d aneprior tolthed aneisplififeaturélthat

Aitu Wrivaals v

iransitions into,at deasta seconditravel.danevanchalthirditravel d anexafterthéd ane split feature; receive

AL LV LD

second,navigation informationgfroma secondyvehiclelthat hasnavigatedial onglthe roads 3&giiant; receive

Llvtwtviviten

a | east,one image,assaci atedwith: the-roadssegment;ddetermine ffrom theffirstnavi gationalli nformation.®a

aAriLasy e T e e

efirstactual,trajectoryof thefirstyvehiclesal ong:theffirstitravelli anevand thessecondtravel!d ane’df the road

\vehicleaongtherfirsttravellanesandkthetthirdtravelllanecdf thetroadssegmeit;Cdetermine?etdivergérce
toetweentheyfirst-actual trajectory ;andithessecondeactualttraj ectory; cdetermine, thased@htanalys f thefat

VLYY VL

Ay ©r#0oud R~ Al etog B8

(least.onejimage; ithat thedivergencetbetweentthetfirstzactual ttrajectory tanditthessecondéactudl ttrajectoryi's
jindicative of presencejintherroadssegmentcof thellanessplitifeature; tandupdatezavehicl etroadnavigation
model tosinclude: afirstitarget trajectory «correspondingttottheffirstitravel llanelprior ffotthetroad-spiit

{feature,and extending alongithesseconditravel llanezaftertthell anessplit ffeature; and?atsecond farget

trajectory that pranches from the-firsttarget trajectory @ndextendsia ong the'third travel lane‘after the lane
SOy A Praneles
Split feature:

[0007] 1 gnembodiment, @method for mapping lane:splits for te i vehicle navigation is

disclosed. The method may comprise receiving first navigational information from afirst vehicle thet has

UIOWIVIWG.

navigated along aroad segment, wherein the road segment includes alanesplit feature, and wherein the
road segment includes a least a first travel lane prior to the lane split feature that transitions into & least
second travel, lane and athird travel lane after the lane split feature; receiving second navigation

i

information from a second vehicle that has navigated along the road segment; receiving & least 6R& image

LAV ELIQLL

associated with the road segment;; determining, from the first navigational' informetion, &first actual

Uvialws

~ e At

trajectory. of the first vehicle along the first travel. lane and the second travel' [ane of the road s&gment;
c_Igtfe;rmi ning, from the second navigationallinformation, a second actuall trajectory’ 6f the second vehicle
alongthe firs; travel; lane and the third travell lane of the roadl segment;; determining: & divergence betweer!
the first; actual; trajectory. andjthes second actuall trajectory;; determining,, based! ort analysis 6f the & least
Qneimage, that;the divergence: betweenithesfirsttactualltrajectory” andithes secondlactualltrg) ectory’is
indicative of g presencesimthe roadi segmenttof theslane splittfeature;; andlupdatings&@vehicleroad!
navigatiommode jtoyinclude: . afirsittargetitraj ectorycorrespondingztothesfirstitravel llanepri or't@the’road!
split;feature.andyextendingsal ongsthesseconditravetllanesaftertthesl anessplittféature; sandet second&rgett
t(éj_?pf[ory / thatbranchessfromithesfirstitarget traj ectoryyandiéxtend§al ongithesthirditravel ll aneafterthe’l ane®
splitfesture,,

[0008] | In;am,embodiment,;, asystemforinavigatingzehost tvehicl eeal Ongeefroad segiient iss
disclosed,, Thesystem:mayycompriseeatl east fonesprocessingedevi cesprogrammed<téFreceive from’a?

server-based.system, avehiclecroad:navigationrmode! | whereinithecvehi ¢lésroadinavigationtmodel’!

RIS e vyvarig s

includes@first target.trajectory thaticorrespondsiwithtafirstlanecof travel>al ongtthetroad<sagiient priorto°
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alane split.feature, associated withthedroad segmentrandsextendst al ongt &'second d ane’6f travel *bf the‘road

a 1Gaun O (d\&u\»lv \luvvv -

ssegment, subsequent (ojthedane; splitifeature,1andwhereinlthervehicleroachnavigation 'model *al so'includes

aasecond target trajectory [thatbranchesifromitheifirstdarget trajectory 1and:extendstal onglé]thi rdéane’6f

Jytes

ravel jof the. road; segment subsequent to/the  anes splitifeature;rreceive linformation lindi cative>5f an

environment ,of the;host,vehicle; jdetermine, shasedbortithe iinformation tindicative 6f thesenvironment *6f the

€ilv 12 winiasw

Lon e

hblggv\{ghi_c_:lg, yWhether .to;navigate;theshostvehicleaal ongitheffirst:target:trajectory 261" thessecond ‘targ
gtrajectory; ,and:determine;anavigational aacti on:taccause thethostvehicleftanavigate?a ong! theldetermined
ttarget;trajectory.

i ([0009] 1l neaneembodiment, aamethodfformavigatingaathostsvehicle2al ongaal roadssagiment s

disclosed. T he;method ,may ccomprisereceiving, tromzasserver-based ssystem, zavehicletroadnavigation

Grovivoves 1

and extends .along a.second jlaneof (travel (of (theiroad ssegment ssubsequent ttotthell anefspil'i’tﬂ‘ea'*ture, tand

«
aru Catviiug ¢ o I

wherein the vehicle roadnavigation imodel :alsoiincludesassecond ftarget ftrajectory fthat tbranches ftrom'the

Vywivies

first 1tar‘get 1trqj ectory .and extends :@ong :athird llane of travel «of the iroad ‘segment ‘subsequent 't thellane

Split feature; receiving jinformation iindicative af anenvironment of the host vehicle; determining, lbased

ontheinformation indicative of the environment «of the host vehicle, whether tonavigate the host vehicle

A LN 1JIA
along the first target trajectory or-the second target trajectory; and determining @navigational ‘action to

cause the host vehicle to navigate aong the determined target trajectory.

M axs

[0010] |n an embodiment, :asystem for mapping lane merges for uge in vehicle navigation My

a2z v

comprise at |east one processor progranmed to receive first navigational information from & first vehicle

- ATGUSY Vaaw

that has navigated along aroad segment, wherein the road segment includes alane merge feature, and

idL L

wherein the road segment includes a least afirst travel lane and a second travel iane prior {6 the iane

merge, feature that trangition into athird. travel lane after the merge feature;, receive’ second navi'gafi'on

information from a second vehicle: that has navigated along. the road: segment;: receive' & least: 616 image

JITSR ¥y N YA

associ ated) with, the, road) segment;; determine,, from. the first: navigational linformation, & first actual!

trajectory. of the first vehicle along; the first travel { lane andl the third! travell [ane: 6f the: road! Ségiment;:

determine, from,the secondjnavigational |information, ,asecond! actualltrajectory” of the? secondlvehicle

noo

a gn%tpg secondjtravel | lane andithe thirditravelllane: of the:roadl segment: ; determine? & COVETGRTIE
between, the, firstactual trajectory andithe: second! actualltrajectory; ; determine, - based o analysi 6 the’ait
|east;oneimage, thatthe: convergence;betweenthesfirsttactualltrajectory randithe: secondlactualltragjectoryi's
indicative,of apresence:inthesroadisegmenttof the:lanemergesfeature; ;andlupdate*avetii cle>road!

navigation model itosinclude: . afirstitargetttrajectory scorrespondi ng ztothexfirstttravel lanepri ortethe’lane®

merge.feature.andjextending ;alongsthesthirditravel llanezafterttheslanezmergesfeature; sandl isecondt&rgett

trajectory ,that extendssalong,thesseconditravel:llanecbef orestheel anesmergesfeatureand;oins wi thithe3firstt
target trajectory.,,

[001 1 1 Inan-embodiment, t aesystemafor navigatinggeehostivehi clecal ongZatroad sagiient niayy

includeat | east,oneeprocessor ;programmed ctacreceive,: f romnaeserver-based C'wstém',lfafveh'i cléfroadd

v
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phavigation,model,, whereinthe,vehicle-roadinavigationimodel incl udesidifirstitarget itrajectory
ccorresponding.to,afirst travel| aneyprior tad anemergeffeaturenanckextending:al ongadithird traveld ane
Jater.the |ane mergerfeature ;and,wherein:the,vehicle-roadinavigation:modelaal soincl udesi& second target
tirajectory; that.extends,al ongyasecond travel lane:before:thedane- mergeffeaturerandjoinsswith:thefirst
(target trajectory. qThe,a| east-one;processor-maytbeffurthergprogrammed 'tarreceivelinformati onliindi cative
(of an.environment of therhost,vehicle,cdetermine, tbased:onttheiinformati onii ndi cativecsf thesenvironment
(Of the host,vehicle,,whether toynavigaterthethostwehiclezal ongtheffirstitargetttrgjectory cortthessecond
(target trajectory, .and determine;anavigational zacti onttoccausetthethostwehicl ettornavigatezalongtthe
(etermineditarget trajectory.

[(0012] Consistent withcother disclosedcembodiments, mon-transitory «computer-readabl e s§f6rage
mediamay store,programiinstructions, whichzareexecutedtoy tll eastornelprocessing evicezandiperform
2ny of theymethods described herein.

[[0013J “Theforegoing general (description:anditheffollowing detail ed description atexemplary
.and explanatory only and.arejnot restrictive of the«claims.

‘BRIEF DESCRIPTIONOF THE_.DRAWINGS

[0014] The,accompanying drawings, which areiincorporated iin iand constitute @'part ©f this

disclosure, illustrate various disclosed embodiments. In the drawings:

[0015] FIG, 1lisa diagrammatic representation of an exemplary 'system consistent with the

[0016] FIG, 2A is a diagrammatic side view representation of an exemplary vehicle including &
System SLQ!!?L%@!!E with the disclosed embodiments.
J [0017] FIG. 2B is adiagrammatic top view representation of the vehicle and system shown iR
FIG. %ALSQH%%@QE with the disclosed embodiments.

[0018] FIG, 2C is adiagrammetic top view representation of another embodiment of avehicle
including a system consistent with the disclosed embodiments.

qu q_:g]J FIG. 2D iis a diagrammatic; top: view: representation: of yet: another' embodiment: 6f &

[0020]; FIG. 2E i a diagrammatic;top, view: representation: of yet: another' embodiment: 6f &
vehiclg includi ng, g system, congi stent:with, the di scl osedf embodiments..

[0021]) FIG. 2Fis 3 diagrammatic;representationiof exemplary’vehicle: controll sysiens consi stentt
withthe,discl osedjembodiments. .

[0022]} FIG. 3A,isadiagrammatic:representatiomof ‘aminteriorrof avehicl etincludings@rearview’
mirror .andya user interfacesforyavehiclesimagingysystenmconsi stenttwiththesdi scl osedlembodiments. -

[0023] FIG, 3B3i samillugtratiomof famexamplezof faacameraamounttthat titsconfiguredtobes

[0024] | FIG; 3C-issamillustrationsof thescamerzemount ishowniFTG - 3B3f romeedifferentt
perspective,consistent with-thediscl osediembodiments..
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((0025] pFIG33D dsaniillustrationsof ianzexampl ex6f iscamera mountthat § Sconfigured-tobe

AR KR A AV

[‘[002613] 1 G.44iissan-exemplary tblock:di agramcof )amemorycconfigureditosstordinstructi onsffor
ICperformi rlgcc_)gecc‘)rr‘rnc‘)r_ecc.)perati onscconsi stentswithrthecdi scl osedeembodiments.
[[0027J] [F1G.<5A i s:afl owchartsshowi ngzaneexempl arygprocesstforccausi ngeorecsnmore
[navigational rre‘sponsestbgsedconr monocular jimagezanal ysi scconsi stent ywithedi scl osedéembodi ments.
) [[0028] 1FIG. 5Bjisaflowchartsshowingzancexempl aryprocess{forcdetecti ngaiecormmsrevehicles
argljr]»c,i/vquped&stri ansjinzasset of jimagescconsi stentwithtthecdi scl osed¢cembodiments.
[[OOZQ] IFIG. 5Ciis:aflowchartsshowingzaneexempl ary jprocesstfor detecti nglroadlmafks?an'd'/or
1@[1ve§geomet[y jinformati oniin:assetof iimagescconsi stent wi thithedi scl osed ¢embodi ments.
([0030] |FIG. &D jis:aiflowchartshowing:anexemplary jprocess ffor detecting ttrafficliightsiihéatsét
of images consistent withithe discl osed embodiments.
[0031] |FIG. SEiis@flowchart showing:anexemplary jprocess for «causing ‘Ot o i
jnavigational responses lbased on;a-vehicle path consi stent ‘with the discl osed ‘embodi ments.
) [[0032] FIG. 5Fisaflowchart showing :an.exemplary jprocess for determining whether & eadi ng
vehicle ii.vs‘changi ng lanes consistent with the disclosed embodiments.
@00331 FIG. 6isaflowchart showing an exemplary process for causing one or more navi gafi ond
responses based on stereo image analysis consistent with the disclosed embodiments.
‘ [00341 FIG, 7 isaflowchart showing an exemplary process for causing one of more navi gationai
responses based on an analysis of three sets of images consistent with the disclosed embodiments.
[0035]‘ FIG. 8 shows a sparse map for providing autonomous vehicle navigation, consistent with
the disclosed embodiments.
[0036]J FIG. 9A illustrates a polynomial representation of a portions of aroad segment consistent
with the disclosed embodiments.
[0037]; FIG. 9B;illustrates a curve:in three-dimensional . space representing; a target: trajectory’ 6f &
vehicle, for. g particular-road segment,, included in a sparse map consistent: with:the disclosed
embodiments.

NAlivs s ebassawasve s
[FRTCirePrireProrerery IR e R e et

TP rOrere b P htd ot el

[0040]} FIGS.. 1I1Bsandi 11C:show targetitraj ectoriessalongsamulti-lanesroadiconsistenttwith!
discl osedjembadiments. .
[0041]] FIG.. 3I Dyshowssamexamplezroadisignaturezprofileconsistent twiitndiscl osed!

embodiments,,
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[1[004?] FFIG.1 32.i 5,8 schemati ¢ Jillustrati om6f 1as sy stemiithat J0Ses crowds sourci ngjdama"recéive'd
ffrom,ayplurality,of vehiclesiforautonomousyvehiclenavigation, zconsistent with'theldisclosed
e€mbodiments.

['[0043] FF1G.1 3311l ustratesyan:exampl eaautonomouswehicl e roadrnavigation “modelt represehtéd':by
aafpl urali Pysgf“tbrv@e@_i mensional ssplines,cconsistentswithithecdi scl osedzembodi ments.

[[0044] FFIG.134sshowssamapsskel etonggeneratedffromecombiningllocati ontinformationffrom
manydrives,cconsistent \withtthecdiscl osedeembodiments.

’ [[0045] {FIG.115sshows:ancexamplecdfallongitudinal zalignment st twocdrives\withéexamplesigns

«aslandmarks, consistent withtthecdisclosedeembodi ments.

[elih

Sign.as;glandmark, (consi stent withithecdi sclosedeembodi ments.

[[0047] IFIG. 1t7iis:@schematiciillustration «f :assystem fforsgenerating drive‘datalusing?acaiera, %

Wehicle, .and.aserver, cons stent withithe di sclosed eembodiments.

withthe disclosed embodiments.
[0049] FIG. 19 is@flowchart showing :an exemplary ;process for igenerating AR Mizp for
autonomous vehicle navigation ;along :aroad :segment, cconsistent ‘with the disclosed ‘embodiments.
[0050] FIG, 20 illustrates ablock diagram of aserver consistent with the disclosed

embodiments.

A7V PR ivive v S PR St

|G, 21illustrates a block diagram of amemory consistent with the diisciosed

FETEvivivav R iR

[0052] FIG, 22 illustrates aprocess of clustering vehicle trajectories associated with vehicies,
consistent with the disclosed embodiments.
[0053] FIG, 23 illustrates anavigation system for avehicle, which may be used for alit6ROMALS

navigation, consistent with the disclosed embodiments.
[0054] | FIG. 24 is aflowchart: showing an example process for generating. & road navi'gat'i'on»
model| for- use in, autonomous; vehicle navigation,, consistent: with: the: discl osed' embodiments.-
[0055]j FIG. 25 illustrates, a block: diagram: of 'amemory consistent: withi the disclosed!
[L0056] | FIG.. 26 a flowchart: showing; aniexampl e process for autonomously ' navi gati ng;d
vehicle,along, aroadisegment,, consistenttwithithe:discl osediembodiments. -
[0057]} FIG. 27illustrates;ablock:diagramiof @memory’cons stenttwithithesdisclosed!

embodiments.

NALAU A MR AL AL e

[0058]] FIG. 28A, illugtratessamexamplesof ‘drivesdatafromifourrseparatesdrives, -consi stenttwith?

SRR Prtrp bty

UIv o ST
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({0060] FFI G, 28BCillustrates;an;examplexdf vehicl epathsideterminedifromldriveldatatfromfive
sSeparateydrives, consistent withithei discl osed:embodiments.
‘ ({0061] FFIG,294saflowchart; showingianzexampl esprocessforideterminingdiline'representation
o0 aroad, surfacesfeatures extendings al ongraroadssegment >consistent with theldi sclosed’embodiments.
(10062] EFIG 330iillustrates;ablock idiagramy6fiamemory=consi stentvwith-theddisclosed
[[0063] ¢FIG 33 %isaflowchartsshowingaareexampl erprocessiforicollectingfroadssurface
;informationgfor,aroadssegment,cconsi stentswithtthecdi scl osedzembodiments.
([0064] £F1G.z32iillustrateszatblockcdiagramcdf amemorycconsi stentswithtthe<disclosed
emRdiments.
([0065] {FIG.-33Aiillustratescancexamplecdfzawvehiclettravers ngeallanewithouttusing!lane
ymarkings.
[{0066] |FIG.-33BiillustratesithecexamplecfIFI G.33A «afteriposifionzandtheading®f the'venidle
[0067] FIG. 33Ciillustrates theexample df I G. 338 @fter jposifion ‘and Theading 'have further
grifted and the expected jlocation of allandmark significantly differs fromiitsiactual | ocation.
[0068] FIG. 34A illustrates an example of avehicle traversing alane without using lane
markings, consistent with the disclosed embodiments.
[0069] FIG, 34B illustrates the example of FIG. 34A with decreased drift of position and
heading, consistent with the disclosed embodiments.
[0070] FIG, 34C illustrates the example of FIG. 34B with the expected Iocation of &iandmark
significantly aligning with its actual location, consistent with the disclosed embodiments.
[0071]] FIG. 35 isaflowchart showing an example process for correcting & position 6f Avehicle
navigating a road segment, consistent: with the disclosed embodiments.
[0072], FIG. 36 illustrates an example road. segment having. a lane split, consistent witht the
disclosed embodiments..
[0073]) FIG. 37A illugtrates example vehicle trajectories that: may be used' for identifying & lane
split, consistent; with the discl osedi embodiments.
[0074]; FIG. 37Bsillugtratessexample:clusteringsof vehicletrajectoriess for determiningi&lane
split, consistent;witthe:discl osediembodiments..
[0075]} FIG; 37C:illustratessexample:targettirajectori essforridentifyingsel anessplit,-consistenttwith!
[0076] ] FIG; 38Aillustratessamexampl ezprocesssforradj ustingzthesl ocation’of fegbranchpoint;
consistent,withthe.discl osediembodiment t
[0077] FIG; 38B3illustratescexampl ezadijusted:target trajectoriessfortidentifyinge! aneksplit L
consistent with:the.disclosediembodiments..
[0078];} FIGS; 39A-39C:illustratecexampl ecanomaliesthat may»ari Sesifrtarget trajectories s
consistent, withythediscl osedcembodimentss. ‘
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[[0079] pFIG, 40Aillustrates,anexampleqoadesegmentri ncl tiding: &l anelspliféfeature‘consf stent
wWithythe; disclosed,embodiments.

((0080] FF1G.440B jillustrates, an exampl eiimageithatmay beuséd by &host vehiclefird determining
2 terget frajectory, associated,with, adane;splitifeature s consistent withltheldisclosed: embodimefits.

((0081] £FIG440Cjillustrates,another;exampl exroadssegmentii ncludingiddane splitfeature,
cSonsistent,withjtheydiscl osed-embadiments.

(10082] FIG.440D, il ustratesyanother exampleiimage that may-be: used:bydhostvehiclelin
(Jetermining,atarget,trajectory yassociatediwithsall anessplitfeature,cconsistent swith'the“di sclosed
embodi mc;ntg

o [‘[00833] {F1G..4 ;is,aflowchartdepictingsancexempl ary process4100fforrmapping! laneSspiitsffor
Juseji pV\LghdiLeInavivggati on, cconsi stentywithtthecdi scl osedeembodiments.
(10084] {FIG. 42jis:aflowchart depictingzancexemplary tprocesst4200fforrmapping!lanesspiitstfor
navigating,aihost wehidle along ayroadssegment, consistent wi thtthedi scl osedembodi ments.
IDETAILEDIDESCRIPTION

(10085] The following detailed description irefersttotthe:accompanying «rawings. Wherever

fosg ble, the same reference numbers arewusediinithe drawings:and the following description to refer o
the same or similar parts. While several fillustrative.embodiments @re described hherein, ‘modifications,

e Sarne Gr Suaanavia

adaptations and other implementations are possible. For example, :substitutions, iaddiitions oF

5\9&[19@9@ may be made to the components illustrated inthe drawings, and the illustrative methods
described herein may be modified by substituting, reordering, removing, or adding &&ps to the disclosed
methods. Accordingly, the following detziled description is not limited to the disclosed embodiménts and
exameles [Qgggq_z Ehg proper. scope is defined by the appended claims.

[0086] | Autonomous Vehicle Overview

[0087]; As usedthroughout: this disclosre, the term “autonomous vefiicle™ refers {6 avehicle
capable, of implementing, at; least; one navigational | change without: driver input.- A- “navigational! change’

capable of implementing, at [east: one
refers to a change, in one or-mare of steering, braking,, or-acceleration of the veficle. T6 be A{GGTOUS; &

vehicle need;not;be fully, automatic: (e.g.,, fully-operatiomwithouttadriveror withoutt driver input).- Rether;

VVLLEVEV 1w

an autonomous, vehicle.includes;those thatt cam operate:under -driver-controll during: certain'time’ periods

ail aulvituLiv e

and,without,driver,.controljduring; othertimesperiods. Autonomoussvefiiclessmegyal soincludevehicl esithatt

aLr YVituawvw

control jonly someaspectssofvehiclesnavigation, suchiassteeringy(e.g.,.toma ntain1&vehi cl eSS

vULIUL Y

between, vehicle,lane.constraints), butimay,leave:otherraspectsitoothedriverr(e.g., braking) - INSEHRE &

autonomous,vehiclesimay, handle.some:orrall laspectssof lbraking,;.speedicontrol .and/ortsteeri ng2dfithe®
vehicle,

AAZ RS

[0088] } Ashuman driversdypicallyyrelyyonrvisual lcuessanddobservationssorder téccontrolz?

¥ warawan, R

lights are all, designed to provide,visual,informationstocdriverss | rviewnof thesedesi gnicharactérigtics%of

transportation,infrastructures, anyautonomoussvehiclemay yincludecaecaneracandciprocessing unit thaf't

B

analyzes,visual, information,captured fromthecenvironmentiof thewehiclé.zThewisual3i nformationhiayy

———r— — - Airanssasevevas,
o
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t-‘tnz»at;provi des,amodel -of the,vehicle' s:environmentwheninavigating.FForzexample, tthevvehiclechisyMi8e
&Escqqgsgggggriqq_s( (e.g.,ffromaanzaccel erometer, aasspeedssensor, ag suspensi on sSENsor eetc.) Aand/orcother

ymap data toprovide;information related;taiitscenvironment wihiletthewehicl eligtraveling, sandithewehicle

[[0089] 1! nssomecembodi ments jingthiscdisclosure, zanzautonomous wehicl ermaywiseiinformation
Qobtal [Le\g\whi.lvernavivgati ng ((e.g. ffromeaccamera, (GPScdevice, eanzaccel erometer, asspeedsSENSr, éa
(suspension sensor, &tc.). jncother embodiments, ;anzautonomous wehiclermay welinformation btained
1t(}c£[plpastlna\/i igations foyithewehicle((ortby otherwehicles) whilemavigating. Ti nyyétcother eembodiments,
2n.autonomous \vehicl e may wsea.combination (of ii nformation «obtai ned *whileinavigating t@andlinformation
obtainedfrom 1past havi 9ati ons. Thejfollowing ssectionsjprovide @n«overview ©f assystem consistent ‘with
{he disclosed embodiments, {following iby :an.overview of @forward-facing i maging ‘system @and'methods
consistent with the system. ‘The sections that follow «isclose :systems iand-methods ffor constructing, using,

and.updating .a,sparse map for ;autonomous vehicle navigation.

L[OOQO] System Overview
L[0091] FIG. lisablock diagram representation of asystem 100 consistent with the'exemplary

disclosed embodiments. System 100 may include various components depending on the requirements of &
particular implementation. In some embodiments, system 100 may include a processing unit 110, 3h
}mage acquisition unit 120, aposition sensor 130, one or more memory units 140, 150, amap database
}@Q;g g§é( interface 170, and awireless transceiver 172. Processing unit 110 may inciude one or More
processing devices. In some embodiments, processing unit 110 may include an applications processs”
1}@(_),, an ir;age processor - 190, or any other suitable processing device. Similarly, image acquisition unif
requirements, of -a particular -application., In some embodiments,, image acquisition: unit: 120 may include
grgé or.more, image, capture, devices; (e.g.,, cameras),, such as image: capture: device: 1232, image: captiirée
devige, 124, and|image, capture; device; 126., System: 100 may" also include a datas interface 128
communicatively , connecting processing; device: 110)toimage: acquisitiont device 120.. For example,» data!
interface, 128 may, include, any.wiredjand/or-wirelessslink:or:links for-transmiiting simage: dataacquired! by’
image, accusation, device, 120)to,processing ;unitt 110..

) [9092]] Wirelessstransceiver - 1722may;include:onezorrmorezdevicessconfigured ltvexchange?
transmissionsover -anairinterface;to,onesorrmoreznetworkss(e.g., .cellular, ,thes nternet, ,etc.) By’ U f ‘&
radio, frequency, infraredjfrequency, magneticsfield, orramelectric:field. Wirelessstransced ver [ 1722 U
any,
ZigBee, eic.), Such-ransmissions scaminclude:communicationssfromthezhost tvehicléstodatieeotmione

known,standard to,transmit rand/or receivezdataa(e.g.,,Wi--Fi, ,Bluetooth®, Bl etooth 1Smart 802154,

remotely locatedservers., Such-transmissions smayyal sopincl udeecommuniéatidnss(énewaymrltwo-way))
el YRGSV, 2 y

between, thehost vehiclecandonezor;moregtarget svehiclessi inansenvironment fof fthechost ivehiclés(e.g. 16
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facilitate coordination, of navigation,of the hostvehiclerir view bf oftogether ‘withatarget rvehicleintthe

-
fa\.uubuuv viUviuaaswn v JaTee

environment, of the, host, vehicle),»or-even broadcastitransmission ¢tunspecified ‘recipientsfi R &vicinity

Sy Ut

(0093] gBothyapplicationssprocessorl 180:andiimagexprocessor! 190mmay tinclude’variousiy pedbf

processingdevi cespFor.example,seither;orsbothy6f iapplicationsoprocessor | 180randimageXprocessdr' 190
P JOCVICESFOrEXaT

----- «

,may include,ami croprocessor, spreprocessors (suchasiarii mageopreprocessor), aggraphi cs’processing*unit

viu

memory, or,any,other-types,gf jdevi cesssuitabl effor-runningaapplicati onsaandfforiimageprocessing*and

Ciaws

Lanalysis;Inssome.embodiments, zappli cati onsyprocessor 1 180eand/orimagerprocassor | 10y i nclude®ay
ttYPéonsg ngle;Qr,multi-coreprocessor, smobil ecdevicermicrocontrol ler, ccentralfprocessing lunit,e&fc. Warious
PJE)I(QC ngdevigesymay theused, jincluding, fforcexample, jprocessorszavailabl effromtmanufacturerssuchfss
[Intel®, AMD®, eetc., QrGPUs-availableffromimanufacturersssuchzasiNVIDI AR, ATI®, &ic. cand iy
;include,various.architectures((e.g.,;x86 jprocessor, ARM®, etc.).

luviuuw

[0094] 1in.spme embodiments, :applicationsjprocessor 1480zand/or iimage piessdi 1180 REy

42 U xax

include,any of theEyeQ series of jprocessor cchipszavailableffromM obileye®. TheselProtesssdt ‘designs
&achiinclude multiple processing wnits withllocal imemory «and finstruction sets. ‘Such ProtREEOrs sy

include video inputs for receiving image data from muitiple image sensorsiand ey il so finclude video Blit
capabilities. |n one example, the EyeQ2® uses'90nm-micron technology ‘operating 30Mhz. The
_E):¢Q2® architecture consists of two floating point, hyper-thread 32-bit RISC CTPUs (MiPS32® 3K®
‘gé_reé; five Vision Computing Engines (VCE), three Vector Microcode Processors (VMP® ), Dendli 64-

ADLvIas

bit Mobile DDR Controller, 128-hit internal Sonics Interconnect, dual 16-bit Video input and 18-bit
Video output controllers, 16 channels DMA and several peripherals. The MIPS34K CPU manages the
five VCESs, three VMP™ and the DMA, the second MIPS34K CPU and the muiti-channel’ DMA aSwell
asthe other. peripherals. The five VCEs, three VMP® and the MIPS34K CPU &t perform intensive
vision computations, req_ui red by-multi-function bundle applications. In another’ exampl'e,v the Eye@é@,»
which is gt‘hi rd, generation, processor-and! is six. times more powerful! that-the EyeO2®, iiay be used i the

1avil 1D & vana

disclosed| embodiments.. I ather- examples, the EyeQ4® and/or-the the: EyeQ5®’ may’ be used! i the

[ETNCXFROIC)

disclosed embodiments. Of course,, any: newer-or-future EyeQ! processing; devices im&)’ al'so be used

LT

together,wih, thesdiscl osex

[0095]; Any;qf thes processing; devices; disclosed! hereimmay bes conf iguredlt® performi certaint

functions, Configuring,aprocessing;device,,suchmasany;ofithesdescri bediEyeQ) p“rb“c"ré'S(S?Vot'ﬁerr

VT TEN

VUMM ULV

controller,.or,mi Croprocessor, . toyperformscertaimfunctionssmayincludezprogrammi ng 36f ‘computer’
executabl e,instructionssandimaking;thosezinstructionssavail abl ezt oothezprocessing2dévi cesforexecution?
dyg[qggogerati on.of ltheegroc ngdevice:.|msomezembodiments,.conf iguring2eéprocessi hg Ydeviced ity
include.programmingtheprocessing;devicesdirectlyywitharchi tecturalinstructions- Forlexample,»
processing.devices:suchasdield-programmablecgatesarrays((FPGAS) )application-specific Sintegrated
CL(gth§E(e SICs) ,)’aggjbgﬁl ikezmayybesconfigured:using,;foriexampl &2 onexor iorechardwaredescri ff)ti‘é)hn

languages(FIDLs).),

10
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[10096] ;1 n,0ther embodiments, >configuring 1 aprocessing Idevi cenfiaytinclude’lstoring”executable

uinstructions, on, amemory [that s accessible dolthesprocessing Idevicelduring »operation.*For*example, lthe
pproc ng jdevice, may ,access|the;memory ¢oyobtaimand:executelthes stored i nstructionslduri ng’operation.

ln.€either, case jt‘hegproc ng jdevice:configured toperform lthessensing, limagetanalysis, aand/or

VALLIWE W g

Saw e~ zan

fMmultiple;hardware based :components :6f iéhostwvehicle.
([0097] \WhilerFIG.1 kdepictsitwosseparategprocessing “devicestincl udediintprocessing “unit! 170,

r}rqugeggrquf\@rfproc ng ¢devicesrmaytbe used.FForzexample, iinssomecembodiments, 22bsi nél erroc'rig
Jevice, mqybg%ggdtg%mcompl ish tthettaskscof :applicationspprocessor 11802andiimagerseassst 1760 1in
Other embodiments, {thesettasksymay tbeyperformed tbyrmoretthan ttworprocessing cdevices. Frurther, linS83ite
eqnbvogi‘mgr)'tg System 15(0rmay jincludeconecorrmoredf <processing wnit 1110without li ncludi ng Cother
Lomponents, ssuch;asjimagezacquisition wnit1120.

([0098] 1Processing wnit (1101may ccomprisewari ousttypesdf«devices. TFor ¢example, iprocessing 'nit
1 1% may jinglude warious devices, such:asacontroller, aniimagelpreprocessor, central Iprocessing unit
(CPU), agraphics processing wnit (GPU), ssupport ircuits, ligital «signal [processdrs, fintegrated ‘circuits,
include a.video Jprocessor for capturing, digitizing :and processing the imagery from the'i mage ‘SENSOTS.
The CPU may comprise any number of microcontrollers or microprocessors, The GPU iy dso
pgmprise any number of microcontrollers or microprocessors. The support circuits May be 2Ry number Bf
circuits generally well known in the art, including cache, power supply, clock and input-output circuits.
The memory may store software that, when executed by the processor, controls the operat'i'on of the
system. The memory may include databases and image processing software. The Mémiory’ May/ comprise
any number. of random. access memories,, read only memories,, flash memories, disk drives, opfi'cali
storage, tape, storage, removable; storage: and other-types of storage. n 6né instance, the METIOR)’ May b&
separate, from the processing; unit: 110. In another-instance, the menory " may’ beintegrated' into the

qgeepys, Qj;s;{stem\ 100., Thesesmemory runitssmayincl ude:variouss databasess andlimage’processi hg >
software, aswelljasatrainedsystem, suchasaneural Inetwork, ,orradeepneural Inetwork, »for‘exampl e
The.memory units;may,includesrandomsaccesssmemory /(RAM), sreadionly/miegiety/(ROM . flash?

memory, disk.drives, optical |storage, tape:storage,,removabl exstoragesand/or ey other tty pesSof (ST &g 10!
some.embodiments,, memory yunitss 140,, 150)mayybezseparatesfromithezapplicati ONSSPrECRasHPT 180 a6
image processor 190, Imother rembodiments, ; thesesmemory yuni tssmayybesintegrated linto>applicationss
processor r180yand/or ;imageprocessor r190.).

riaT v

[0100];} Positiqn sensor r130rmayyincl udexanysty pecof idevi ceesuitabl esfordetermi ning Z#l ocation”

avavdd

associated withyat| east; oneccomponent yof isystemn100) Intsomeeembodiments, 3 position rsEARGPT130 Ay Y

aoOUVIL

include a,GPScreceiver. r Suchjreceivers-<canrdeterminecazuser ipositionrandcvel oci ty Sbydprocessing fsignal'ss

FYUEOFRVIVA
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pProadcasted obyJ,gI obal ypositioning ;systemsatellites.?Position i nformation ifromdposition&afssr! lﬁoﬁﬁ‘é(;}?be

nMade,available to,applications yprocessort 180and/or iimageprocessor | 190.

[‘[010}] 1In;somesembodiments, ssysteml 1001may 1includescomponeritss suchiag @ Speeds3Bhigd(e.g.,
a8 techometer, ,a,speedometer) for;measuring & speech6f vehicle22002and/or araacod! erometer ‘(eithersingle
a2is,0r.multiaxis) ;for-measuring yaccel eration 6f vehicle2200.

(h1022] (Userjinterface] 170:maytincludeaany:devicessuitabl effor:providinglinformation tto°rfor
(receiving;inputsefrom.onecor;more userscof ssystem1100.1 I nssomesembodi ments, vusertinterfacel 703y
i Q?Lli.‘le&%?‘ri input devices, jincluding, fforeexample, zattouchscreen, rmicrophone, keyboard, Ipdiniter Cdevices,

¢track wheels, (cameras, 1knobs, tbuttons, eetc. \Withssuchiinputcdevices, zausermaytbeeabl ettofprovi de

Tavn V-

nformation;inputs or.commands ttossystem 1100tbyttyping instructions corii nformation, tproviding Woice

i
| FTE ST Torr Tyl Sl i Oral Broro bRt o

commands, ¢selecting menu coptionsonzasscreenwisingtbuttons, gpointers, wreeye-tracking (capabilities, Vr

through any other suitable techniques ffor«communicating iinformation ttossystem 1160.

) ([0103] User jinterface 1170;may becequi pped ‘with onewrimore jprocessing devices‘configured o
lprovi de and receive jinformation {toor from ;auser and jprocess that iinformation ffor ez loy, ffor texample,
ia}p‘plications {processor 1180.In some embodiments, «such processing «evices Imay texectte finstructions ffor
lreppgnizi ng and .tracking €ye movements, yreceiving :andiinterpreting "voice commands, Jrecognizing ‘and
i nteri)reti ng touches and/or gestures made on atouchscreen, rresponding tokeyboard entries o TRl
el gé@[gg§;vgg: In some embodiments, user interface 170 may include adisplay, 'speaker, tactile ‘device,
and/or any other devices for providing output information to auser.

[0104] Map database 160 may include any type of database for storing map data useful’ to system
100. In égmg embodiments, map database 160 may include data relating to the position, in areference
coordinate system, of various items, including roads, water features, geographic features, businesses,
points of [[]t_é(qst,) restaurants, gas stations,, etc. Map database 160 may" store not only the locations of such
i‘_tgp‘sv,’ but &lso, descriptors, relating; to those: items, including,, for example,, names associated: with afy 6f

the, stored, features, I some embodiments, | map: database: 160 may” be physically located” with other

VLIV DL

embodiments, information, fram; map, database: 160 may’ be downloaded| over-awired! or wireless’ datat

connection, tg a network: (€.g.,, over-a cellular -network:and/or ‘the: Internet, , etc.)... Ini SO CAES, Mgy

WA LLIRAW LIV

MUl UMY 1 v

database, 160,may, store, & sparse; datamodel [including;polynomial lrepresentations sof “certaintroad! features’

(eg., lane,markings) ar target ttrgjectoriessfontheshosttvehicle.. Systemss andimethodss of ‘generating 3such!@
[0105]1 Imagescapture:devicess 122,124, ,andi 1265mayyeachiincludezanytypesof devicezsuitable®

for capturing,atyl east jonesimage:fromamenvironment.. Moreover, - anyynumber rof fimagezcaptiirezdevicess

single.imagecapture.device,, whil ezother rembodiments smayyincl udestwo, three, .ot reVernf our for hiopee

image capture devices,; |mageccaptureedevicess122,.,124,} and1126¢wi Illbeefirther tdéscribed withreférence®

toFIGS; 2B-2E,; below. .

12
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[(0106] 5Systemj 100,,0r,various;components Ithereof ,imay>be ncorporated tintovvariousidifferent
pplatforms.In;someembodiments, s system 100maysbeiincluded somavvehicle2200,as shown tirf FIG22A.
FEQrdexaanl e yvehicle)200,may ;besequi ppedywithigprocessing Junitl 13 aandaany 6f thedother 3Cdfﬁp6ﬁéﬁf336f
s System; 100 ,asidescribed yabove; relative:taeFl G.1 1X\Whil eiiins somesembodiments wehicl €200y be
eéq“j E)ped swith-only a;singlejimageccapture:device; (e.g. ccamera), iincother :embodiments, Ssuch2&s those
(discussed; in.connection \withfFI GS.;2B-2E, rmultipl eii mageccapturesdevi cesrmaytbecused.Frorzexample,
cSither of image capturedevices] 122,and] 124cof vehicl €2200,sasshowniintFIG.22A imay tberpartcdfan
ADAS((Advanced [Driver Assistance <Systems)iimagingsset.

[[01031 ~Theji mage(cqpture(d_evi cesiincludedonwvehiclez200zagpartcdf thelimagezacquisition wnit
1120, may be,positioned ;at;any ssuitable{location. I nssomecembodiments, cassshowniinfEIGS. 2A ZE¢and
:3A-3C, jimage capture device 1122,may tbell ocatediinithewicinity «ftherrearview miirror. "Thisiposition Ty
and;is not visible togthe driver. image capture device 11221may Ibejpositioned «tzany llocation e tthe
Jrearview ymirror, jbut placing jimage capture device 1122ontthedriver si dedf theimirror My further @idiih
Jobtaining jimages representative of the drivers fieldof view :and/or llinedf sight.

EOlOSj @thgr locations for the image capture devices of image iacquisition nit ‘120 7may aso b
used. For example, jmage capture device 124 may be located on or fin@bumper of vehicie 200. Sucha
sight of bumper-located image capture devices can be different from that of the driver and, therefore, the
bljmper imag;e capture device and driver may not aways see the same objects. The image captiiré devices
(e.g.: image;apture devices 122, 124, and 126) may aso be located in other locations. For exampie, the
;m%e ca;;ture é@yi_c_@: may be located on or in one or both of the side mirrors of vehicle 200, on the roof
of yéh@é 200, onthe hood of vehicle 200, on the trunk of vehicle 200, on the sides of veficle 200,
mounted, on, positioned behind, or positioned in front of any of the windows of vehicle 200, and mounted
inor.near. Iigr;t, figures on the front and/or- back: of 'vehicle 200, efc.

[9 }69] | '5; addition tg image capture: devices,, vehicle: 200' may include: various other’ comMponets
of -system 100. For.example, processing ; unit: 110 may' be included! on vehicle: 200 eitherintegrated! with' 6
s;epi;rate, from, an, engine, control | unit: (ECU)) of thes vehicle.. Vehicle: 200 may’ al'so be equipped! with' &
pq;iti on, sensor. 130, such, as a GPS; receiver -andimay- al soinclude: a map database? 160 and! mamiory’ units
140 20h 150,

[0310]) As discussed jearlier, wireless;transceiver r 1722may-and/orreceive:datal OVEr ONE O ITSTE
networks;(e.g., cellularnetworks, thesInternet, etc.).. Forrexample,,wirel essstransceiver r 172 upload!
data,collected Jb)( /System, 100itoyonesorrmore:servers,,andidownl oad datafromithesores ormores
servers, Viawirelesstransceiver r172, system; 100)may,receive,,forrexample, ,peri odiczorramdemand?
updatesto,data,stored inymap,database: 160),memoryy 140,,and/or rmemoryy 150). Si milarly, wirel ésss
t[éggg;yq rL72may upl oad jany, datas(e.g., imagesscaptured byyi magezacquisition unitt120).datadreceived 1
byyplosi tionsensor . 1300r,0ther ;sensors,; vehiclezcontrol Isystems,  etc.) )f rombyysystém1100Jand/or tafy datad

processed :-byyproc ng gug_i 1210t otheconecorimoreeservers.s.
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[{0L 1}] sSystem; J00:may yuploadidatatoraserver’(e.g. Jtalthescloud) basedIBridprivacy level

sSetting. pFor.example,ssystem] 1000maylimpl ement-privacy develssettings'toregul ateX6r nﬁit':Tthé.'t'yﬁés’?Sf

Jdata (including.metadata) ;sent:tojthes server:thatimay.uniquely Jidentifyavehicl etanddridriver/owner 6f'a

rALwEwe

[[0112] 1Inssomecembodiments, ssystem1100rmaytupl oadcdatasaccording ttofa” high' Fprivacyllevel,
a2nd, Under ssettinggassetting, sSystem1100rmayttransmit cdata((e.g.,1 ocationiinformation trel atedfo?d foite,

(crilpturedii mages, ¢etc.)\without cany (detail szabouttthesspecificehi clecand/or <driver/owner. FForfexarrip')l e,

(ata, such ascaptured jimages :andcorlimited llocationiinformation irel ated ttodalroite.

[(01113] Other privacy llevels:arecontemplated. JFor example, ssystem 1100 iy 'transmit ‘datalto®
Server ;according {o.an< intermediate” jprivacy llevel andiinclude zadditi onal iinformation ot iincluded ‘under
ahi gh” lprivac:_y llevel, such as:amake :andorimodel «of @avehicle iand'or avehicle type (e.g., apREENGer

vehicl e, sport uti Iit_y ‘vehicle, truck, €tc.). In:someembodiments, :system ‘100 Fria 'upl oad data‘accordi ng
toa"low" privacy jevel. Under a”’low" privacy llevel setting, system 1000 thay upload ‘data‘and include

113U LAAMAVAS S8 D teAadw AT ans VT

VIN, adriver/owner. name, an origination point of avehicle prior to departure, an intended destination of
the vehicle, amake and/or model of the vehicle, atype of the vehicle, etc.

[0114] FIG. 2A is adiagrammatic side view representation of an exemplary vehicie imaging
system consistent with the disclosed embodiments. FIG. 2B is adiagrammatic top view iifusiration of the
embodiment. shown in FIG. 2A. Asillustrated in FIG. 2B, the disclosed embodiments: &y include &
vehicle 200 including; in its body a system 100 with afirst image capture: device 122 positioned' in the
vici nit)'/, of the rearview - mirror- and/or- near-the: driver: of vehicle: 200, a second! image: capfure device 124
E)ositioned' Qn or-in @ bumper - region, (€.g., one of bumper'regions 210)) of vehicle: 200, and & prochg§
unit; 110,

[0115]) Asillustrated|inFIG..2C, image: capture: devices 122 and 124 miay’ both! be positi onedlin'
thesvicinity, of the.rearview -mirror -and/or-near-the: driver-of vehicle: 200.- Additionally, swhile W image
capture,devices; 122 and| 124 are:shownim FI GS.. 2B andl 2C,, itt shouldlbe understood {thatt other®
embadimentssmay;ingludesmore:thamtwoyimage: capturezdevices..Forrexampl &, -inithezembodiments’shown!
inFIGS, 2Dyand;2E, first, second, andithirdlimagescapturesdevicess 122, 124,.and! 136, areincluded!itithe’
system, 100)af vehicle>200..

[01116]] Assillustrated fimFI G..2D,imagescapturesdevices 122may/bespositioned ithevici nity /St
the-rearview, mirror and/or jnear thezdriver rof ivehicle2200).andimagezcapturesdevi cess 174%andl 1267 bee
positioned jon;ori masbumper rregions(e.g.,. .onezof foumper regionss210) Jof fvehicle2200) Andiasshown tin!

FIG; 2E, image;captureedevicess122;,124, and3126imayybespositioneddifrthesvicinity fof fhesrearvi ew '

mirror ;and/or;near thecdriver seatof vehiclec200).Thesdiscl osed:embodiments sareenot llimited-t6°afyY
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pParticular, number, and, configuration, of theri mage:captureldevi ces vandlthérimagecaptiirel devicestiay be
p positionedin, any, appropriate d ocationswithiniand/onorvvehicl €2 200.

[(0117] ltd o be understood ithatithel discl osed: embodimentsiaeinotlimited to/vehicl estand
oSould;be applied inyother: contexts.tsis alsotdbeunderstood Ithat1discl osed:embodi mentst&ifotilimited
t{ Q@ particular type,of vehicler200,andymay berapplicablextoral Ity pesyf 'vehiclestincluding*altomobiles,
wirucks, trailers,;and,other:types,of vehicles,

[[0118] Therfirstiimage:captureidevicel 122rmayhincludesanysstiitabl eltypecdf limage captiire

B b

qdeviceyl mggeccgptureiQeyige1 122-mayiiincludeaamopti calaaxisIncongiinstance, tthelimage~eaptiire’device
1122;may;include,an;AptinaiM 9V 024 WV GA ssensorwitheaggl obal sshutter. ncotherzembodiments, fimage
(capture,device| -22;mayprovidesaresol ution cof| 1280x960pixel standmiayiinclude?d roliingSshutter limage
(capture device|122;mayjincludewariouscoptical eel ements. I nssomecembodi ments SHecSITSrel | enses sy
{heincluded, forexample, ttogprovidezadesiredifocal llengthzandfieldadf wiew ffortiheli mageciptire‘device.
{insome embodiments, ;image capturedevicel122imay thesassociated withza6mmllens®ral L2mmliens. I
Some embodiments, jimage capture device 1122imay tbexconfigured ft otcaptureiimagesthaving &‘desired
{field-of-view (FOV) 202, asilllustrated iinFI G.:2D. IFor«example, iimagetcapture‘device 15wy e
configured tojhave aregular JFOV, such:as within arangeof 40 dlegrees to 56 degrees, including 446
degree FOV, 50 degree FOV, 52 degree FOV, or greater. Alternatively, image captiire device 122 WY be
gp?)fi gured to-have anarrow FOV iin the range of 23to 40 degrees, 'such a5a 28 degree FOV OF 36 degree
FOV. In addition, image capture device 122 may be configured to have awide FOV if the Faige of 100 to

180 degrees. 1n some embodiments, image capture device 122 may include awide angie bumper Zaiera
or one with up to a 180 degree FOV. In some embodiments, image capture device 123 May bea7.2M

pixel image capture device with an aspect ratio of about 2:1 (e.g., HxV=3800xI900" pixeis) with about
100 degree horizontal, FOV. Such an image capture device may be used in piace of athree image capture
device configuration. Due to significant: lens distortion, the verticall FOV" of such &t image €&ptuiré device

may. be significantly- less than 50 degrees in implementations in which the image captiire device USES &

g vertical| FOV - greater-than, 50 degrees; withi 100 degree: horizontall FOV .
[0119]} The first:image; capture: device: 122 may' acquires aplurality” of first!images refat vetod
scene, associ atedjwithythes vehicle: 200.. Eachiof thesplurality of firsttimages miey’ b&acquired! & dseries 6F

[9120]] Thesfirsttimage:capturezdevice: 1222may/havezascarrate’associ atedlwithacqui sition'df"
each, of {the.firstyseriessof fimage:scamlines; Thesscamratemayyrefertoaratésat whi ch1dl mage s !
acquire,image:data;associated jwithseachpixel:lincludeddimazparticul ar rsce ine.-

[0121] | Image:capture:devicess122;,124,,and1126‘mayycontainanyysi fabl éstyipesandinumber tof f
i r_r@ggﬁsgggp[_sjj ncludi nggC§Dj$n§o[550r1CM OSSsensors;foriexample:| hfo‘n‘éfemb'odi'rhent, t£CMOSS

image,sensor may, becempl oyed:al onggwithraerol linggshutterr.suchfthat ieachf pixel *liAreer oW &read oneSat P
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captured. In some embodiments, ithecrowsy maybe:captured esequentially tf romctopctdbottomerelativétdthe
girame. '

ALkin.

devices 122, 124, and :126);discl osed, hereinymay:constituter & highresol uti ontimager tandifiy have a

VAV

resolution égreater jthan;5M 1inxel ,77M,pixel | 10M)pixel porzgreater.

flouiuuun
£0123] 1The,use,of,a rolling;shutter\may-resultsinpixel stindifferent Towbeingexposedtand
captured, atydifferent fimes, which,may:caises skewsandhother i mageartifactsiirtithescaptured imageframe.

(Onthe other hand,,when.the;image;capturejdevicel 122iiscconfigured itovoperatewithizegl obal °Gr

11 tae Goaes bl

ssynchronous,shutter qall 0f the; pixels:may:beexposedfor:thessameramourit 26f time2anddduring2&£E5MMGh

egxgqs_;g(epperiod. Asaresult,ithejimagecdatajingafframeccol lected ffromaassystemzemploying 3&‘@[665
shutter represents,asnapshot of thecentirefFOV ((suchzastFOV 2202)zétearparticul ar time. Incgoritradt, iinfa

Sttuteer [

moving objects,may ;appesr distorted jinzanjimageccapture«devicethavingzarrllingsshutter. “This
Lphenomenon will{bedescribed jin,greater (detail thelow.

([0124] -Thesecond jimage capture device IL24:and thetthirdi mage<capturing device IT76 Y be
any type of image capture device. |Likettheffirstiimage capture device 1122, each oflimage Eptire devices

124 and 1126 may iinclude an optical ;axis. Iin oneembodiment, «each ot image capiure devices 124 and '1%6

14T QUM Lav . 7 taswaseses dees

may include an Aptina M9V024 WV GA sensor with aglobal sshutter. Alternatively, ‘each ®f image

_____ FECUIAVIVIVE 2 T A

capture devices 124 and 126 may include arolling shutter. Like image capture device 122, image Captiire

R de i

devices 124 and 126 may be configured to include various lenses and optical elements. 1n M@

ULV LLAVD LT i

.embodiments, lenses associated with image capture devices 124 and 126 may provide FOVs (such 38

FOV's 204 and 206) that are the same as, or narrower than, aFOV (such as FOV 202) associated with
image capture device 122, For example, image capture devices 124 and 126 may have FOV's 6f 40

—— - -

q§zg(¢e£, 30 degree;,) 26 degree;,) 23 degrees, 20 degrees, or less.
[0125]; Image, capture, devices; 124.and, 126 may acquire a plurality of second! and third' images
relative,tg a scene, associated| with, the vehicle; 200.. Each: of the plurality” of second! and third! images &)

VWA MU At

be, acquired, as g second) andjthird; series; of image: scani lines, whichi may’ b captured! usings arolling?
shutter. Each, scan, line, or.row, may:have, aplurality - of pixels.. mage: capture: devices 124 andl 126 Wy’

TSI P wrely frexexeiy 2

have, second; andithird scan, rates; associated jwithacquisition1of ‘eachnof images scamlinessincludeditfithe’

HAVVY ovwus

second;andithirdyseries,

[0126]; Each,image; capture.device: 122,, 124, andi 1265may, bespositioned Jattey/ sui tableposition?
andjorientation relative.to,vehicle;200, Thesrelative:positioning zof fthesi magescaptiire>dévicess 127 124"

arnd Ui vvaoal o

and, 126:may  be.sel ected it0,ai di mfusing;together sthesi nformation sacquired ifromthesi mage*captlirg®

1ov - Ul Ui~

devices, For example,, in,some:embodiments,; 2OV /(suchnassFOV /204) Jassoci ated withfimageScaptire®

LY IV, L

device, 124,may,overlap partially yor fullyywithtaeFOV /(suchtassFOV /202) ‘associated Swithli mageScaptiire®

uvyinl 14

device,122-and.aFOV j(suchiasFOV ;206). associated «withtimageccapturecdevicee126)-

[0127]r) Imagecapture devices122, 124 andd126(mayybesl ocated dorrvehicle<200CanaRgysuitable®

relative heights.gIn,onednstance,;there may becazheightidifference doetween ithedimage capiife‘devices <1222
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2124, and .126,, which may provide sufficient parallax rinformation ctorenable sterecianal ysis’ For'example,

L 3Sishown, insFI G aAjthe,tworimage; capturel devices :122vand 124vareatldifferent thel ghtsTThereViayalso

1uvvaa il x

N N

v e aateraldisplacement ydifference; between rimage:capturel devices. 122 124 vand 126 5givingadditional
(lisplacement may,beydenoted;by1d,aas shown;ifFFI GS.22Ciand:2D I nvsomesembodiments, fforebitat
(displacement (e.g.,rangedisplacement) ymaysexist-between imagescaptureidevices! 1221124 2and 126 For

g

eexampl e,;image,capture device| 122,may:bel ocated 0.5t 022 metersiormore:behindimage>eap iifeldevice
124, and/or, image.capturedevice} 126.1This:typecSf idisplacement :mayzenablexoneof thelimage-eaptiire

=t Al v Al

ddevi cesy ocgq\@r;potenti a blindsspotscof thecotherti mageccapturecdevice(s).

Y IVLD

pparallax information for, sereo, analysis;bysprocessing unit. 110 forexample TTheldifference linlthed dteral

[[0128] {Image Capture devices}122rmaythavesanyssui tablerresol ufion ccapability ((e.g., Tnumber &f

pixels, associated ,with;the;imagessensor), ;anditherresol ution ¢S theiimagessensor(s) éassociated ‘withtthe
| R Vot HedEs

witLwns

.image capture device 1122;may thethigher, |l ower, cortthessamerasttherresol ufion &t thelimagessensor(9)

..... o~

associated withjimage capture devices 1124:and 1126. 1 nssomecembodi ments, theii magessensor(s) ‘assodiated

asouniatva Vyauis
Jwith.image capture device 1122 and/or jimage capture devices 1124:and 1126may thavezatresol ution i 640%
/480, 11024.x 768, 11280960, Or @ny ©other suitablejresol ution.

10129] ‘The frame yate (e.g., the rate;at which :aniimage capture device acquires gt f Ipixel data
Of one image frame pefore moving onto capture pixel «dataassoci ated with the next image frame) Wity e

controllable. The frame rate associated with image capture device 122 may behigher, lower, the &M@

LULUvIIQUIY. 1

asthe frame rate associated with image capture devices 124 and 126. The frame rate associated with

Ad LIV Llaluv 1w

image capture devices 122, 124, and 126 may depend on avariety of factors that may affect the timing of

et T T X

the frame rate. For example, one or more of image capture devices 122, 124, and 126 MayY include &

UV 11 ALLIW LAt

selectable pixel delay period imposed before or after acquisition of image data associated’ with 6R& 6F

Eé:lét;;xels of an image sensor. in image capture device 122, 124, and/or 126. Generally, image data
gqr_r_eé)qrpi ng.tg g@g{hﬁpixeﬂ may be acquired according;to a clock rate for the device' (e.g., 618 pixel P&
clock cqul o). ;dditi onally, i, embodiments; including; arolling; shutter,, orte or more 6f image’ CaRtiIrE
devi cesj 122/,’ 124, and| 1& may include, a selectable: horizontal | blanking; period! imposed! before’ 6 after

VUV Y IVLD - ——

acquisition, of image, data, associated jwith arowrof ‘pixelss of ‘amimage: sersur”intimage? cagtire? device 122,

e B

124, and/or 126, Further, one.ar;more;of image:capturesdevicess 122,, 124,,and/or* 16w’ include’ @

selectable,vertical blanking periodjimposedibefore:orrafterracquisition1of i mage:datatassociated with &

DUILULAUVIY Vv

image,frame,of imagecapturedevice: 122,124, andi126..

[0130]; These.timingcontrolssmay,enablezsynchronization 1ffffamesratéssassoci ated withtimage®

capture,devices 122, 124, and126, evemwherestheslinezscamratessof leacharesdiifférent. | Additionally, &

- e

will, be discussed jin.grester (detail below, s theseesel ectabletimingacontrol S,s.anong2other factorss(eg.,

VY 1i1 ue VLIV LI W

image_sensor resolution,, maximum slinegscan:rates,setc.) mayyenabl éesynchironiZation fof fimagescapitiié®
110Ul s o oo oLy maiee s e .

""" o

from an areawhere the,FOV ,of imageccapturecdevicee122zover| aps withtonecormorseFGV's fof fimage®

uull aliar

capture devices 124,and 1126 ;even;where theiel dcof viewsof imagecapturecdevice€122 dudifferentVfrom™

-—p -

thuq cF9¥§'s°f, i maggecapgure (devices124/andd126.5.
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[0[01‘31] p Frame, rate timing jimimagezcapturédevice2122,2124,1and 2126 miagedepend oiPthe

. . . - o e e a patan fags et Aocinac
resolution of the associated ;imageesensorsTFor:example, sassumingtsimilar i nec&&ariAfafes’for bothdevices,

resorutui vl ulv adsoen !
eV ~ - « B 1ottt dan A

. if one device includes, an,magecsensor having aresolution ff 640 ¥ 4801andianother ‘deviceincludes'an

if ullc Geviww thvituvs wliul o S

image sensor with agresolution of 21280, X960 tthenrmoreiti mewvilbberequired té‘acquire Hframe %ﬁ‘”’fr'h%ae

ruge SCLIDUL WLt LwoTrawsessan

VUILL L

d Ql%t?yf rom;the sensor, havi ng 1theyhigher resol ution.

(10132] JAnather factorthatymay affect theitimi ng»of imageldataracquisition fiflimage Gpture

gdevices; 122,124, and 126 sitheymaximum jlinescanrate*For: example, ¥acquisition bf é?WB%Wrﬁ'éééia‘gta

from, an image, sensor,indluded inyimage: captureidevicel 122, '124and 126/will require' 331" minimum

i H H . KA ] 1AA_A__“‘_ ’)F‘f""‘f(‘“’l il
a%%ﬁ*ﬂ‘toﬁ’fuﬁ'm?-;ﬁ@mlQg 1NGypixel jdelay per iodsxarexadded,-Ithi simi ni mum *amotintof time for*acquisition

~vripnan that

Of arow of imagedata, will -be related to; thesmaximum i nesscarr ratefforiaparticular Idevice [Devices that
e .- - et 41— o Faclamn yrith
offer_higher maximum | line;scan;ratesthave:thegpotential ttorproviderhigher fframe'Fites than‘deviceswith
OLICL faapraws JHAALLLIULLL IR Y=LK i o P
Jower, maximum line;scan;rates. | Inssomezembodiments, conecorrmorecst i magecéz‘a‘p't'ﬂr"ecciléivi‘c‘e%1 124%and

. . e Ctead il
1126 may, have a maximum linesscanratetthat ithighertthanearmaxi mum liines&eahtFafeassociated ‘With
) Nlave LAl b

.image, capture device 1122.{Inssomecembodiments, tthermaximum i nesscahtratecstli magé“é'éﬁﬁfr"e‘lciéi}i“cne

T Corgrome = Guvane 12 BAUSIES |
124 and/or 1126, may {be{1.25, 115, 11.75, @r.2itimescorimoreithan zaimaximum liiness&h el mage
124 atnar o 125 12257 b e e )

Gaplure Jevice 122

[0133] | another embodiment, jimage capture devices 1122, 1124, and 1176 iy Ihave fthe &itie

i V‘TVJ i 1 NP B 7. ok ~enl
maximum -line scan rate, but image capture device 122 may lbeoperated ‘at % Fate less than G ‘equal 1o
LLIAALLIULEL 1Y SVGkL & 25 DSy e, 4

fmmn

; 2t - et
l|Ebs m%lmﬁm scan rate. The system may be.configured :such that ©ne oF Thore of image r(‘:apfure 'devices

Px edrrem Aot 10 Taa
124 and 126 operate at aline scan rate that is equal to the line scan rate of image captiiré device 122. 1n

~pF -

. . Ar: mmenprrza Aocinn 104
SEHEI instances, the system may be configured such that the line scan rate 0f image capture device 124

and/or image capture devige 126 may be 1.25, 1.5, 1.75, or 2 times OF f6re than the fine 58R F&l8 8f
image capture, device 122.

i} [L(313:4]J In some embodiments, ,image capture: devices: 122, 124, and 16 iy’ b& asymretric.
That.is, they, may, include, cameras; having; different: fields of view' (EGV)) and!focall fengths - The fialds 6F

view of imege, capture, deviges; 122, 124, and] 126 may”includesany’ desired! a2 relative’ (3 47 évironment
of vehicle, 200, for.example. I somesembodiments, ,onesorrmores of Tmage’ captiire® devices’ 122> 12485

’ ) : P o ot Aann Lo1tnd «oahisla
112466 may /bu%cqqf[gured {tg,acquiresimage:dataafrormamenvironment tin:f ronttcf vehicle*200, behi navehide

200, to.the,sides;of vehicle»200, orrcombinationssthereof. .

2o, WU R A 3
P g PP e Yo I N T By o 1"
[0135] Further,. the-focallengthsassociated withieachiimagescaptirésdevice® 122,124, sandlor’ 126
Ly a mama—ey WAL aA = — . naror
may be selectable.(€.9., byyinglusionof fappropriatedensessetc.) suchithat teachhdévicetacquiressimages ot

objects at a desired distance rangecrelativectocvehiclec200) For texampl e, i frsofifecembodiments Simage®

v ULUDLI VA Mo 7 - L b Fon .
capture 6d8\\{i ces 122, 124, andq126¢mayyacquiredmagessof ‘close-upfobjectstwithin Patf e &S Fromthe®
s vaes VINAD xoaeay ~— Tg wras it

£ Al Ant

vehicle,, Image capture devices122) 124 tandd126(may yal sodbiecconfi gured déCacquireimages of objects &
ranges, more distant, fromythe vehicle (e.g., 25mn50(mn 110(hm 150tmmop more).JFurther, Ithe Focaltlengths™
b -G

V1 UL .
of image
U snsiingy

- - - Y EECI S S A A
image, capture. device.122) can acquire-images: of objectstrelatively ‘close'totthe! vehicl e\'(e.g.,vwnhlhn r0
i .

P

ithi i ' i rimage: irerdevices124‘and 126y L 45m
or \l/vmmﬂgg‘mhyv@]g&hg@bggmageg‘captkurepdevlceﬁ:(e.g.,,J mage; capture”devices+124-“and126) &

capture. devices, 122, 124 4and126imay beselected such Ithatibna mage tapiie device (6.9,
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o 200uire.images of more distant (objects:(e.g., igreater than 20Ol 000! “Ts0rmrttete St from Vehidle

e Dt~
2 2VOO N 117
0136] ,According to.someembodiments, tthe' FOV of oneortmioréni mage Gaptiiré\devices <122,
[ A ¢oMe

1;1?,43‘?“”({ 126, may, have, awide;angleFor:example, titrmay»beadvantageous tothave §FOV' 5 140

v

degrees,, especially \for,image, capturej devices| 1122 :124,yand "126}that maybbet ussdaseaptiiélimages bf the

degioel st .

LAeajinjthe vicinity,of vehicle, 200.2For.example, image:captureldevice. 122mEybbelused S EAptTFe images
i . . N . .. vt r‘(,,:r.,\,-.,\

091‘L lEDecchrSa}(EQIt.be.'irl ght,or Jeft,of vehicle;200;and, i nysuch:embodiments, titmnaybbéldesirable for'image

Ccaptureigg\{lgel 122 to,have,a,widesFOV (e.g.aat deast| 1401degrees).

([0137] 1Therfield:of viewsassociated withseachx6f imagescaptureidedices! 122 134 3and! 1267y
qizggrld Jon.the respective gfocal) lengths fForzexample, aas theffocal llengthiincreases, Lthescorresponding Fidd

of view .decreases.

01 viow Gvuivaowo,

[[0138] 1Image capture devices}122,1124,zand1126rmay thecconfigured (ot have2anyssui tableftieldodf

View. I Oqﬁerpati cular .example, jimage capturecdevicel122imay thavezathori zontal TEOV of ‘4ecdegress,

.image (captureQ(JIVq{i ce 1124,may thave athorizontal IFOV «df :223«degrees, zandii magefééﬁfUTé‘Ha}ibé 1f2£6rﬁ?3§/

IUAWD.' e . Y
lpfvvceaalmrli ZSH:@ JFOV sintbetween -23:and 46degrees. lInzanother finstance, limageGapiLire {device 1122rﬁf‘é§/
lpgygz glmrli zontal |FOV of 52 degrees, jimage capture device 11241y Thave @lhorizontal TFOV i3

degrees, and jmage capture device 1126 may have athorizontal FOV iinlbetween P6iand 52 degress. T

DA .
Some embodiments, aratio of the FOV of image capture device 122 to'the FOV's ©f limage €2ptUre device
124 and/or image capture device 126 may vary from 15t02.0. Inother embodiments, this 7atio T3y VA
between 1.25 and 2.25.

UTLWCOULL 1.&y QLN arvimns s

[0139] System 100 may be configured so that a field of view of image capttiré device 122

LY -7

overlaps, & least partially or fully, with afield of view of image capture device 124 and/or image capturé

R L v}

device 126. In some embodiments, system 100 may be configured such that the fi elds of view 6f image

UCTVILC 14U, ML DULUY —eee

capture devices, 124 and 126, for.example, fall within: (e.g., are narrowerthan)! and' share: & COTRGT cantar

A .
with the field, of view. of image, capture; device, 122. Ini other embodiments, , the: image’ GARUFE devices 122;

124, and, 126;may  capture, adjacent; FOVs; or-may- have: partial | overlap irtheir' FOVs.- Int SO

embodiments, the, fields, of view, of image; capture: devices; 122,, 124,,and! 126 sy’ be i gned! sich'that' &
41y

center of the narrower FOV simage;capture:devicess 1241andlor + 126 miy/ bl ocated!inidtlower halt 6 the?
field;of view of the,wider .FOV rdevice: 122..

el vl viow vl uie
[0140] FIG, 2F=isaydiagrammatic representation 10ffexempl aryyvehiclézcontrol lsj&ensy
consistent with the.disclosed jembodiments.; A ssindicated imFI G..2F, vehicléz20trgyincl idesthvotling

VY2LLY B1A% Ao Ao~

system 220, braking,system 230, and;steeringzsystemn240.). System11000agyprovidesi npUSS(e.g-,-contron!

Y
S';QQELSL}?GODP.@OL morecof throttling gsystem220,) brakingesystem<230) and<steering osySaTT 2400V ToRCoP

more data li nks‘(e.g.,'any)wi'rgq and/or wireless dinkkorilinkssfortransmitting tdata).) FBr"ekéfhbl‘e‘,“* basador™

UIC uata 1t

analysis of images acquired byyi mageccapture devices<122),124 }and/or 1126, sysiém1d(hiay provide®
JAd Ve T N - -

control signals;toone or,more of throttling ¢systemi220)braking gsystemr230)andteering Sy &40 100

o

navigate. c/ehi cle 200 (e.g., by,causing @n;accel eration, saturn,xad anesshift tetc.).)Further, rsy'st"e‘rﬁrlba(?ﬁ&?y

- 111w
ORI VR

preson

reiccei ¥;e\/inP.lﬂt§tI rom, one, or;more.of throttling system1220,Jbraking (system 1230,Jand steeri rfg ‘S'sy'st"é'rﬁ’??ld‘
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jrindicating, operating; conditions, of vehicle: 200¢(e.g.,jspeed,whether rvehicle* 2005 §brakingVand/orturming,
¢EIC) L:I;‘_Jbrlt.b‘er ‘jdetailsyareyprovided rinconnection awith*FIGS 44-72below.

[(0141] sA5ishown,in<FIG33Ayvehicle:200mayial sorincluder alsey nterfacel 170 Forlinteracting
wWith, aydriver,or,ajpassenger yof vehicle200.FFor:example, Juser i nterfacel T70%irRavehicleapplication Mgy

uinclude, atouch; screen; 320,<knabs3 330,sbuttons3 340 2anchaimi crophone3350.“Aldriver 36P’ﬁ)"a°s‘éenﬁ”g°ér°8f

FLIYSEVAW)

yvehicle;200,may ;also use-handles;(e.g. |docated onornear:thessteering >column8f vehicle2200'including,
(for.example,¢turn;signal thandles), tbuttons{ (.g. llocatedcort thessteeringswheél o6f vehicl €2500) 2and-the
liketointeract,withssystem 100.11nssomezembodiments, rmicrophone 3350wy tbet positioned 2adj acent'tc’a

rearview, mirror :310.¢Similarly, iinssomecembodi ments, iimageccapturecdevice | 752miay toel l ocated 1iékr

r\./“l ¥
rearview, mirror :310.1Inssomeeembodiments, wseriinterfacel170rmayeal sofincl udeGiiesr AiGfeSspeakers
-360(e.9.,sspeakers of avehidle audiossystem). FForcexample, ssystem 1160y fprovide arious!notifications
((eg., Alerts) yiaspeakers:360.

([0142] FIGS. :3B-3D careiillustrations «f ancexemplary ccameraimourit 70t configured ffolbe

.....

gonsistent with disclosed embodiments. A ssshown iiniFI G. 3B, cameraimourit 370 Y finclude fimage
capture devices 122, 124, ;and "126. I mage capture devices ‘124 iand 126 Tz lbelpositioned 'behind Aiglare
shield 380, which may ibe flush against the-vehicle windshield ‘and finclude a'composition ©f film ‘and/or

DLV o o

anti-reflective materials, For example, glare shield 380 may be positioned such that the shieid digns

[Nl QT

against a vehicle windshield having amatching slope. In some embodiments, each of image eaptiiré

I

devices 122, 124, and 126 may be positioned behind glare shield 380, a5 depicted, for example, in FIG.
3D. The disclosed embodiments are not limited to any particular configuration of image Eaptiiré devices
122, 124, and 126, camera mount 370, and glare shield 380. FIG. 3C is an iliustration 6f GAM&E MouNt
370 shown in FIG. 3B from a front perspective..

[0143]) A willj be appreciated. by a person. skilled.in the art having. the benefit: 6f this disclosire,
numerous, variations; and/ar- madifications: may' be made to the: foregoing; disclosed! embodiments. - FOF
example, not; allj components; are essential | for-the: operation: of system: 160.- Eurther,» &%’ comporient: may’
be located;in any,approgri ate;part;of 'systemi 1(0 andithe:componentss My’ be'rearranged linto évér‘i:ét‘y' 6f
configurations;while: providing; the:functionality +of the:disclosed lembodiments. - Therefore, »the’ foregoing?
configurations;are,examplessand, regardlesssof the:configurati onssdiscussed labove, et 100 G
provide,gwide.range,of functionality /toyanal yzesthessurroundingssof vehicle2200) andinavigate®vehicie’ 200
[ Myresponse;t othe.analysis..,

[0144]| A sydiscussed jbelow,imfurther rdetail landiiconsitent twifvarioussdiscl osed Jembodiments ™
system, 100ymay providezasvariety ,of featuressrelated ftxauitonomoussdfivingzand/or fofiver Tassist
t@ghgglﬁqu.{,_l{og Iexarnp! e,; System100{mayyanal yzeei magecdata,posi tion ﬂdétaf(é.g.,-GﬁP“SSI ocation
information),) map,data, speed;data,..and/or 1dataefrom-sensorssincl udeddinivehicl €e200)-System 211000y
collect.thedatafor analysisfrom, forexample, :imagecacquisitiontunitit120) position PSEABSFT130) and other T

sensors;; Further, systemp, 00(may yanalyzeheccollecteddatactocdeterminewhether o vehicl <2000

DVIIOULD.

should take a.certain action, and¢thenrautomatical ly ytakesthecdetermined actiontwi thout "humann

v uil vax
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______

- intervention.zFor.example, swhen,vehicle! 2001navigatesiwithout \human fintervention, sigystem! A00% iy

1rl Wl YARILAV A, 2 W oW T T aasae
qautomatically ,control jthe,braking,accel eration, 1and/or; steering »6f vehicle2200:(e.g. ,'Dby;'seridi ng’ control
s Signals to,one, or,more,of throttling s system220,sbrakings sy stem: 230,2andv'steering’ sy stem?240) TFurther,

......... 4

s System, 100,may,analyze the:collected jdataaand i ssuevwarningsand/or 1l ertstorvehicleX66tiiparits based’on
t&,fgedanagl ysis,of the.col lected idata.#Additional idetails-regarding:thewari ous:embodiments-that¥ provided
tlgy@/seml 300,are-provided -helow.

[,[014E:>] fForward-Faci ng \Multi-Imaging SSystem

[[0146] ,As.discussedsabovessysteml 100rmaypprovidecdrivesassistffunctionality tthat it muiti

camera,system. T he,multi-camera ssystemrmay useconecorrmorexcanerasffacinglinithefforward-direction?6f

A S

Avehicle.rIn.other embodiments, tthermulti-camerassystemrmayiincl udecoriecormisreccaniarasitaci ngtfot'tﬁe

ViV IvE Siahd

Side of ayvehiclegritosthesrear (of thewehicle. Iinconesembodiment, fforcexample, ssystern 120y i&fa

{wo-camerajimaging system, wherezaffirstcamerazandzassecond ccamera((e.g., iimage<captiire‘devices 1 122

and (124)may (he,positioned et theffront :and/or tthe:sides«df avehicle((e.g., vehi cle200). Theffirst Cidra
\may have affield of view that iisgreater tthan, lessithan, orjpartially «overlapping with, tfhe field & view f

the.second camera, |In addition, the first camera:may Ibeiconnected tozafirst image proteasdr ftolperform
monocular jimage analysis of images provided by the first camera, ‘and tthesecond CAMEFa Ty Ibe

Inunoe

connected 1o, a.second image processor to-perform monocular image ianalysis ©f images Iprovi ded 'by the

CULLLIVUMTNG W o~ T asse

second camera. ‘The outputs (e.g., processed :information) «of the first iand second iimage PrOCRESOFS Thay e

Svevunag Ui

combined. 1n.some embodiments, the second image processor may receive images from both the first

Uiiivess ARL UNTALE LSS

camera and second camera to perform stereo analysis. In another embodiment, system 100 Wy Ug 2

WALLIVI QMW DWW Waaase v e v

A~ AV

three-camera imaging system where each of the cameras has a different field of view. Such 2 gy&t& May,

(RS TRV PR ey

therefore, make decisions based on information derived from objects located & varying distances both
forward and to the sides of the vehicle. References to monocular image analysis may refer {6 instances
where image analysis, is performed. based on images captured from asingle point-of view (e.g., from &

single camera). Stereg image analysis; may refer to instances where image analysi’s i§ performed’ based 6f

two, or.more, images; cagturedlwi th, one or-more: variations; of ‘ariimage: capture: parameter.- For' example,”

s v e a e

MLl LwE s

Qo an

c_qnfiggration \usi ngji mag'egcaqture;devi ces; 122, 124,,and| 26. . Imsuchhaconfiguration, ,i}nage3 capture’
devige, 122may providesanarrow fieldiof view:(e.g.,,34tdegrees, ,ortothertvaluesssel ected rom@rarge s
about,20tgA5;degrees, etc.),, image:capture:device: 124imay/providezawidesfie dof view!(e.g.,- 150
degrees;or,other,valuessselected fromarange:of faboutt 1003t cvabout t 180 degrees), -andlimagescapiiire
device,126:may, providezamintermediatesfieldiof view(e.g. . A65degreessortothertval UesSsel ectedfromat
range.of (ahout 35sto,about 60ydegrees).). Imsomesembodiments, magescapturesdevices 1265y act fadset
Main.or primary ycamera. | mageccapturecdevicess122.,124} andd126tmay3bespositioned “benind<rearviewV

mirror 310cand.positioned ;substantially yside-by-sidec(e.g. . 66cmnapart).) Further,fi Prsoiiecéembodiments,  a&S

FEYREY) s
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Jdiscussed above, one,or;more,of image;captureldevices 1122, :1241and 71267y be mounted*behind/glare
shield 380;thatjisyflush,withitheywindshield) of vehicle! 2003 Suchlshielding iayvactad mini mizelthe impact

Slu\du Juv

oOf, any seflections;from;insidethe car,onrimage: captureidevices 1221124 and 126,
(0148] 1,In, another embodiment, asicli scussed: aboverin:connection With FIGS3 3Bt and ackhe

JWidefield of view,camera (e.g., image;captureidevicel 124rirtitherabovezexample) gy bemounted I ower

gthan,the,narrow and,main:field,of view:cameras(e.g.imageidevicesl 1221andl 156 lirtkthetabove’ example).

1CiEl Lilv l]ull\.l vy
1This,configuration ,may ;provide; freeili neof sightfromithevwiderfieldo6f view eariera TT o'reduce
reflections, ; the.cameras mayy-be-mounted:close:ta thevwindshield :6f vehicl 2200 3and" iz linclude

SOl e

r_pol ari_;e(sogln;theacamerasI@deampr[eﬂected{-‘light.

Aln WAALLIWE v

[0149] A three camerassystem;may;provideccertaingperformanceccharacteristics. Froriexample,
[LNE) A0 el s £

<Some embodiments, may;incl ude,an;abilitytowalidatetthecdetection of -0bj ectsthy coreccanisratbasedh

[SXCICTEFrI Oy o PP o)

detection resultsfrom another camera [l nithegthreeccameracconfiguration cdiscussed zabove, fprocessing Winit

Gureouui fusw

iscussed ,above), \with each processing (devicededicated ttojprocessing i mages<captured tby SHeBr et
;image capture devices 1122, 1124, .and 1126.

_____ -

[0150] |In aghree camera system, afirst jrocessing dleviceimay receive mages from 'both the

main camera.and the narrow ffield of view camera, :andjperform vision processing of fthe W FOV

an Laravia b

camera to, for example, detect other vehicles, |pedestrians, lane marks, traffic signs, traffic lights, and
other road objects. Further, the first processing device may calculate adi sparity of pixels between the
images from the main camera and the narrow camera and create @ 3D reconstruction of the environment

of vehicle 200. The first processing device may then combine the 3D reconstruction with 35 Fap data of

Ul YVIUWVIWY &uw

with 3D information calculated based on information from another camera.

[0151] The second processing device may receive images from main camea and perform vision
processing to detect other. vehicles, pedestrians,, lane marks, traffic: signs, traffic: lights, and other road

J i R
r

objects. Additionally, the second, processing; device may- calculate: a carmera displacement and, based 6/
the, displacement, calculate, a disparity- of pixels between: successive: images and create a 3D
reconstruction, of the, scene, @'Q‘ ,, & structure:frommotion).. The: secondl processing; device’ gy’ sendlthe

LVVULID U ULV

structure, from, motion, based 3D reconstructionto the first:processing; devices to be combined!withthe

SR IR)images.
[0152]} Thesthirdjprocessing;device:may,receive:imagessfromithiezwi deFOV’ g sandl rasess
the,images;to, detect,vehicles, pedestrians, lanesmarks, traffic:signs, traffic:lights,-andlothertroadobjects:-

The, third;processing ,device;:may, further rexecutezadditional Iprocess Ag2ihstructionssttPanaly ze2i magesitd

[0153] ; In,someembodiments, ; having;streamssof fimage-based finformation icaptiredand?

‘ prgcessgzq Andependently 5may>p‘rovi decanropportunity yfor iprovidinggredundancy i hfth'efsy‘s'fér”n“ﬂls‘ﬁéhh

rg@gqgancyjmayg nclude,, for,example, » usinggaefirstiimageccaptureedevi Gecandcthesimagessprocessed from?
that device to validate and/or, ,]supp!ement vinformation robtai nedcbysycapturingganddprocessing &imagee

widi uv vaick WG Vi

information, from,at,|east;a.second magecapturecdevice..

vl nanuls v d TR ST ET T U
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10154] 1,In,some; embodiments, ; systeml 1L0mmay 1use-twotimage: captureldevices{(e.g., limage
captureydevices) 122, andj 124) jinyproviding inavigationassistance for vehicle2 200 arditg& lthirdimage
ccéptureigagqu'(%g.,i,i mage;captureidevice| 126)tgprovide redundancy 1andval idate’thetanalysisbfldata
r gég‘ei'\égd 5fromthe,other two j mage:captureidevicesFForsexampl e, linssuchaaconfiguration, limage’eaptiire
gqdevices; 122,and; 124,may -provide;imagesffor; sterecaanalysisshyssysteml 160ffornavigating wehicl 2200,
\While,image:capture device; 126-may provideiimagesfor:monocular xanalysisthyssystem! 160 tcF provide
rredundangy ,and,validation -of .information -obtai ned:basedconiimagesccaptured{fromii mageceaitiife-device
ﬁzuzagr}g/vq’r jimageccapturecdevice|124.1Thatiis i mageccapturecdevicel 126((andeatcorresponding Fprocessing
CQe\(ircVe/) Imthtlecgqgsi idered it O provide;aredundant ssub-system fforgproviding eaccheck contthezanal yéi s

System). jFurthermore, jinssomeeembodiments, rredundancy zandwalidation cf received Cdatafﬁﬁ‘ay‘be

supplemented based @njinformation received ffromconeimoressersors((e.g., tradar, liidar, ‘acoustic S8,

sinformation received from oneorimorettransceivers coutside cf @vehicle, etc.).

FETEVIV Uy tedy

described relative to the overall system may be:assembled iand used iin@variety ©f different
configurations without departing from the scope of the disclosed embodiments. Further ‘details regarding

15iubave woesasama o )

below,

[0156] FIG, 4 is an exemplary functional block diagram of memory 140 and/or 150, which may
be store(;/programmed with ingtructions for performing one or more operations consistent with the
disclosed énég@imqr];g_ Although the following refers to memory 140, one of skill in the &t will
recognize, that. instructions may be stored in memory 140 and/or 150.

) [0157] | As shown in FIG. 4, memory: 140 may' store amonocular 'image andysis module 402, &
stereo, image, analysis, module, 404, a velocity- and acceleration. module: 406, and & navigational | F&S56RSE
module, 408. The. disclosed| embodiments; are not: limitedito any’ particular * configuration  6f HEWGH)’ 140:
Further, appl ication, processor - 180 and/or-image; processor * 190} may” executerthes instructionss stored! it &%

FYSRETeRvEY

image, processor - j90)individually or-collectively. .Accordingly, ,steps of ‘any’ of thexfollowing s preease’s
may. :tmug gerformed 1b¥ ;0Nesor-moresprocessing sdevices. .

[0158]} Iyanesembodiment, ,monocular rimagesanalysiss modul e:402mesy/ storesinstructionss(such?
as,computer (vision,software) ywhich, whenexecutediby,processingzunitt 110),performssmonocul ar fimage®
analysisy0f (aset of fimagessacquired by, onezof (imagezcapturezdevicess 122,,124andd 126.-| nsiiifee
embodiments,; processing ;unit + 110;mayycombinezinformation fromaset tof i magesswithdadditional gy
described :in.connection ;withFI GS,; 5A-5D below, monocul ar fimagesanal ysissmodul ee4022ragincl ude®

wirvaad &
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pPedestrians, .road;signs shighway sexit:ramps, strafficli ghts,hazardous>objects, 2andhaty>other feature
aass0ci ated ,with, an.environment ,of ;g vehicle.tBasedronitheranalysis,ssystemt 100/(e.g. vi aprocessinglunit

1 1119)3mgyggélg@eggoeggtlmggqqna\/[gati onal -responsesiiinwehicle2200,ssuchaasid turn,2di anes shift 2&change in

aaCceleration, ;andithe ike yasidiscussed -bel ow sinsconnection withanavigational rresperiseTmodl e*408.
(Of first,andssecondssets of imageszacquiredtbyzaccombination cof imageccapturecdevi cesssél ected from@ay
(9 image capture devices| 122,1124,;and]126.]| nssomexembodiments, fprocessing urit! 1fomiayccombine
.information fromthegfirst.andssecondssetsof (i mageswithzadditi onal ssensory information ((e.g.,
;information from;radar) itojperform thesstereoiimagezanalysis. IForcexample, sétereoiimagezanalysi s'module
/404, may jincludejinstructions fforjperforming sstereoiimagezanalysisthased wnzaffi rstssétaffiimagestacquired
1oy;i maée@apture@,ey_i ce 1124,andassecond ssetof i mages:acqui red thy iimage«capture device 1126.:A s
ddlqqurjpveg iiI; connection with JFIG. G1below, sstereoiimageanalysisimodul e 404 iy iincl udefinstructions
for detecting et of features within thefirst:and:second ssetsdf iimages, ssuchassllaneimarkings, 'vehicles,
pedestrians, yoad signs, highway exit ramps, traffic lights, Inazardous objects, iand the llike. Based Sh'the
analysis, processing wnit (110,may cause one.or morenavigational responses fin 'vehicle 200, 'such %%
ggyg,: alane shift, a.change in acceleration, and the like, asdiscussed below inconnection with
.navigational response module 408. Furthermore, ‘in.some embodiments, stereo image analysis moduie
404 may implement techniques associated with atrained system (such a8 aneural network OF 2 deep
neural r]etwork)/ or an untrained system, such as a system that may be configured to Use computer vision
algorithms to detect and/or label objects in an environment from which sensory information Was caofured‘
gna ‘processed.. [n one embodiment, stereo image analysis module 404 and/or other image processing

modules may be configured to use a combination of atrained and untrained system..

tg analyze, data received from one or more, computing; and electromechanical - devices in veficle' 200 that'
are con;‘i gured; to, cause, a change in, velocity- and/or- acceleration: of 'vehicle: 200.. For’ example,» process ng:
unit. 13 rvnay exegute. ingtructions; associated| with vel ocity andl accel erationt modul e: 406 to calcul ate’ &
target[sgeedi for.vehicle, 200 based on, data, deri ved! fromi executioniof monocular “image’ analysis module!
‘1.(12: and/or.stereg, i mage, analysis;module;404.. Such datamay’include,, for-example,» atargettpositi on,
velocity, and/or;acceleration, the;positionyand/or-speediof vehicle:200relative:toanearby vehicle,
pedestrian, or,roadjobject, position,informationsforrvehicle:200)relativestolanemarkingssof theroad, -and!
tb@cl ike, In,addition, processing yunitt3 10may,calcul ate>atarget tspeediforrvehiclé: 200 based o SRy
inputy(e.g., information, fromyradar) yandiinputtfrormotherrsystemssoftvehicl e:200;,suchasthrottlingZsy&em
2_2_6)1,;br\ak7n93${3em]230,.,qr_1d[o[ ysteeringsystem240)of vehicle=200). Based iomthiescal cul ated target tspeed,
processing,unit}10ymay, transmit el ectroniczsignalstosthrottling rsystem220)] brakingzsysténiiZ3t)-and/or
steen nggw'stemlzflocoj \vehiclec200cto-trigger jachangesin-vel ocity yand/or 1accel ération by, fortexample, >

physically ydepr ng gthecbrakecor ieasinguproff thesaccel erator 1of lvehicl €£200).
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[‘[. 1 3,6]] 11 ngones-embodi ment, pnavigational rresponsermodul e1408-maysstoressoftwaresexecutabl e"by
1Cproc ng Junit; 110; tosdeterminea:desired-navigational rresponsetbased-oncdataderived ffromeexecuitiono&f
Fpositi onzandsspeed;informati on sassociatedswithrnearbywehicles, ypedestrians, gandrroadcobjects,ttargét
1[positi on;informationfor,vehicle;200,zandithel like.,Additional ly, iinssomecembodiments, tthet navigational
yresponse;may therbased (partially corffully)conimapcdata,zappredetermined [posifion cdf weéhi clez200,zand/orea
[relative,veloci ty (Or:arelative ;accel eration tbetweenvehi cl e2200zandcorecor imorecobj ectscdetectedffrom
«execution of monocul ar jimageanalysis;modul e402:and/or sstereoiimagezanalysi stmodul e404.

INavi 9ationa| iresponse;modul e 408,may -al sodeterminezacdes redinavigational response thased GhA ISy
ii r}put((e.vgi ,jinformation {from,radar) ;andjinputsffromcother ssystemsdf vehicle 2200, ssuchaastthrotiling
System:220, jbraking system:230, ;and steering ssystem 240 df vehicl €7200.1Based whtthedesired
jnavigational response, jprocessing wnit 1130;may ttransmit eelectronic signalsttothrottling system 220,
Joraking system:230, ;and steering system 240 of vehicle 200 tottrigger adesired navigational Mot by,
for ‘exam‘pl e, turning the steering wheel (of vehicle’200 to:achieve aurotation ©f @predetennined ‘angle. in
Some embodiments, |processing unit ‘110 may use the output of navigational rresponse module 408 feq.
the desired navigational response) :as:an input to execution of velocity :and accel eration module 406 for
calculati ng @change in speed of vehicle 200.

[0162] Furthermore, any of the modules (e.g., modules 402, 404, and 406) disclosed herein My
impl ement techniques associated with atrained system (such as aneural network or a deep neural
network) or an untrained system.

[0163]_ FIG. 5A is aflowchart showing an exemplary process 500A for causing one of more
navigational responses based on monocular image analysis, consistent with disclosed embodiments. At
step 510, processing unit 110 may receive aplurality of images via data interface 128 between processing
unit 110 and image acquisition unit 120, For instance, a camera included in image acquisition unit 120
(such asimage capture device. 122 having, field of view 202) may capture aplurdity of images of & aréa
forward of vehicle 200 (or- to the sides or rear of ‘a vehicle, for example) and transmit: them over & data
connection (e.g., digital, wired, USB,, wireless, Bluetooth,, etc.) to processing; unit 116. Processing: unit
119 may: execute monacular - image analysis; module: 402 to analyze:the: plurality’ of images et step 520, &s
described in, further-detail| in, connection, with, FIGS.. 5B-5D) bel ow.. By’ performing; the: analysis, processing:
unit; 330 may; detect; a set; of features; withinithe: set; of images,, suchias lane markings, , veficles,,
E)edeﬂrians,,[qqdlg gns, highway - exitoramps,  traffic:lights,, andithe like..

[0164]] Processing;unit; 130 may also execute:monocul ar image: analysissmodul e: 402t detectt
various; roadjhazards; atystep, 520, suchias, forrexample,  partss of ‘aitruck:tire,, fallemroadisigns, . loose’ & gfts,»

1,24

smalljanimals, andjtheslike. Roadihazardssmay,vary/imstructure, ,shape, size,,andlcolor,,whichinmiey make:
detection, of :such,hazardssmore:challenging. . Imsome:embodiments, ,processingzunitt 1 1 0mey/execute®
monocular imagesanalysissmodule;402toyperformmulti-framezanalysissomthezpl urality /of imagesito

detect;roadihazards, Forrexample, processingunitt 110)mayyestimatezcameraamoti onibetweenconsecutive

image.framessand;cal cul ate:the:di sparitiessihpixel ssbetweemthesframesst oconstruct taiS‘ID“—maplofftH@roadl-
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pProcess ng Junit] 130:maythen use the33D-map:toldetect the: roadssurface, 2agwel [3adhazardsexisti ngiébove
tthe-roadssurface.

[[0165] /Atssteps530,¢processing sunitl 110rmayzexecute navigational rresponse modul el408 o ige
One.ormorernavigational sresponsesiinwehicle2200tbasedcont theaanalysistperformed aatsstep’520Pandithe
ttechni guesagsCQ@gg[LQQd abovejin.connectionswithfFI G.44 INavigational rresponssstmayiincl ude,ffor
eexarr]pl egaturn, ;g lanesshift,zacchangeiinzaccel eration, aandtthel like.IlInssomecembodiments, Fproc ngLuhit
1}10;may, use datacderivedfromeexecutionof wel ocity zandeaccel erationtmodul e406tt occalisetthe s ielsr
Imqrve,navivgational rresponses. Additionally, imultiplernavigational IresponsasImay Cocelr <si multaneous] Y, iih
<Sequence, Qrzany combination tthereof. IForiinstance, processing wnit 11501mmay ccatiseehicle300tfosshift
onejlaneover andithen accel erate tby, fforeexample, ssequentially ttransmitting <control ssignal sftossteering
System:240 andithrottling «system:220 df wehicle’200. Alternatively, jprocessing unit 110mRy Calise
Vehicle-200 tojbrakewhilezat thessame time:shifting llaneslby, ffor example, ‘simuitaneously ftransmitting
gontrol signalsitoibraking system:230:andssteering ssystem 240 vehicle200.

[[0166] |FIG. 5B iis:aiflowchart sshowing :anexemplary jprocess 5008 for detecting GO HiTIR
vehicles and/or pedestrians in aset of images, consistent with «iisclosed embodiments. [Processing 'unit
110 may gxecute monocular iimage analysis module 402 to implement jprocess S00B. Atistep 540,
processing unit 110 may determine a.set of candidate objects representing possibie vehidies iand/or
pedestrians. For example, processing unit 110 may :scan one or more images, tompare the images to oh@
obj ects of interest (e.g., vehicles, pedestrians, or portions thereof). The predetermined patterns May be
designed in such a way to achieve a high rate of “false hits’ and alow rate of “misses.” For example,
processing unit 110 may use alow threshold of similarity to predetermined patterns for identifying

AAAAA

candidate oblects as possible vehicles or pedestrians.. Doing so may allow processing unit 110 {6 reduce
the probabilit)_/ of missing (e.g., not identifying) acandidate object representing. a vehicle of pedest'ri’an.-
[0167] At step, 542, processing, unit 110 may filter the set of candidate: objects 0 exclude certain

derived from, various properties; associated| with: object: types stored! in a database’ (e.g.,» & database’ stored

in, memory: 140)., Properties;may-include object: shape,, dimensions,, texture,, posi tiont (e.g.,relative’to

candidates; from the set; of ‘candidate: objects..

[0168]] Atrstep,544,, processing;unitt 110)may analyze:multiple:frames of imagesito determine’
whether objects;inthe; settof ‘candidate: objects; representtvehicles andlor pedestrians. - Forrexampl e
Qroc ng,unit 110)may track:a detectedicandidate:objecttacrosss consecutivesframess andtaccumul ate?
frame-by-frame, datayassociated jwithithesdetectediobjectt(e.g.,sizey,positionrel ativestovehicle 200, etc.).-
Additionally, processing;unitt J10)may,estimatezparameterssforrthezdetectediobj ecttandicomperethes
obj ect’ ssframe-by-framezposition datait oyaapredi ctediposition..

[0169]] Atstep;546, processingaunitt 110 mayyconstruct teasettof measurementssforithesdetected?

objects; Such-measurementssmayyinclude;: forrexample,.position,i.vel oci ty,.andJaccel érationval uess

~ea 1alwv
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((relative o vehicle,200),associated \withithel detected> objects. 1l nesomeiembadiments, Jprocessing'unit 110
May. construct jtheymeasurements sbased, onesti mati ontechniquestusing a'sériesbf itime-based observations

ssuch, asK almanjfilters, orilinear; quadraticsestimation (L QE) rand/orbasecb ort avai lable'modeling'data‘or

Jdifferent object types (e.g.,scars;trucks, pedestrians, bicycles, roads signs,>etc.) Tihek alman FilterstAky be

Tiviwrie O

pPased,on,ameasurement yof amobject’ syscaleywherelthescal elmeawremeht'fiélpropofiionél ‘t@4timeto

U \)u d

callision-(e.g.;theyamount,of timefforyvehicle2200:toreachithedobject) TihusPbysperforming > $858540-

Curroruis

554v(;3,ppro:: ng unit; 130;may;identify wehiclesaand:pedestriansagppearing withi nlthes88f ‘captured
images,andiderive;information; (e.g.,pposition,sspeedssize)aassociated with'thewehidlestandfpedestrians.
1Based on;the;identification sand;thecderivediinformation, pprocessing unit! 12 ringyccalisecoiedriore
ynavigational ;responses;nyehicle;200,aasidescribedii n:connectionwithFFIG.55A @above.

[[0170] ,Atgstep:548, processing wnit11(ormaygperform eancoptical fflowzanalysi st BieSriidre

P
a Yuiuvaw

vehigle grjpedestrian. -Theoptical fflowzanalysisimayrefertto, fforcexample, tanal yzingmotion fpatterns
[relativeto.vehicle:200iinithe onerimoreiimageszassociated withother vehicl estandlpedestrians, ‘and'that

e distinct from,road surface motion. IProcessing winit 11101may <cal cul ate thelmotion ®f candidate ‘objects

i

nro.

by pbserving the different |positions of the.objects :acrossimultiple image fframes, ‘which ‘are‘cabturéi‘j G

Pt b SR

different times, -Processing wnit 1110 ‘may wsethe position iand time val ues & inputs i nto 'mathematical

VAWAAL VLA,

[models for calculating the motion of the candidate objects. Thus, optical flow ‘andysis Thay Iprovi de

JYSLVIVIVZTCRP A VY
11N

another method of detecting vehicles and pedestrians that are nearby vehicie 200. Processing unit 110

QU LLLIWL LRIV biL

may perform optical flow ;analysis in combination with steps 540-546 to provide redundancy for detectm@
vehicles and pedestrians and increase the reliability of system 100.

[0171] FIG. 5C is aflowchart showing an exemplary process 500C for detecting road marks
and/or lane geometry information in a set of images, consistent with disciosed embodiments. Processing

unit 110 may execute, manocular-image analysis module 402 to implement: pracess 500C: At &ép 550,

ULy 11

|lang markings, lane geometry - information,, and other- pertinent:road! marks, processing: unit 110 may filter
the, et of objects; tg exclude; those: determinedito be irrelevant: (e.g.., minor’ potholes,: smalil rocks;s €ic.) - At
step, 552, processing; unit; 130 may- grouptogether the segmentss detected! in sta 550 belonging: {0 the AR
roadymark. or.lane mark, Basedjomithe:grouping, ,processingzunitt 110 ey’ devel op>@model [{@ represeiitithe’

detected; segments, suchasamathematical Imodel...
[0172]] Atysten,554, processing zunitt 110)mayconstruct taisettof Teastirenmientssassoci ated with'the®
detectedsegments, I, some:embodiments, . processing:unitt 110)may/ creatéproj ection 16f the>detected
segmentsgfromythesimage:plane:onto,thesreal-world jplane. Thezproj ection e bescharactérized usingid
3ro-degreepolynomial havingcoefficientsscorresponding stoophysicalproperti ésssuchathesposition;
““““ 2

unit110rmaytakeeintocagcount schangessiirtheeroad:surface,:aswell lasspitchtandtrol Il rfés associ ated withh

vehicle200, | naddition,, processing cunitit1100maysmodel: thesroadcel evati onrbysanalyzing éposition Cand?
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PN

nmgtlgnsgggs;present Jon the-road; surface.FFurther pprocessing Junitl 10 ntmayzestimate-thepi tchtand'rol I'fates
aassoci ated,with,vehicle)200:by:trackingaas set:6f featurezpoi ntshirtthe>xonedormorelimages.

[[0173] /At;steps556 cprocessing unitl 110:may:perform:multi-frame2analys stby ffor*example,
ttracki Qgghe@e’gec’ged ssegmentsaacrosscconsecutiveii magefframesaandaaccumul ating fframe-by-f rameddata
a@ssoci ated, with detectedssegments. /A gprocessingcunitl 110gperformstmulti-frame2analysis, tthessétodf
measurementsconstructed atssteps554rmaytbecomermorerreliabl ezandzassociated ‘withzaniincreasingly
thigher confidencelevel - Thus, tbygperforming sstepsi550, 4552, 554,zand<556, fprocessing tunit 1 1 10iay
jidenti fyr[qu, markscappearing withintthessetcdf :capturediimageszandcderivellanesgeometry ii nformation.
1Based onithejidentification ;andithecderivediinformation, fprocessing wnit 11 10miay calise e iidie
jhavigational ;responsesiinyehicle;200, ascdescribediincconnection withIFIG.5A, @bove.

[[0174] At:step 558, jprocessing wnit 1110imay cconsider zadditional ssourtessf linformation o
{further devel op acsafety model ffor wehicleZ200iintthe«context of iitssurroundings. IProcessing nit 1110 gy
@usvett‘hgrssﬁet_y imodel {0 define @accontext jin-which ssystem 11001may «execute ‘@aLitonomous «control ®f ‘vehi c'l e
200in asafe manner, Todevelop thesafety model , iinssomeembodiments, Jprocessing 'unit 110y
road :mape‘descri ptions extracted from map datai(such :asdata from map database 160). BY ‘consi dering
additional sources of jinformation, processing unit 110 may provide redundancy for detecting road marks
and |ane geometry and increase the reliability of isystem 100.

[0175] FIG, 5D is aflowchart showing an exemplary process 500D for detecting traffic lights in

YL s

~

image analysis module 402 to implement process 500D. At step 560, processing unit 110 may &23h the s&t
of images and identify objects appearing & locations in the images likely to contain traffic iights. For
example, processing unit 110 may filter the identified objects to construct a set of candidate objects,
excludi ng those objects unlikely to correspond to traffic lights. The filtering may be done based 6#

various properties associated with traffic lights, such as shape, dimensions, texture,. position (e.g.; relative
tg vehicle 200), andithe like. Such, properties; may- be based. on multiple: examples: of traffic: lights and
traffic control; signals; and stored in a database.. In some embodiments,, processing; unit: 110 gy’ perform:
multi-frame; analysis; ony the: set: of ‘candidate: objects reflecting; possible: traffic: lights. For' exampl e
processing; unit; 130 may:track: thes candidate: objects; across consecuti verimage: frames estimate’the’ real -
world|position, of the candidate: objects,, andi filter-out:those: objects that! are movings (whichtag unlikely't@
betraffic,li gvhts),._ |, Some embodiments, , processing; unitt 110y may” performi color"analysis otithe? candidate’
objuect% andjidentify the:relative:positiomof the:detected] col orss appearingsinside: possibletraffic: I'i'gﬁts-
[0176]] Attstep,562, processingunitt 110)maysanalyze:thesgeometry of ajunction. - The’anal ysiss
may, be.basediomany, combination of (i ))thesnumberrof ‘| anessdetected lomeitherrsidessfivehicl €2200,(ii))
markingss(suchyagsarrow,; marks) ydetected jomthesroad,,andi(iii) )descriptionssof fthej unction Yextractedifrom?
magjdg%($ch 18Sdatayfromymap,database:160) ). Processingzuni tt1103mayyconduct tthesanal ysisSusi 'ngé

informati onderived fromsexecution of Imonocul ar ranalysissmodul e2402... nadditi on, sProcessing2unitt 1 o)
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nmayydetermine;a:correspondence:between the:traffic.li ghtsldetectedaats stepS5602and the | anestappearing
near,vehicle)200.

[[0177] ;As\vehicley200.approaches;thejjunction, aatssteps564,rprocessingUunit! 12 rigytupdate the
confidence; | evel associ ated with:thesanal y zedjjunction ageometry sandithecdetected:trafficllights.Fror
instance,theynumber-of traffici lightscestimatedttosappesrattthefjunctionaas-compared'withtthetnumber
gactually,appearinggatithejjunction rmayiimpacttthecconfi dencellevel 7T hus tbasedconttheccontidencel level,
l[proc ngunit310ymay del egateccontrol ttotthexdriverdfivehicleZ200iincorderttoiimprovessafety
Eg,qpeari nvg\y\(['gh[ntgh'ess_ethf :capturediimageszandzanalyzejjunction fgeometry iinformation. IBased®htthe

iidentification andithe:analysis, jprocessingwnit 11101may «causeconesorimoretnavigational Tr”e%bb“n"s"e“siih

Aatisawarvs was Griavy Ll

\ehicle-200, asdescribediinconnection-withlFIG. 15A, @bove.

[0178] |FIG. SEjisafflowchart showing:anexemplary Jprocess 500E ffor causing GHedr e
Jnavi 9ati onal ,re@ponsesii‘n‘y;ehi cle:2001based con:avehiclepath, «consi stent 'with ithedi scl osed tembodiments.
Al step 570, processing unit 1110;may construct aniinitial vehiclejpath ‘associated ‘with vehicle200. The
yvehiclepath,may (be represented using ia:set of jpoints expressed iin coordinates (x, 2), iand the diistanced,
between two Lpoi ntsin the set of points: may fall intherangeof 1to.5:meters. Ih onhe‘embodiment,
.‘proc ng unit 110 may construct the initial vehicle path using two polynomidls, 'such &1 eft and ri g‘h't
road ‘poI'ynomials Processing unit 110 may calculate the geometric midpoint between the tWo
polynomials and offset each point included in the resuitant vehicle path by apredetermined offset (e.g., &
smart lane offset), if any (an offset of zero may correspond to travel in the middie of aiane). The offset
may be in adirection perpendicular to a segment between any two points in the vehice path. in another
embodiment, processing unit 110 may use one polynomial and an estimated Tane widith to offset each
point of the vehicle path by half the estimated lane widith plus apredetermined offset (e.g., asmait iane
offset).

[0179]) At step 572, processing; unit 110 may update the vehicle path constructed & stéy 570.
Processing. unit. 110 may- reconstruct:the vehicle path constructed at: step 570 using & higher resolution,
such that. the distance d, between, two points in the set. of points representing; the vehicle: pathiiis less than:
the distance d; described) above.. For-example, the distance:d,; may’ falllinthe rarige of 0:1to 6.3 meters:
Processing; unif; 110 may. reconstruct:the; vehicle: pathi using;a parabolic: spline algorithm,, whicht imay yield
a cumulative. distance vector-Srcorresponding; tothe totall lengthi of the:vehicle: pathi (i'e. , based! orithe’ st
Qf, points;representing; the: vehicle:path)..

[0180]) Atsstep,574,,processing;unitt 110)may: determine:al ook-ahead! pointt (expressed!iif
coordinates;as (xi, »))basediomthe: updatedivehiclepathiconstructediatt step572. - Processingsunitt 110’
extractithes| 9ok-aheadipointtfromthescumul ative:distancesvectortS;,andithezl ook-ahead!poi nttrigy)” b
associ atedjwithyayl 0ok-aheadidistancesandil ook-aheaditime.. Thesl ook-ahead!di stance,»whi chrfig/ have>d
|l ower,boundiranging,from 10)to,20)meters,, mayybezcal cul atedasthezproduct of fthesspeediot venicle200°
andithesl ook-aheaditime. Forrexample,. asthesspeediof fvehiclez200)decreases; thesl ook-aheaddi stance iy
also,decrease:(e.q., until litireachesithezl owerrbound) ) Thezl ook-aheadtime.whi chimegyrafigesf rom0. 5t
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1%555seconds, ymaytheinversely rproportional tortheggainz6f -onecorrmoreccontrol I oopsaassociated \with
ccausi ngaqnavivgati onal yresponsejimvehiclez200,ssuchsasthetheading eerrorttracking ccontrol {oop.Fror
eexan][;I e,¢thecgaincof thetheading cerrorttracking ccontrol 11 ooprmaycdepend corttthetbandwidth Of 12yy e afe
cerrorgtracki ng ccontrol jloop, tthejlower tthe]l ook-ahead ttime.

[[0181_] Alsteps576,gprocessing wunit 1110rmay cdetermi ne zatheadi ng eerror eandyaw frateccommand
toased onythejlook-ahead point determined zatsstep:574.JProcessing wnit 4 {omay determine tthetheading
@r‘rvqub'y(cal culati ng ithe arctangent (of ithe]l ook-ahead point, ¢e.g., carctan ((x//-2).IProcessing wnit M{omdy
jhigh-level control gain,may lbeequal to: ((2/ 1look-ahead ttime), iif thellook-ahead «istance iisinot @t the
ahead (distance).

[[0182] |FIG. 5F jisaiflowchart showing :anexemplary jprocess 500F for determining ‘whether &
leading vehicle jis,changing Jlanes, consistent with the disclosed embodiments. At step 580, jprocessing unit
110 may determine navigation information :associated with aleading vehicle (e.g., avehicie traveling
ahead éf vehicle ;200). For example, processing unit 110 may determine the position, velocity (e.g.,
direction and speed), and/or ;acceleration of the leading vehicle, using the techniques described in
connection with FIGS, 5A and 5B, above. Processing unit 110 may also determine onhe or Tore road
polynomials, alook-ahead point (associated with vehicle 200), and/or asnail trail (e.g., aset of points
5E, bove,

[0183] At step 582, processing unit 110 may analyze the navigation information determined a
step, 580. In one embodiment, , processing unit 110 may calculate the distance: between a snail trail and &
road polynomial (e.g., along the trail).. If the variance of this distance along the trail exceeds a

predetermined  threshold; (for-example,, 0.1 to 0.2 meters, on a straight: road,, 0.3 to 0.4 meters on a

each, vehicle. Based) on the comparison, , processing; unit: 110) may- determine: that: a vefiicler whoser snail traiil
does; not; match, with, the: snail | trail s; of ‘they other -vehicless is likely’ changing; lanes.. Processing sunit: 110 gy’
additionally ,compare, the: curvature: of the: snail ltraill (associated Iwithithe: leading; vehicl e))withithe:

expected | curvature; of the:roadj segment imwhichithe: | eading; vehicle: istraveling. . The:expected! curvatiire®
may /beextractedfrom,map,datay(e.g.,,datayfrormmap>database: 160),,fromiroadipolynomials, .fromiotherr
vehicles -snailjtrails, from,priorrknowledge:aboutithe:road,,andithezlike..If the:differencesim curvattre*sf”
theysnail trail jandjthes expected jcurvature:of the:roadisegment texceedss apredetermined lthreshold,’,

[0184]1 Imanother rembodiment, . processing zunitt 110)may/comparezthez! eadingavehicle'ss

instantaneous gpositionwith the:l ook-ahead 3point t(associated Jwithehiclez200) Jover reaspecificperiodIof f
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lime(e.g.)0.54q 15seconds). ¢ f thejdistancesbetweenlthed eading’vehicle stinstantaneous’position’andithe

1d9gk-ahead, point,variesiduring the specificyperiodhof itime,1andithes cuml ative S variation *exceeds'a
ppredetermined threshold (for;example, )0.3it0)0.4 metersroma straight road )0. 740’0.8meters*Brita

FrE vt

Jdetermine that.the |eading,vehicle isilikely:changing daneslimanother *embodiment, Pprocessing ‘unit! 1%
pmay,analyze the,geometry 0f thessnailitrail sby>comparing: thell ateral idi stance-travel ed?along the'traiMwith
(the.expected ,curvature,of thessnailttrail. 1The:expected:radius6f ‘curvature T My -beldetermined aa(:cor'c'ii'rig‘“fo

ithecaleulation: (2+53,211:2//((8,) swheresd representstthelateral i stancetraveled 2andls frepresantstthe

longitudinal distancestraveled.11f thecdifferencetbetweentthellateral cdistancettravel ed2andtheexpected
Survature exceeds apredetermined tthreshol d ((e.g.,£500tt07700imeters), fprocessing tunit! 1 T0T5&) Cdetermine

(hattheyleading vehicleiisilikely cchanging il anes. Il neanother cembodi ment, Iprocessing tunit 1410 Ay canalyze
t;[lelposi tion of thejleadingvehicle. 11 ftheyposition «dfithell eading ehi cleobscures@atroadipolynomial ((e.g.,
theyleading vehicleiisoverlaid @nitop «f itherroadpolynomial), tthenjprocessing tunit 11{omRy ‘determine

{hat the/leading vehicleisilikely changing llanes. intthe«case'where thelposition @ helleadiing vehi delis

FETIIu FULOI B A

Such that, another vehicle isdetected head of the lleading vehicle and thessnail trails @ the fiid vehicles
grenot parallel, processing wnit 1 140:may determine that tthe (closer) lleading vehi deiislikely ‘changing
Janes

[0185] At step 584, processing unit 110 may determine whether of not | eading vehicle 200 i
changing |anes based on the analysis performed at step 582. For example, processing unit 1 10 &) make
the determination based on aweighted average of the individual analyses performed & s&p 582. Under
such ascheme, for example, a decision by processing unit 110 that the leading vehicie is likely changing
lanes based on a particular type of analysis may be assigned avalue of “17 (and “0" to Fépresat’
determination. that, the leading vehicle is not likely changing lanes). Different analyses performed & 6P
combination, of analyses, and weights.

[0186]) FIG.. 6 is a flowchart: showing; an exemplary " process 600 for' causing: 61 OF ROYE
navigational | responses; based| on stereoy image: analysis,, consistent -witht disclosed! embodiments. - At &7
610, processing, unit; 130 may: receive: afirstrandisecond!plurality” of imagessvia datatinterface’ 128. For
example, cameras;ingludediimimage: acquisition unit: 120) (suchiasimage: capture> devicess 122 and! 124}
having, fields;of view,202and}204))may, capturesafirsttandisecondiplural ity/of imagessf and&tforward!
of vehicle,200)andstransimit them; over radigital lconnectioni(e.g.,,USB, -wireless, »Bluetooth, e )e

LEZ ey

of fimages;viatwo,0rmore:datasinterfaces. Thezdiscl osed embodimentssaresnot imitedltdiYparticular '
data,interface.configurations soryprotocols.;.

[0187]] Atystep:620, processing aunit t110may executesstereotimagesanalys s¢modules4044 &
performstereo imagecanalysisof theefirstand:secondzplurality yof fimagesstaccreatécae 3D 1Haprof thefroadint

front,of thecvehicleand:detect featureswithinrthecimages s suchtast anesmarkings, svehicles, spedestrians, >
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pperformed jinyaymanner;similar:tojthes stepsidescribed sinconnection Wwith“FIGS.55A 5D aabove Fror
eexample, ;processing unit| 130nmay:executesstereciimageaanalysis? module3404:toldetect>candi date>objects
((e.g.,vehicles,cpedestrians, rroad-marks, trafficliightsroadshazards, eetc.)within:theffirsttandssecond

FpI ural i}y ~Of i mages, ffiltercoutaa subsetc6f theccandi datecobj ectstbasedconvwari ousceriteri a,aan'deefform

multi-frame analysis, cconstruct measurements, aand:determinesacconfidencellevelffortthetremaining
itherfirstzandssecond;plurality «of images, rrather tthaniinformation f romcoriessétcdflimageszal one.fFor
¢example, Iproc Nngunit1110;mayanalyzetthecdi fferencesiingpixel-level Cdata((or(oiher(ijatassjbsétsff rom

2amon\t::]tt‘hvett'\{vvo sStreams of :captured i mages) fforzaccandidatecob ectzappearing iintbothttheffi rstéandssecond
IpI ura ity QOfji mages. As:another eexample, jprocessing wnit 110 imay ¢estimate @alpos tionnd/or el oéi‘tyQﬁ‘ a
Gandidate object (e.g.,relative towehicleZ200) oy observing that tthe<obj ect appesrs iih@ied thelpl urdlity
Ofii magespyj notithe other @ryrelativertother «differences tthat imay <exist trel ative ttotobj ectsfappear'i ng i
the(two image streams, 1For example, jposition, “velocity, and/or iaccel eration Irélafive fto'vehicle 200y e
determined based onitrajectories, jpositions, imovement characteristics, ¢etc. of ffeatures associated 'with &h

©0bject ;appearing iin one or lboth of the iimage streams.

[0188] At step 630, processing unit 110 may execute navigational response module 408 to Cailg2
one or more navigational responses in vehicle 200 based on the analysis performed it ‘step 620 ‘and the
techniques as described above in connection with FIG. 4. Navigational responses may include, for
example, aturn, alane shift, a change in acceleration, achange in velocity, braking, and the like. in $Ma
embodiments, processing unit 110 may use data derived from execution of velocity and acceleration
module 406 to cause the one or more navigational responses. Additionally, muitiple navi'gati'onal'
responses may oceur simultaneously, in sequence, or any combination thereof.

[0189] FIG. 7 isaflowchart showing an exemplary process 700 for causing oné oF moré
navigational responses based on an analysis of three sets of images, consistent with disciosed
via data interface. 128. Forinstance, cameras; included! in image acquisition: unit: 120 (such: 48 image’
capture, deviges 122, 124, and, 126 having; fields of view- 202, 204, and 206)) may’ capture’ & first, second,
and thirdplurality - of images; of ‘an area forwardl and/or-tothe: side of vehicler 200 and! transmit ‘them! 6V&" &

processi ng, unit; 310may - receivesthe:first, second,, andithirdiplural ity of imagess viaithree> o misre datal

interfaces, Far-example,, eachaf image: capture:devices 122,, 124,, 126 may’ have: amassociated!data!

interface.for,communicating ; dataitoyprocessing sunitt 110.. Thesdiscl osed] embodimentss ar&nottlimited'to
an)f,parti cular (datayinterface: configurationssorrprotocols. .

[0190]} Atystep, 720, processing;unitt 110)may,analyzesthesfirst,,second,.andithirdiplurality /6f”
[ mag‘gﬁstg)dggg;tfgoegu't,esswithi_mthegi mages,, suchiass|anemarkings, ;vehicles, pedestrians, sroadlsi 'gns,‘a
hi gvhway yexitiramps, traffic:lights, roadihazards,andithezlike:. Thesanal ysissmayvbesperformed litariafinesT
similar,t &theastepssd&cri bed §i mconnectionwithiFI GS:.5A-5D)andl63.above.:-Fortinstance, sprocessi hg 2unitt

[CYPITPYETI QRuS aptw P d g AARLE
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aand;based;on;the; stepsidescribed inconnection with*FIGS.55A-5D aabove) 30reeach 8t thefirst 3second,
qandjthi Ldppl ura i;y »of images.¢Alternatively, pprocessing sunitl 1301may 3performs stereol mageianélyéi sf‘(e.g.,
Viaexecution of stereojjimage;analysis:modul el404aand:basedsort thesstepsidescribed linfconnectionwith
FE1G.¢6 gabove) -on therfirstzandssecond;plurality :6f images,tthessecondaand-thirdpl urality %t images 2and/or
ttherfirst,and;third plurality cof images.1Theyprocessediinformation ccorresponding ttotthedanalysi sCof the
i [g,sggqonq, and/orthirdplurality cof imagesrmaytbeccombined. I1 nssommezembodiments, Fproc ng Lunit
1310 may Eperform gé&combination cof :monocul ar 3andsstereoiimagesanal yses. Frorzexample, Fproc ng tunit
ljflvorma}yrperform ymonocular jimagezanalysis((e.g., wiasexecution c«f monocular i magetanalysi sfmodule
,402) ongthefirstyplurality o imageszandsstereoiimagezanalysis((e.g., iasexecufion offt iétereolimagefandlysis
ymodule.404) anithessecond ;andithird plurality «dfiimages. "Thecconfiguration @fiimage<capitiire‘devices 1122,
1124, .and126—including their respective |l ocationszandifiel dscf wiew 202, 204, zand 206 — may linfluence
thettypes of analyses conducted onttheffirst, ssecond, :andtthird jplurality «fiimages. "Thedisclosed
©embodiments .are;not flimited tto:aparticular cconfiguration «dfiimage«capture devices 1172, 1124, tand 1126, Bt
thettypes of analyses conducted on theffirst, ssecond, andtthird plural ity ©f iimages.

[[0191] |in:some embodiments, jprocessing wnit 1110:may jperform ttesting ©n ‘system /100 based Sh
theii mages ;acqui red and analyzed :at steps710:and '720. \Such testing ‘may Jprovide @& indicator of the
overdll performance of ssystem 100 for certain configurations «of image capture devices 122, 124, ‘and 126,
For example, processing unit ‘110 may determine the proportion of “false hits” (e.g., 2888 where Sydtem
100 incorrectly determined the presence of avehicle or pedestrian) and “misses.”

[0192] At step 730, processing unit 110 may cause one or more navigational TeSpOREaS in vehicle
200 based on information. derived from two of the first, second, and third piurality of images. Selection 8f
two of the first, second, and third plurality of images may depend on various factors, such 28, for
exampl e the number, types, and sizes of objects detected in each of the plurality of images. ﬁ’roc'ng
unit 110 may also make the selection based on image quality and resolution,  the effective field of view
reflected in the images, the number - of ‘captured. frames, the extent to which one 6F fi6re objects 6f interest
actua |)~/v appear. in the frames (e.g., the percentage: of frames in which an object: appears, the proporti on-6f
the, objdect;tb‘awt; appears; in each, such, frame, etc.),, andlthe like.

L0193] | In some embodiments, , processing; unit: 110 may" select: information' derived! from two 6f
thefirst, second, andithird)plurality -of images; by determining;the extentitowhichtinformation! derived!
processing; unit; 330 may ,combine;thes processedtinformationderived ifromieach of image> capture’ devices’
122, 124, andj 126;(whether -by:monocular ranalysis,  stereoranalysis,  or-any’ combination 16f thetwo) Jandl
determine,visual jindicatorss(e.g.,lanesmarkings, ,aadetectedivehiclezandtitsslocationand/or “path, -&detected!
traffic.light, etc.)ythataresconsistent racrosssthesimagesscaptured ifrormeachiof fimagescaptire>devices’ 122,
124, andy 126, Processing yunitt 110)mayalsoyexcludezinformation thattisinconsistent tagussthescaptured!
images;(e.g., avehicle:changing slanes,,alane:model lindicating zavehiclezthat tistooocl osetovehicl e2200,>
etc.), Thus, processing yunity20)may,selecttinformation wderived fromitwosof fthesf irst,»second,bandfthird?

plurality yovf fimagessbased jon-thecdeterminations sof Iconsi stent tanddinconsistent tinformati on.l.
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((0194] \Navigational -responsesymay sinclude;for:exampl eaturn,add ane'shift a@changetin
aacceleration, andjthejlikepProcessing unit| 12 pmay:causelthesoneonmorenavi gational ‘tesponsedbased®8n

the,analysis.performed,at; step;720;,andithe techniquesiasidescribedaabovelinzconnectionwith G 4.
prOC ng ):E[Dj t} 130,mayal so,usejdatajderived:fromeexecutions6f vel ocityaarichaccél eration modul '406 to
cause ltngcgqezgrrmggernavi-gati onal responses.] |nssomezembodiments, pprocessing-unitl 1107y ceAiSe the

AAAAAAAA

Laccel erati onbetween, vehicle;200;andzancobj ectcdetectedswithineanycdf theffirst ssecond,zandtthirdrplurality

(Of images,Multiple;navigational yresponsesimaycoccurssimul taneously, iimsseguerice, coreanyccombination

[[0195] Analysisof .capturedjimagesimayzall owfforttheggenerati oncandwisecdt asg0ar Semiap! model
for,autonomous.vehicle;navigation. Jinzaddition, :analysis«dfcapturediimagesitay <l ow ffortthe
1\.11 AU LULLVILEV WL T wisaws - =
localization of .an,autonomous vehicleyusingiidentifiedl aneimarkings. 1Embodi ments ffordetection®f
| Lt rubiminrth sl Gl s A izeriia izt
particular characteristics joased on©oneormoreparticul ar :anal ysesaf captured i magesiandﬁorlna\/i gaifi on
[t Slaraclenest ]
f an aLtonomous.vehicle,using asparse;map;model will Ibexdiscussed below with reference tolEiGs. B-28.
(9 UL GV AL LA, vinr ¥ watew e =
l[0196] «Sparse Road Model for Autonomous Vehicl e Navigation

aong aroad segment. For example, the sparse map may provide sufficient information for navi gating #h
autonomous vehicle without storing and/or updating alarge quantity of data. As discussed below in
further detail, an autonomous vehicle may use the sparse map to navigate one of more roads based 0h dRe

or more stored trajectories.

IVL N

[0198] Sparse Map for Autonomous Vehicle Navigation

autonomous vehicle navigation., For-example, the sparse map may provide sufficient: information: for
navigation without requiring. excessive data storage or data transfer rates. A's discussed! befow it further
detail, g vehicle, (which may: be an autonomous; vehicle) may' use the sparse map to navigate: 6rig 6 MOve

LRZTIRCR

roads. For.example, in some embodiments,, thes sparse mapmay- include data related! to &road and

AAravessanee ans

small;data footprints., For-example, the;sparse; datamaps; described!in detaill below’ gy’ require’

SALIUE

detailedymap,information, suchasimage:datacollectedial ongzaroad..
[0200]} Foryexample, rathersthamstoringydetail edirepresentationssof faroadsegmerit; the> e
data,map,may store.three-dimensional jpolynomial Irepresentationssof preférred ivehiclezpathssal ongzairoad:

These.paths;may, requirevery, littl e:data;storage=space:. Further,:,i nithezdéscri bedIspar seedatariiapiss»

landmarks,may, be.l ocated:at any, spacingsuitabl eforienablingavehiclesnavigation, LBUt iNISOPRecERESS such

landmarks,need:notbe.i dentified janckincl udedsin thesmodel Jat thighhdensiti éssandishiort spacings:- Rather
in.some.cases, Lnavi gati onrmay>bg-:-€ppssi bl ecbasedconrlandmarks:thatr'arecspacedcapart byyatil easti50(ieférss:

diouwan €IS
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at |east (100, meters, il east 500 meters, seteleast kkilometer yor fakcleast. Z kil ometers. AA swil"bé discuissed

at 18aot 1

inmoreydetail in,other sections, jthe,sparsermaprmay b, generated> basedhori datavcol |ected R measired’by

vehicles equipped,with, various,sensors andi devices;isuchiadimage;capturel devices “Global” Posifi oning

VALIVIVD W

gSystem, sensors, motion; sensors;;etc.  asithe,vehiclesitravel1al ongroadways. Il HROMEtREsthe pite

-

map;may,be,generated,based,onydatascol lectediduringimuitipleldrivesytf vt vehicles'aongta
pggtj cul ar.‘roadwgy. (Generating, g sparseimapsusingimultipleddrivestf oneormsre/vehiclesityPbe
referred to,as“ crowdsourcing” 3 sparse;map.

Turvriiva

([0201] (Consistent,with:disclosedzembodi ments,aarpautonomousvvehi ol essysiem Mgy 82 55 Se
mapgfor navigation. pFor.example,the;discl osedssystems:andrmethods may<d Stfibutes §ar &g for

v amn

égeneraﬁ ng,3.road,navigationymodel fforan:autonomouswvehicl esandmiayrnavi gateaéhaz":iﬁfonomdlis‘iiéﬁi“él"e
(aong.aroad segment, using;assparsesmapeand/ orzaggeneratediroadrnavigationrmodel . *Sparse s
consi stent\wlghtghvelprewt (disclosureymayiincludeconecormmoretthree-dimensiona cantouirstthat My

Cunoiowin

Irepr@ntlpredetermi ned {traj ectoriesthat :autonomouswehicl esinay ttraverseaastthey T/eéal ong
,associated road . segments.

([0202] (Sparse,maps consistent withithe|present isclosuremay @l solindludedatalrepresenting
one or more road features. Such road features may iincludeirecognized llandmarks, road 'signattire profi1es,

e U o
and any other road-related features useful jininavigating avehicle. SparseTreps consistent with the

present disclosure may enable autonomous navigation of avehicle based on relatively 'small &fiounAts of

-

data included in the sparse map. For example, rather than including detailed representations 8f & 7oad),

VUL HLIVI UG

such asroad edges, road curvature, images associated with road segments, or data detailing othér physical

DUWIL Ad 1w

features associated with a road segment, the disclosed embodiments of the sparse map may reqiire

IVALULVDY Lo

relatively little storage space (and relatively little bandwidth when portions of the §parsa map aré

uuuuu v

transferred to avehicle). but may still adequately provide for autonomous vehicle navigation. The small

data footprint of the, disclosed sparse maps, discussed in further detaill below, may be achieved i 6R&

embodiments, by. stori ng, representations; of road-rel ated| el ements that: require: smalll aM6Liits 6f data but

VALIUNGLLILAN LY %)

gjjj | gr;abl € autonomous,

LAUIVY GULU i —

navi gati on.,
[0203]; For.example, rather-tham storing; detail edirepresentati onss of various a§98S 6f droad, the
discl osed; sparse,maps; may, stores polynomial | representati onss of ‘one o mores traj ectori esthatt@vehicle gy

follow along,the,road.  Thus, rather thamstorings(orrhavinggtotransfer))detai Isregardingithesphysicall
nature.of the.roadto,enabl e-navigation;al ongsthesroad), using:thesdiscl osedisperses ey divehiicl g b

Hatul v v

Acmany

the,road, but,rather . by aligning,itsspathyofitravel lwithastrajectoryy(€.g.,.&polynomial Ispline) al ongithe®
particular,road;segment.;. In:thisqway, thesvehiclesmaybenavigatedibasedmainl yyupontheestored
trgjectory, (e.g., apolynomial jspline) that may,requiremuch esssstoragecspacesthantaftapproachlinvolvings

NPy O

[0204] H In,addition,tothestoredpol ynomialirepresentati ons<of frajectories<al ongeaéroad<sagient
the discl osed sparse;maps,mayyal socincludecsmalll datazob ectsthanmagyrepresentairoadteature - I NTsORRS

16 uLovivs

embodiments,the small data,objects:maysincludedigitalisignatures swhichtarederiveddromaidigitar!

’S
(SO 5 via
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jimage (or,gdigital; signal ) that ,was,obtained;by:a sensor (e.g. aa cameraponothersensor 3 suchiaga
s su§peﬁsi on;‘s;nsolr)Jgrjbqa[dla,yghj cle travelingaal ongtheroads segment. TTheldi gitals signatureigyhavela
(reduced; size relative tothesignal that,was,acquired:by thessensor. Il nssomezemboidiments, thedigital
sSignature may.be.created: ta-be.compatiblewithaaccl assifiertfunctiont that'i sconfigured-toldetectiandto
i!raentifyf‘tlhq},g%jft%g[eff rom;thessignalthatii ssacqui redcbytthessensor fforzexample,cduring?esubsequent
(drive. 1In;some.embodiments, sardiigitalssignaturermaytbeccreatedssuchtthattthecdigital ssignaturethasfa
ffootprintthat; is;assmall ;aspossible,whilerretainingtthezabilityttoccorrelatecor matchtthetroadffeaturewith
(hotybased onanji mqg%gnglqrij ncludescotherdata) of therroadifeaturetthatiisccapturedtbyzaccanieraconboard
2vehicletraveling a ongithecsameyroad:segmentatcaesubsequentttime.
uniqueness of the,road feature. 1Forexample, fforaroadifeatureithat iisdetectabl e by zaranyatonboardia
vg:hl cle, and wherethe camera.systemonboardthewehicleiisccoupled tozacl assifier fthat iis«capabl et
distinguishing the;image data,corresponding totthat road featureaslbeing associ ated witha@particul ar type
of JQ,i;Q ifgqg:g, for example, aroad sign, and where:such:aroad signiisliocally wniqueiinthat 2real(e.q.,
therejisnoiidentical road sign orroad:sign of the:same type nearby), iit may lbessufficient fto <tore'data
indicating the type of the road feature and its location.

@02061- A swill ‘be discussed iin further detail below, road featuresi(e.g., landmarks iaong aroad
segment) may be stored as small data objects that may represent aroad feature in relatively few bytes,
w;i le at,the é\me time providi ng sufficient information for recognizing and using such a feature for

navigation. In one exaﬁwpl e, aroad sign may be identified as arecognized landmark on which navigation
eg., afew bytes of data indicating atype of landmark (e.g., astop sign) and afew bytes of dataindicating
gi:gégg[gg Q‘f"t.[l@ landmark (e.g., coordinates). Navigating based on such data-light representations 6f the
landmarks (e.g., using representations sufficient for locating, recognizing, and navigating: based up6fi the
landmarks), may- provide a desired level. of navigational functionality” associated with: sparse maps without
s gnificantl’y, increasing; the data overhead, associated withithe sparse maps. This [ean representation! 6f
Ilgaqtpgkg (iand[ other: road features) may: take advantage of the sensors andl processors included! onboard!
such, vehicles that; are configured)to detect,, identify,, and/or-classify’ certainiroad! features..

[0207]} When, for-example, asi gnlorfevenlaparticular~typeeof’asign1i'sI'ocqlly’uni'que‘ (e.g.,when!

there,isno,other.sign,or-no,other-sign of the:samestype)) imagivenarea,, the: sparse map may’ ose datat

including, a,sign,(or,of fayspecific:type:of isign),, thesprocessortmayy processsthiesi mage;»détecttthie’sigm(if
indeedypresentyin,thesimage),, classify,the:image:assaisi gm(orrasseaspecifi oty pecof si gn),»andlcorrel atesthe

aaeeedt b aad s

location,of the.image:with.the:l ocationof the;si gmassstorediimthessparsesmap>.

Tuvaiiwal Ul

[0208] | Generating,a;Sparse:Mapy
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sSurface;feature, extending, along, a,road; segment:anchaopl urality 6f 1 aridmarkstassociated withlthe'road
sSegment. I, certain, aspects, they sparsemapimaysbexgenerated via'™ crowdsourcing,” ﬁforiexaimbl e khrough
jimage;andlysis,of aplurality ;0f images;acquirechasionexormorewehicl esitraverse’the roads sagmant.

(10210] £FIG g8 shows;a sparsesmaps800: that onesor: morewehicles,2erg. wehicl 2500 (which iy
ymay,be;stored;in,amemory,ssuchyagmemory 1 140corl 150. SSuchrmenmory Sdevicesmaliindl uded By yEs°8f
(hon-transitory sstorage, devicescorccomputer-readable rmedia FForzexampl e, iinssontesembodi ments, SRSy
1;gooqu%svormayiquLQQekhqdcdrives,ccompactcdis&s,fflashrmemory,rmagnet'ictbasedfméfﬁb”l’yc'de\'/ices,
(optical thased, ;nemor'y «devices, egtc. JInssomeeembodiments, ssparsermiap&800my thesstorediin?acdatabase
((‘e;g: ,Imqp(g’thavbqu_e 1160)that;maybesstorediin ménory 1140¢or 1150, cor cother tty pesedt éforagetdevices.
Jnon-transitory computer-readable jmedium jprovided onboard vehicleZ200((e.g., aasdtorage devicelincl uded
iinanavigat on (system ©onboard-vehicle;200). ,A jprocessor ((e.g., jorocessing it 1190) Iprovided @h'vehicle
Qonboard vehicle 200 jin order to,generate navigational jinstructions forguiding the @aLitonoMous vehicle
200 asthe vehicle fraverses aroad segment.

[0212] :Sparse map 800 need not be stored locally with respect to avehicle, however. 1 M@
‘@?9@@?@% Sparse map 800 may be stored on astorage device or computer-readable medium provided
on aremote server that communicates with vehicle 200 or a device associated with vehicle 200. A
processor ge.g.1 proc ng unit 110) provided on vehicle 200 may receive data inciuded iR §parsd Map
‘§gg from the remove server and may execute the data for guiding the autonomous driving of vehicie 200.
In such embodiments, the remote server may store all of sparse map 800 or only a portion thereof
Accordingly, the storage device or- computer-readable: medium provided onboard vehicle 260 and/or
onboard one or.more additionl vehicles,may store the remaining; portion()! of §parse map 866:

[0213]| Furthermore, in, such embodiments,, sparse: map 800 miay’ be made accessible:ta &plurdity
of vehicles traversing; various; road| segments; (e.g.,, tens, hundreds,, thousands, o' millions’ 6f vehicles,:
etc.). It should; be noted) al o, that; sparse; map, 800 may” include: multiple: sub-maps.- For’ example, ith SR
qpp:qq ments, sparse,majp, 800 may- include:hundreds, ,thousands, , millions, , or r7iore, 6f sub-mapsithatt gy’
be,used;innavi gjﬂi ng, avehicle.. Suchysub-maps;may-bereferreditoas locallmeps;,andlavehicl etravel i’ri‘g’>
along, & roadway , may, accesssany,numberof 1 ocalImapssrelevanttto:al ocatiomitnwhichithesvehicle®its
tra\/eﬁng;_ The,local jmap,sections;of ‘sparse:map>800)maybezstorediwitaGlobal INavigation 1 Satel lite
System,(GNSS))key, asamindexdosthe.database:of fsparses map>800). Thus,whilescomputation 16fisteering?
anglesyfor,navigating ;a;host vehiclesi nthe:present tsystermmayybesperformed iwithout freliance=upsa
le\llisusspositionloj the:host{vehicle,; roadfeatures; ortl andmarks,,suchiGN SSSi nf ormati on ey betused fort
f?’&(l?y@';qu relevant docal, mapss,

[0214]) Collection;of (datacand:generation:of fsparsesmappB0OKi sscoveredfrgreatér idéta I"below,’>
for ]examp! e, withyrespect;to:F1G3.19). Inrgeneral | however, - sparsecmapg8000Tagybesgenerated chasedbin
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a2board the,oneyor;more, vehicles (e.g. ;cameras,s speedometers, (GPSaccel erometers, 2etc.) lthetrajectories
¢that. the;one-or-more,vehiclestravel aal ongaar roadwayrmaytbe recorded,aand: thespolynomial Frepresentation

oof Jappreferred:trgj ectory ffor,vehiclesrmakingssubsequent:tripsaal ong:theroadway fmay'ﬁbeideterrhi ned-based

AAnw W as v

ttraversing,vehiclesymayqal sotbe usedttoiidentifyrroadgprofileiinformation, ssucheastroad'widthfprofilesroad
rrOlighnesstrofi les,ttrafficylinesspacinggprofiles,rroadcconditions, cetc. WUsingttheccollected i nformation,
sSparsey mMapgB800; may thexgenerated candcdistributed((e.g. J[forllocal sstoragecsriviaton-the-fly (data
itransmissi on) fforusejinnavigating conecorimorezautonomous wehi cles. IHowever, iinsgsifetembodiments,
jmap.generation;may noteenduponiinitial ggenerationdf thetmap. A swill toexdi scussed iinégreater detail
1oel oW, Sparse;map ¢800;may Ibeccontinuously «orjperiodically wpdated Ibased whdatascoil ected from
\vehicles asithose vehicles continue tottraverseroadwaysiincl uded iinssparseiiap 800.

[0215] Datajrecorded iin:sparse)map 800imay iinclude position finformation Tbased ©h Global

JPositioning System (GPS) data. IFor example, llocationiinformation rmay lbeiincluded iif i i 800

for various map elements, including, for example, landmark locations, road jprofile locations, ®etc.

carivaae awa Lo CLSLIm T

location of the identified landmark using GPS position information associated with the vehicie and &
determination of alocation of the identified landmark relative to the vehicie (e.g., based oh image
analysis of data collected from one or more cameras on board the vehicle). Such location determinations
of an identified landmark (or any other feature included in sparse map 800) may be repeated 28 additional

Ml ANEV AAvAALS e AVAAAEASiven an

vehicles pass the location of the identified landmark. Some or al of the additional” iocation

ggtvg[mi‘gzl;tj,grlsu may be used to refine the location information stored in sparse map 800 refative 6 the
particularr feature stored in sparse map 800 may be averaged. together.. Any other mathematical

operati ons, however, may- also, be used to refine: a stored! | ocationi of ‘amap element: based! 61 & pl'ural'ify' 6f
determined) |ocations; for-the map, element..

[0216]} The sparse; map; af the: disclosed| embodimentss may” enabl e: autonomouss navigation'6f @
vehidle using, relatively. smalll amounts; of ‘storedidata.. In.someembodiments, , Sparses map 800 &)’ have &
data densi ty; (g.@,, including;data representingsthe:targetttrajectori es, ,landmarks, -and'ary’ other’ stored'road!
features))of | essithan 2 M B3 per-kilometer -of roads, lesstham 1M B3 perrkilometer rof roads, lesstham 500"
kBsyper Kilometer rof roads, ,orrlessstham 100k B3 perkilometer cof roads.. [msortisembodiments, sthe’datal
density, of :sparse:map,800)may /be:| essitham 10)k B3 perrkil ometer rof ToadSOrr evern| essthan 2K B3 et
kilometer of roads(e.g.,, 1.65kB3perrkilometer), ,orrnomorestham | OkB3 petrkilometer rof roads, » N e
than,20)kB3per kilometer jofroads.., Imsomesembodiments;.most,.iffnottall ,of thesroadwayssof the*United!
Statessmay, benavigated jautonomously yusingzaisparsemaphavingzatotal lof AIGB3atrl esssof[data- These®
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[ ivivgre

[{0217] pAsinoted,;sparse;map3 800may include representations f -2plural ity 6f targef trajectories

avs

§810:for,guiding, autonomousidriving;onnavigation:al ongraroadssegment. SSuchitargéf ttrajectories gy be

Caraaias v e

stored, asithree-dimensional ssplines. TThe:target itrajectoriessstoredi nssparseTmapd 800ty béldetermined

Stusrva do

oased,on.two,or;more:reconstructed strajectoriesa6 prior traversal sa6f vehiclesia ong*eparti cUlar "road

ssegment ¢for.example, pasidiscussed swith-respect toFFI G.229. /A roadssegmerit iz thetassoci ated iwith'a
(Single target;trajectory cormultiplettarget:trajectories. Frorzexample,corpatwollaneroad, 2effirst targét
strajectory may hesstoreditarrepresent zaniintendedpathcdf travelzal ongtherroadiin?affirstcdirection, zanda

seconditarget trajectory ;may thesstoreditorrepresentzaniintendedipathcdf travel al ongtihetroali nanother

STTSw

Jirection (e.g., coppositeqtorthetfirstedirection). Additional ttargettiraj ectories miay thesstored with!féspect fo

LwvLy

aappf';\rrtii cular road.segment. [Forcexample, ©nzamulti-laneroadcoriecormiorettarget tirajectories iay e

Stored,representing jintended pathsof travel fforwehiclesiinonerimorellanestassociated withtthe!multi-
Jlane,road. |Insomeembodiments, achilaneof :cmulti-lane road may thetassociated 'with lits Gih farget

trajectory. inother embodiments, there:may Ibeffewer target trajectories stored than lanesipreserit Sha

fnvnaf

multi-lane road. In such cases, avehicle navigating the multi-lane road izl 't &ty off the ‘stored 'target

111Ul 10w

trajectories to guides its navigation by taking iinto:account :an:amount of lane offset from &lane for which

atarget trajectory js stored (e.g., if avehicle istraveling in the left most 1ane of athree lane highway, and

T S vaa -

atarget trajectory is stored only for the middle lane of the highway, the vehicie My navigate using the
target trajectory of the middle lane by accounting for the amount of lane offset between the middie 1ane
and the left-most lane when generating navigational instructions).

LIV LI Ava

[0218] In some embodiments, the target trajectory may represent an ideal path that 3 vehicie

AAAAA

center. of-alane of travel.. In other cases, the target: trajectory’ may be located eisewhere relative’ {8 & road
segment.  For. example, atarget:trajectory may approximately- coincide: with. & center’ 6f &road, 4% edge 8f
groad, or.an edge of alane, etc.. In such: cases, navigation: based! ort the target: tragjectory 14y include &
determined; amount; of ‘offset- tg be maintained| relative: to the: location: of the: targettrajectory.- Moreover,:

in, Some, embodiments,  the determined | amount:of offsettto bemaintained I relative:to the:location! &f the’
target;traj ectory  may differ-basedjomatype:of vehicle:(e.g.,, apassengertvehicletincl uding:two axles )’
have, a differentoffsetfrom atruck:includingsmoresthamtworaxlessal ongzattleastt@portiondf thetargett
trgjectory)..

[0219]| Sparse;map,800)may al sosinclude:dataurelatingztoapl ural ity /of fpredetermined Jlandmarks®
820yassaciated withyparticular roadisegments,.,local Imaps, etc... A sidiscussed liffigreatéf rdetai iloel ow, ‘these®

landmarks:may ,be:usedsinnavigation 1of thezauitonomoussvehicle. . Fortexampl & Hinseifieeembodi ments, the®

LOLEIVALLLUAL BN

landmarkscmay  be:used:to:determinecazcurrent ipositionnof itheevehicl ecrel ativesto°estored ‘targeftrajectory. -

Withythis position;information, ,thecautonomoussvehicleemaybesabl et ocadj st tzeheadinggdirection & maich?
adirection,of thetarget.trajectory yatithecdetermineddocation..

Wil
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((0220] 1Theyplurality,of | andmarks;820:may»bedi dentifiedxands stored tirs 3par setnap 800 aft Aty
sSuitable spacing. ;n, somesembodi ments, d andmarksimay>bes storechat rel ativelyhighldensities (e.g. 808y

few meters or,more). 11n;somesembodiments,showever ssignificantlyld arger dandmark; spacingvval uesidy

Uy dhavew

phe.employed. pFor,examplejin; sparse;maps800,.identified (orrecogni zed)ldandmarks sy bé spacediapart

~~~~~~~

;ddentified |andmarks mgytt_)q‘lvqgagedaa;‘di stancescof :evenrmoret than22kkil ometersaapait.
(10221] pBetween;landmarks,sanckthereforetbetweencdeterminationscdf weticlefpositionrelativelfo
aattatgetttr?j ectory,the,vehicle;mayrnavigatetbasedconcdeadireckoningii nwihi chtthevwehi cl elisessaissistto
Gthvqmi[lei[tstggoI motionandcestimatejitsypositionrel ativettotthettarget ttrajectory. IBecauset&fsfsmiay
-accumul ate during,navigation tbydeadreckoning, covertti mettheypositioncdeterminafionsrel ativettotthe
farget trajectory may jbecomejincreasingly lless:accurate. “Thewehiclemnmaywsellandmarks<occurringlin
Sparse,map qup((andtt‘h_e_i.r iknownlocations) toremovetthe«deadireckoning-induced ertorsiiniposition
Jetermination. |Inthisway, theiidentified jlandmarksiincl uded i nssparsermap 8O0 MY SRS
jnavigational anchorsfrom.which an;accurate;position of ithevehiclerelativettoaltarget ftrajectory Ty lbe
Jandmark need not Always be;avail able to:an:autonomous vehicle. Rather, 'suitablenavigation 1y be
possible gven based on |andmark spacings, :asnoted above, of 10 meters, 20 meters, 50 meters, 100
meters, 500 meters, Lkilometer, 2 kilometers, or more. In:some embodiments, adensity of Lidentified

landmark every 1km of road may be sufficient to maintain alongitudinal position determination 2¢EU3ey
within 1m. Thus, not every potential landmark appearing along aroad segment need be stored i EPAFER
map 800.

fvivavas

[0222] Moreover, in some embodiments, lane markings may be used for localization of the
of during navigation, by dead reckoning, may be minimized. In particular, such localization i§ discussed
below. with respect tg FIG. 35.

[0223]) I addition, to target: trajectories and identified landmarks,, sparse map 860 may include
curvesal ong, gparti cular-road) segmentithat;may- be: storedlin sparse mep 800.. I sore embodiments,»&
single, lane, of -3 road may, be model edby: athree-dimensional | polynomial | descriptioni of Tefttand!right!

S g\é of the,road, - Such, polynomialssrepresenting;lefttandirighttsidessof ‘asingleslanears showninFi .-
9A. Regardless;of -how,many,|anes;aroadimay;have, thexroadimay berepresentediusingzpolynomi asing
way si mﬂg{rt o thatsillustratedimFI G. 9A.. Forrexample;,|efttandirighttsidessof @mulfi-lanesroadimigy b
repfresentedjby /,polynomial sssimilar tothose:showmimFI G..9A ,andlintermediatesl anetmarkingssincluded!
on,amulti-lane.roady(e.g., dashed;markingssrepresentingzlanezboundaries,’,sol idfyel low?l inesSrepresenting?
boundaries;between,|anesitraveling,imdifferent directions;.etc.) mayyal soberepresentedusings
polynomialsgsuichrasthosesshownsinFI G 1.9A...

[0224] ] Assshown-ingFI G.; 9A,, gl ane:900cmayy bexrepresented:usinggpol ynomi ass(eg. firstt

PO, P v e N T R
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1 &wo-dimensional ane andjthe;polynomial siarelshowntastwo-dimensional >polynomials. #A s depi ctedfin
FFIG,9A, Jane900;ingludes adeftsidey9101andhairight: side?920. Il risomes embodi ments, Tgtdtthanthe
pPolynomial;may;beyused to:representyad ocation6f eachs sider6f Ithe'roadhord anéboundary. FForexample,
c€ach,of |eft,sidey910,and-right; sidey9201may-berepresentedbyrasplural ity 6f polynomial °6f ‘ay’ sui table
than.or|essthany 100:m:may;al sotbeyused. /Additional ly, £thezpolynomidl secancoverl apiwithedRetanother-in
Jorder torfacilitatesseaml ess transitionsi innavigatingtbased:onssubsequently sencounteredtpolynomial *&a
phost,vehicleyiravels;alongzaroadway. FForzexample,ceachcdf |eftssideS9I0zandiTightsside20vid toe
;representedyby g plurality of thirdcordergpolynomial ssseparatedi ntossegmeritscdf iabout! F00rmétérsiin
Jlength (ancexamplecof therfirstpredeterminedirange), andkoverl appi ngeeachcothertbyabout 50mT&rs. "The
¥pq|Jynpmi alsyrepresentingthey | eftsside< 10eanditherrightssi def920rmay cortmiayt notthavetthes&ieCorder.
1For example,jinssomeembodiments, ssomeypolynomial simaythessecondorderipolynomials, ey be
(third &@glpol_ynomi als, ;and:someymay tbeffourthcorderpol ynomials.

0225] 1IniheexampleshowniiniFIG. 9A, lleft:sidetol10f llane‘900 irsirepresented by o GroUDs
of third order polynomials. ‘Theffirst groupiincludesjpolynomial segments 9l1's 912, iand 913, “The'second
€ach other, follow the locations of their respective sides of the road. Polynomial segrients 91, 912, 913,
914, 915, and 916 have alength of about 100 meters and-overlap adjacent segments in the series by ‘about
50 meters. Asnoted previously, however, polynomials of different lengths and different overlap amotints

may also beused. For example, the polynomials may have lengths of 500 m, 1km, of fiore, and the

fviv]
..... 7 o

FIG. 9A is shown as representing polynomials extending in 2D space (e.g., on the surface of the paper), it
is to be understood that. these polynomials may represent curves extending in three dimensions (e.g.,
including g height. component), o represent: elevation changes iin a road segment- it addition-ta X-Y
curvature, | the example shown in FIG. 9, right side 920 of lane 900 iis further represented! by & first
group, having polynomial{ segments; 921, 922, and 923 and a secondl group having; polynomiall ségiménts
924, 925, and 926..

[0226]) Returning;tothetargetttrajectories; of ‘sparsemap 800, FIG.- 98 shows athree-dimensiona!
polynomialrepresenting,a targetsirgj ectory for-avehicletraveli ngalongzaparticular “road! S&gimait’ The
segment, butsal so;the.€elevationychange:that ttheshosttvehi clewill lexperiencezwhenitravel ingsal 'ongétﬁev’r(')}abli
segment. Thus, eachtargetitrajectory imsparse:map>800) mayyberepresentedibyy orE i Ethree--

" 5198 SparserRgPete

dimensional jpolynomials, |ike:the:three-dimensional Ipolynomial 1950)showni i C

vehicles.al ong,vari ousroadisegmentssal ongeroadwayssthroughout thesworl d).). 1msaffiztembodi ments;’

eagh target trajectory,may, correspond:tovassplinesconnectingzthree-diimensional pol ynomi allsegiments>:
[0227):] Regarding thecdataefootprintiof jpolynomialicurves:storedtintspiar seiapre0d) i APSORiRe

embodiments,eachythird degreegpolynomialymaysbexrepresentedcbysfour parametérs,s eachtrequiri ng&four

41



10

15

20

25

30

35

WO 2020/112827 PCT/US2019/063326
1192, bytes, of /data:for,every| 100ym TThisimayitransl atetorapproximatel y2200<kB>pehhour tirfldata
uu&ag{e/transfer Jrequirementssfor,ahost,vehicleitravelingiapproximately | 100kmvhr.

) ((0228] é§parsemgpg$00mayjdescri bejthe:lanesinetwork jusingaaccombinati on >6f igeométry
descriptors,and.meta-data. 7The;geometry -may-bejdescribed:byzpolynomialscor spli nestasldescribedabove.
1‘[@@;}3@}4&1;@@@ may ;describe; the;number :0f | anes sspecial scharactefistics!(suchaasieeear-pooll] ane) 2and
pPossibly other;sparse;|abels. TTheytotal ffootprintz6fisuchtindi catorsrmaytbenegligible.

[[0229] ,Accordingly, sassparsermapaaccordingttocembodi mentscdf thefpreserit °dli scl osure sy
1include,aty east oneylinerepresentation of :arroadssurfacetfeaturesextending 2l ongltherroadssagririt Seach
{line,representation representing ;aypathal ongttherroadssegment ssuibstantially ccorresponding withtthetroad
Sggrl[gc:eftga}t‘y@. 1Insomeembodiments, cascdiscussedzabove, tthezatll eastcortellinetrepreseritation W thetroad
Surfacefeature,may jincludeasspline, ;agpolynomial irepresentation, @racurve. TFurthermore, lins&Sfe
&mbodiments, theroad surface featuremay jincl ude:at Il east oneat wsroad edge r aall aneimarking.
[Moreover, asdiscussed jbelow with;respect to*“ crowdsourcing,” therroad ssurface featuretry Ibeii dentified
through jimage analysis of ajplurality f iimages:acquired @soner more vehicles ffraveise thelroad
:segm;nt.

i [[02301 Avs;previously nnoted, :sparse:-map 800 may finclude @plurality @f}predetermined Jandmarks
associated with aroad segment. Rather than storingactual images of the landmarks ‘and relying, for
example, onimage recognition analysis based on captured images and stored images, ‘each landmark in
sparsé rﬁap 800 rvnay be represented and recognized using less data than astored, actual image would
réqui re. ég{g representing landmarks may still include sufficient information for describing of
ide:ntifyi ng the [:gngmg(kg, along aroad, Storing data describing characteristics of landmarks, rather than
the ggtjigliimages of landmarks, may reduce the size of sparse map 800.

[0231]) FIG, 1o illugtrates examples, of types of landmarks that. may” be represented’ it §pars8 map
800. The landmarks may. include any- visible: and identifiable objects along; a road' segieft.- The
landmarks may. be selected) such; that: they: are fixed andi do not change: often with respect ta their locations

and/or.content. The landmarks; included|in, sparse: map 800 may be usefull irn determining: & location! 6

LIVwAAVs A A Aswaswrmem—em -

vehicle, 200, with, respect;tg a targettrajectory- asthe:vehicle:traversessa particular road! S&gTiEHt’-

VVILIWIW —v

Examples; of landmarks;may; includestraffic: signs, directional lsigns,, generall signs (e.g.»rectangular’ signs),-

roadside. fixtures;(e.g., lampposts, reflectors, ,etc.),,andlanyother-suitable:category. - T soRe

[0232]1 Examplessof 1andmarkssshowmimFIG... 10includestrafficsigns, .directional lsigns;-roadside®
fixtures, andygeneral jsigns,, Traffic.signssmay;include;forrexample,.speedilimitsignss(e.g., sspeedilimitt
sign, 1000), yieldsignsy(e.g., yieldjsign1 1005), route:numberrsi gnss(e.g.,.routeanumber sigm 1610) raffics
light signsy(e.g., traffic light sign,1015), stop:signss(e.g....stop:sigm 1020).). Directional lsignsritegyi ncludesat
s gi\r‘tbgt; i Qgiggvgg,sopgeovr1m‘Q[eEa[[Qwssi ndi catinggonesorimoresdirecti onsstecdifferent fplacess- Forlexample»

directional, signsimayincludecahighway ysignn1025thavinggarrowssforidirecting evehicléstirdifferent roadss

[VETEAIIET Y
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0OT,places, an exit;sign| 1030, having aniarrowdirecting vehicles>off aroad,>efc. AAccordingly, Yal¥eastBfie
o0f ﬁb%pl ural i}y,pt Jdandmarksymay rinclude:aroadsisign.

[(0233] ¢General ;signs;maybejunrelated tortraffic. Fror:example, 2generd s signstidy linclude

wbillboards used:for,advertisement, oona/wel comesboarchadj acent :&border between ‘twa-countries,’ Stéies,

ccounties, cities, or towns. FF1G.130sshowsazegeneralssignl 1040((* Joe' SRestaurant”). /Although 2generdl
<sign; 1040, mayhave,a rectangul ar sshape sassshowniintFI G.100 ggeneral ssignl 1040y "have other’shapes,
sSuchsasysquare,ccircle,triangle, egtc.

[[0234] 1L andmarksmayalsoiincluderroadsideffixtures. TRoadsideffixturestmisy tbecobjectstthat ®fe
hot.signs,.and; mgyrgqttt;e[r_e[ atedtottrafficcorcdirections. FForzexample,froadsi deﬁixturesf?ﬁéyi include
jlampposts(€.g.,jlamppost 11035), jpower llineyposts, tiraffi cllighttposts, ¢étc.

anca

(10235] [Landmearks may zalsoiincl udetbeaconstthattmay thesspecifically (designed forttigiielintah

-autonomous vehicle;navigation ssystem. 1Forexample, ssuchtbeaconsiiay include stand-al one SSFUCtIES

1pl aced ;gtlpredetermi ned jintervalstozaidiininavigating :alhost wehicle. ‘Suchlbeacons'iidy wdsolinclude
Visual/graphical jinformation ;added ttoexisting road signs((e.g., iicons, €emblems, tbar codes, etc.) that sy
bejidentified or recognized iy avehicle traveling @ ong :aroad :segment. Such Ibeacons T ‘dlsofinclude

1n.such embodiments, ectronic beacons (e.g., REID ‘tags, ‘etc.) Ty 'be'used to

&lectronic components.

TR TN SV F ]

transmit non-visual information to ahost vehicle. ‘Such information majy include, for ‘exampie, landmark

[ WIS EIRY

dentification and/or {andmark location information that :a host vehicie may U in determining iits position

i
aong atarget trajectory.
[0236] In some embodiments, the landmarks included in sparse map 300 May ba represented by

adata object of a predetermined size. The data representing a landmark may inciude 3Ry suitable

parameters for identifying a particular landmark.. For example, in some embodiments, iandmarks stored

....... et

in sparse map 800 may include parameters such asaphysical size of the landmark (e.g., {6 &lippor
estimation of distance, tg the landmark . based. on aknown. size/scale),, & distance'to & pre'vi'ousL fandmarl‘{,v

volLIiuLIvL

|ateral, offset, height, atype code (e.9., alandmark type—what:type: of directional sign, traffic' sign, efc.).

g GPS coordinate, (e.g.,, to support: globall localization),, andl any’ other* suitable’ parameters.- Each' parameter”

DO WLV

distance.tq a previous;landmark, ,alateral l offset,, andlheighttmay’ bie specifiedlusing: 42 bytes' 6f data.- A*

1ovaLve

| IOV

type,codesassociatedwithyalandmark :suchiasadirectional [sigm or-atraffic: signt iy requi re’about! 2 bytes
of data, Eovrrgueneral |signs, ,amimage:signature:enablingsi dentificationof the>general 1si'gnlr'r“fa"y" b stored!
using,50)bytessof dataystorage.., Theslandmark <GPS3positiommaybeassociated with '®bytessdf datat
storage, These.dataysizessforreachparameter rarezexamplessonly, -andlotherdatatsi zessiegal so'b¥used.-
[0237]§ Representing ylandmarkssimsparse:mapo800Dithissmanties ey offer sl eamsol utionfor”
efficiently representing ylandmarkssinithesdatabase... | msomezembodiments, ssignsSiizybereferredtsd
semantic,signssand:non-semantic csignss;. Aysemanti cesignemay yincludeariyycl asssof fsignssforwhich'there’ss
a,standardized :meaning,(e.q., speedslimitisigns; warningzsigns, directional s gns;etc.)) Abnon-semantic©

DAL Wbk L

FEyLorave

signs,;signs dentifyi_ng cbusinessestablishments, setc.).)For iexample,> eachtsemantic(si gnfh’i‘é@}ﬁe‘e
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rdepresented with; 38 bytes, of datac(e.g.3 S bytesifor isize; “12bytestforl distancet @ previouséandmark. 4 ateral
o0ffset, and, height;»2,bytesifon atype;codeaand 16>bytesifor GPS: coordinates). SSparselifiap 800y e a
[ag,system ¢o,represent Jandmark itypes. il n.somes cases;» eachttraffic'signorldirectiona fisigniidybe
a§§§é,ci?$§d Wit its,own.tag,;whichimaysbestorediinltheldatabaseraspart6f thed andmark {dentification.
pFor,example, theydatabase;may rincludesonithexordendf 1000ddifferent tags't oTEpresantvarioustraffic
sSigns,and;on the,orderof about] 100004different:tags torrepresenit Idirecti ondl ssigns. (O 85t Se 28t stiitable
rumber .of tagsmaybe used,aandaadditional itagst maytbeccreatedaasneeded. Genera FpRPS&Ssigns sy
e represented  inssome:embodiments usingl! esstthanaabout1 100tbytes! (e ., 2about38etbytestincluding®s
toyteseforssize; 112ibytesforcdistancettopprevioustiandmerk, lateral coffset,zandthéight; S50tbytestfor’8hiimage
ssignature; ;and1 £6bytestfor(GPSccoordinates).

[10238] -Thus, ftqrsse[nanti crroadssignsmotirequiringzaniimagessignature, thedatacdensity limpacttfo
<Sparse,map 800, even at relatively thighllandmark «densities«df :about rper B0,y the®Shtihetorder Bt
2hout-760;bytesper |kilometer ((e.g.,:201landmarks er Ikm:x 38toytesipser llandmark =7760tbytes). [Evenifor
general |purpose signsiincluding :anjimage:signature component, fthedatadensity impact fisiabouit 1t 72 kB
jper km(e.g., 20 landmarks jper km:x @86 Ibytes per llandmark = 11,7201bytes). TFor‘semantic road signs, 'this
&£duates to about 76 KB per hour of datausage for avehicle traveling 1100 kmvhr. For igeneral PUIPOER
stijg_r);} this equates to about 170 kB per hour for avehicle traveling 100 km/hr.

] [0239] 11 some embodiments, :a generaly rectangular object, 'such 2 arectangular ‘sign, M be
represented in sparse map 800 by no more than 100 byte of data. The representation of the generally
yt_algtangular object (eg., general sign 1040) in sparse map 800 may include & condensed image signature
gggt,] condensed image signature 1045) associated with the generally rectangular obiecf. This condensed
image signature may be used, for example, to aid in identification of a general PUFPGSE sign, for example;
as g recognized landmark.. Such a condensed image signature (e.g., image information derived from
actual, imagg data representi ng; an object)imay avoid. a need for storage’ of &t actual! i'mage" 6f &1 ofij:ééf or
a need for. comparative; image analysis; performed. on actuall images i order't0 recognize’ [andmarks.

[0240]) Referring;to FIG.. 10, sparse:map 800 may' include: or store’ & condensed! image signature’
1045; associated)with, a general | sign; 1040, rather-thaman actuallimage>of general! signt 1040 For example,’
after.an image, capture, device: (€.9.,,image: capture: devices 122, 124,, 0r° 126)) captiires &fimage 6f general!
sign, 1040, &,processor ¢(€.g.,,image: processor « 190) orrany’other " processor Tthat L I prEteasSimages el ther
aboardjor,.remotely /| ocatedirel ativesto ahosttvehicle) )may/performiatimagesanaysiSt@extract/create’
condensed jimage,signature; 10455thattincl udessaiuni quessignaturezorpattérn 1associated withigenerd lsign!
1040, In,one-embodiment, - condensed fimagezsignaturez 10455mayyincludesashape, :col or fpatteriy-at
by[gbtneﬁssgattern, ,arrany,other (feature:that imayybezextractedifromithesi mage2cf [general lsign11040%for
describing,general,signy 1040,,

[9241] 1For example,: inFIG.;.10) theecircles, triangles, s.and:starssshown’i ifcondensed Enagée
andstars,may yoeestored i nysparse«mapy800,) e.g.,. withinrthecs0lbytes:designated téincl UdeSsAimage®

signature., Notably, the circles striangles, s andcstarssaresnot necessarily ymeant tdtindicate that!suchlshapess
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adrgstoredyas-part,0f thejimage;signature. FRather,’'theses shapestareimeant tosconceptually ‘réprésant
r‘recggni zable,areasihavingdiscernibl excol oridifferences, itextual aareas,2graphi cal s shapes,Coroother‘variations
iin-characteristicsythat-may:bexassoci atedvwithazzgeneral ppurposessign. SSuchecondensed imagessignatures
cCan-be useditqidentifyaalandmarkiinithefformeShisegeneralssign. Frorzexample,ttheccondensediimage
Ss'ugnaturecggnttgeuuvs@dttvqperform a&same-not-sameaanalysi stbased:onaaccompari son 26f 1@stored-condensed
il mzigess'vgnature\wi_thi imagecdataccaptured, fforeexample,lusi ngaaccmTeranhboardaénaaut’dric)'rﬁdijs‘véﬁi cle.

([0242] ,Accordingly, tthegpluralitycdf landmarksrmaytbeiidentifiedtthroughii magefanalysisSéf the
plurality of images;acquiredzasonecorrmorewehiclesttraversettherroadssegmer. (Assexplainedtbel ow'with
yrespectto-“ crowdsourcing,” iinssomesembodiments, ttheiimagesanalysi sttolidentify tthelpluraiity &5f
jlandmarks;may jinclude:accepting jpotential llandmarks'whenzarrafiofii magesiin'whichtthellandmark ‘does
zq,t‘)pearttvoii malg&siin‘”whi chithe]landmark «doesinot:appear eexceedszalthreshol d. TFurthermore, iihs&sife
&mbodiments, thejimage;analysis tojidentify thejplurality of landmarks iy iinclude'rej ecting Ipotential
llandmarks when @yratio of fimagesiin whichtthellandmark «doesnot @ppear ftofimagesiin'which'the
llandmark does appear @xceeds athreshold.

[[0243] IReturning tothetarget trajectories :alhost vehicle may e tonavigate ra]par't'i cular road
segment, FIG; 11A shows polynomial representations trajectories capturing 'during a process of louil di ng
Or maintaining sparse map 800. A polynomial representation «of atarget trajectory fincluded i ¥p23e hiap
800 may be determined based on two or more reconstructed trajectories of prior traversal's of vehicles

along the same road segment. In some embodiments, the polynomial representation of the target

reconstructed; trgjectories; collected| from vehicles traversing; along, a road- segment..

[0244] As shown, in FIG. 11A, aroad segment 1100 may be travelled' by & number 6 vehicies
200 &t different-times.. Eachivehicle; 200 may’ collect: datarelating;to a pathithat:the: vehicle took:along’
the road segment. The pathtravel edi by a particular-vehicle may’ be determined! based! 614 catiars data,
sourges, Such, datamaybe useditoreconstructttrajectories of vehiclesitraveling: alongsthe'road! Ségifiert;
andjhasedjomthesesreconstructed itrajectories, , aitargetttrajectory/(orrmultipl ertargetttrajectories) iy’ b
determinedifor;theparticularrroadisegment.. Suchltargetttrajectoriessmay/representtaipref“erredlpatﬁléf?é
hastivehicles(e.g., guidediby,amautonomoussnavigatiomsystem) )asthevehiclestravel ssal ongithelroad!
segment.;

[0245]} Inthe-example:showmimFI G 1A, afirsttreconstructed itrajectory / 111 (ol riegvoe
determinedibased{omdatareceived:fromafirstivehiclestraversingzroadisegment t11007at tafirst time=peri od!
(e.9., day,1), assecondreconstructed ftrajectoryy 1l 022mayybezobtainedifromiesecondvenicl etravers ng2

TA saan

road:segment 11100;at gzsecond:timesperiodi(e.g.,.dayy2) ).and-athird-reconstructed ‘trajectory >’:LT103—mayyb1ée
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obtained;from, ajthird, vehicle traversing roadisegment! 1100rat althird itime>period {(e.g., Iday}3). EEach

0 L2LLELEL!
yirajectory| 1101, 1102,and, 1J0%may>bedrepresented sbyraapolynomial, isuchiag lthree-dimensi onal
polynomial. yt; shouldbeynoted fthat jin; somesembodi ments, 2any»6f the reconstructed ‘trajectories ]“rﬁéybbe
St LU0
assembled ,onboard {the,vehicles;traversing «roadssegmentl 1100.
ASTuriivives Disws s
(10246] /Additionally, ooralternatively, ssuch-reconstructed ‘trgjectories "isy “beldetermined Brifa
server sidebased -onyinfonnation creceived fromyvehiclesttraversing rroadssegmerit! 1000, Fror zexample,lin

Sorver Sruv

<Some.embodiments, ,vehicles;200mayttransmit datatoconesormoresserverstrélating td their "motionalong
' \r}g@dss%gment 13}1Q0((e;g: ,sSteering zangle,theading, ttime, gposition, sspeed, ssensedtroadtgecimetty, 2and/or
sensed) |andmarks, zamonggthings). TThesserverrmayrreconstruct ttrajectories ffor\veicl es25G0tbasedBhithe

SUToT

received data. -Thegserver;may ;al soggeneratezattarget trajectory fforeguidingtnavigation St aiifoHomous

g ooy ey

vehicle that willtravel ;alonggthessamerroadssegment 11100zatzal | ater ttimetbased cohttheffirst, ssecond, éand
thirdtrajectories 13101, 11102,.and 14103. "Whil ezattarget ttrajectory trmay tbetassoci ated ‘with%singlelprior
{raversal of aroad segment, jinssomecembodiments, «eachttarget ttrajectory incl uded iinsgsare mip OOy
{bedetennined based ©onitwo @rmorereconstructed ttrajectories @f vehicles itraversing fhe @#ife'road
segment. InFIG; 4 A, the target trajectory iisirepresented by 111 110. lin:some «embodiments, ‘the farget

trajectory (1130 may begenerated based on:an average of ithe first, :second, iand third ‘trajectories 1101,

aggregation (e.g,, @weighted combination) of two or more reconstructed trajectories. Aligning ‘drive data
to construct trajectories is further discussed below with respect to FIG. 29.

[0247] FIGS. 11B and 11C further illustrate the concept of target trajectories associated with
road segments present within ageographic region 1111. Asshown in FIG. 1iB, afirst road sagment
1120 W|th|n geographic region 1111 may include a multilane road, which includes two fanes 1122
designated for vehidle travel_ in afirst direction and two additional fanes 1124 designated’ for vehicle
travel, i a second. direction opposite:ta the first direction.. Lanes 1122 andfanes 1134 idy b separated'
b¥ adouble ¥e||owv line 1123. Geographic: region. 1111 may' also include’ abrancﬁihg; road- éég”r"n"éﬁtf 1130
that. intersects; with, road) segment : 1120., Road| segment: 1130 may’ include: atwo-lane’ road, each! lane being’
designated for. a different. direction, of travel.. Geographic:region: 1111 iy al's0 include’ other road!
features, such,asastop,line 1132, astopysign 1134, aspeed!limittsigm 1136, andl&hazard!sign 1138.-

[0248]} AgshowminFIG.. 11C;, sparse:mapy800imay” include:alocal l Mgy 1140 includings &road!
magleljfQryassisting,withy autonomous snavigation of vehiclesswithinigeographic regi on'1117 - For‘example;
|ocal jmap, L140)may include:target ttrajectoriessforronezorrmorezl anessassociated wi throad!segimentss 1120
and/or, 1130ywithin,geographic -regions 111111, Forrexample, »local Imap> 1140)mayvinclude>targef trajectori es’
11411 anchor, yL42:that iamatonomous svehiclezmayyaccesssortrelyyuponwhen traversing 2l anesS 1122
Similarly, local jmap,}140;may yinclude:target ftrajectoriess 11433and/or r I144lthat teatnautonomousSvehicle®
may, 300ess:0r rely  Upon when:traversingslaness11244. Further, -l ocal mappL1400mag i ncludettargeet
trajectories s1145sand/or 1 1146:that ianrautonomous svehiclecmay yaccesssor rel yyupontwhen traversing froad?
segment (1130, Target trajectory y1147;represents sapreferredcpathtanrautonomous svehicle€shoul dfollow™

when,transitioning (fromdaness 120((andcspecifically,/relativestoctarget:trajectory ¥ 141 lassoci ated withla?
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pifight-most Jane, of Janes 1120)toroad segment 1130«(andispecifically, relativetd &targeftraectory” 1145
a;;@gpiggd ,with, aifirst sideof road;segment. 1130.SSimilarly, darget itrajectory | 1148 F&presants? Bpreferred
pPath,an autonomous, vehicle;shouldfollowswhenitransitioning if romrroadisegment! 11304(and/lspecifically,
rrelaive totarget trajectory | 1146)toaportiondf roadssegmentl 1124/ (ands specitically, 2as'shown, rel ative
o atarget ftrajectory | 1143;associated withiad eftd ane>6fdanes 1124.

[0249] sSparse;map800;mayal soiincluderrepresentations 26f16ther road-rél ated ffeaturestassociaed
\With,geographic,region) 1111. FFror:example, ssparser map8800r may2a sollincl ude' representati ons 26 BREGr
-more,|andmarks;identified;in.geographicrregion1 1111. SSuchliandmarksrmay include?fi rét'landmark 1150
Lassociated withgstopyline| 1132 zassecond| landmark 11152sassoci ated wiithsstopssign1 1134 2dtthirdll andmark

associated ,withsspeed| limitssign| 1154,zandzaffourthllandmark 11 1562associ ated ‘withthazardSsign! 1138,

Aonuwanven Yraua ST T kel

«Suchylandmarks,may the,used, {forcexample, ttozassi stzanzautonomous Wehicl elintdetermi ning litsSetirent

QLINERLAMAK 2%

location, relative to.any of thesshownitarget itrajectories, ssuchtthat tthe vehicl el‘m"a‘lyfaaj ustlitstheadi ngtt“o
luvuuuu I\.«Auu LAY 1\; < K (;

match adirection of thetarget ttrajectory zatithecdetermined liocation. INavigating 'using llandmarksffroméa
Sparse;mapiisifurther discussed (below withrespect ttolFI G. :26.

road signature profiles may lbg:associated with any discernibl e/measurable ‘variation iint least Ot
parameter associated with aroad. For example, in:some cases, 'such profiles iy ‘be'associated with
.‘\v/gribqgilggg, in road surface information such as variations in surface roughness of @ particular road
segment, variations in road width over aparticular road segment, variations in distances between dashed
I|n§ painted along a particular road segment, variations in road curvature along %lparticufar road
segment, etc, FIG. 11D shows an example of aroad signature profile 1160. While profile 1160 May

+

represent any of the parameters mentioned above, or others, in one example, profile 1160 &y represant

measure of road surface roughness, as obtained, for example, by monitoring: 6ié 6 f6E S&RSHIS

vad UL v U

road, segment.,

[0251]; Alternatively - or:concurrently,, profile: 1160 may represent  variation! ifi road! width, 4
determined) based] onimage; data obtainedivia.acameraionboard!a vehicle:traveling & particular ‘road!
gqgcment. _Such, profi les;may-he useful,, for-example, ,imdetermining ;& parti cular “location' 6f &%
autonomoussvehiclesrelativestoaparticular itargetttrajectory. . Thattis, asitttraversess &roadl sgiiarit> &1
autonomous; vehicle;may, messure:aprofile:associated withionesorrmotee parametérssassociated wi thithe®
roadjsegment.. If thesmeasured jprofilescambescorrelated/matched withicpredétermined profilesthattplots’
the, Qara:neter variation withyrespect ttospositionaal ongzthesroadisegment,.then’thezmeasured Tang!
predetermined jprofilessmay,be:usedi(e.g.,.byyoverlaying :correspondi Ag 2sectionsSof thesmeasured fand?
p;rrgagjgtermi ned ;profiles) jin-order ito-determinecaccurrentpositionnal ongithesroad Jsegivientand Ltherefore,
current, ppsi tion relativectorastarget trajectory yforithesroaddsegment.t.

[0252];] 1nysomecembodiments, ; sparsesmapp8000maysincl udedifferent!trajectories $ased oA
different, characteristics ssociated awithtasuseriof autonomousivehicles,senvironmental *conditions, andior ™

other, parameters.relating tocdriving. ;. Foriexample,sinisomecembodi ments, sdifferent irgj ectori s TTia)IbaS
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pgenerated,based, onydifferent,user;preferencesiand/opprofdes. SSparsemma$ 8001 ncluding'suchidifferent
ylrajectories;may;beyprovided ¢aidifferentautonomous vehicl es6fldifferentiugers. FFor example 3ifie
uusersmay;prefer foavoiddoll-roads,whilesothersimaysprefer toitakelthe shortestdf fastest Folites,
rregard é%(?fz)’.".b%h?f - there.ds,atoll-roacsonithe route. TTheldiscl oseds systems iay2generateldifferent

s szarse] maps,withydifferenttraj ectories:basechons suchidifferent user:preferencesor: profiles. /A fanother
eéampl €,5S0me, users mayprefer.totraveliinaetfastmovingliane,whil ecothersmisiytpreferid maintain’a

Ui
PP By AW e O i oy

different.environmental cconditions,ssuchaascdayzandrnight,ssnow frain, ffog cétc. /A utonomous'vehicles

o
Glitviviie ©Ff v 1l Ulasiasisvens

driving,under differenteenvironmental cconditionsimaytbesprovidedwi thsgparsemiap800igeneratedtbased

FELVTOrgy Py s =

P S R T

ongsuch different.environmental cconditions. Tinssomesembodiments, ccanierasiprovi ded WhFalifGromous
Wehiclesmay detectitheenvironmental cconditions, andimay jprovidessuchii nformati onthack ftofase&i7artthat
generatesg\gﬂprovi des sparse;maps. 1For example, ithesserverimay igenerateoriupdateshéal ready
generated sparse;map B0 ¢ojincludertrajectori estthatimay Ibeimore:suitabl e @r ‘safer for @litonomolis
griving under the detected environmental conditions. T heupdate of ssparse map B00 'based Oh
&nvironmental conditions may lbe perfonned dynamically :asthe:aLitonomous vehicles eitraveing‘aong

roads.

1vano.

L[0254]

and providing different sparse maps to different autonomous vehicles. For example, when 2R

autonomous vehicle istraveling at ahigh speed, turns may betighter. Trajectories associated with

VWAV AN WS Y waa

specific lanes, rather than roads, may be included in sparse map 800 such that the autonermious vehicie

(e., crossed the lane mark), an action may be triggered:within the vehicle to bring the vehicle back {3 the

designated |ane according; to the specific:trgjectory..
[0255] | Crowdsourcing: a Sparse Map

aad T cae

autonomous; vehicle navigation., Far-example,, disclosed! systems andl methods iy’ iisg crowdsourced!

data for.generation, of g sparse that; ane or-more: autonomoussvehi cles ITiay’ tseto navigate* al ongs 4§y S&T
of roads, Agusediherein, “crowdsourcing” ‘meansithattdataiarereceivedifromvariousvehicles(e.g.,

e 5.2

autonomous,vehicles) ytravelling;omaroadisegmenttattdifferenttti mes,,andisuchidataareusedit @ generae

and/or,update,the.roadymodel. | Thesmodel Imay ;,imturn, betransmitteditothiesvetiiclesaitotherfvehicles’
later travelli nggal onggthg: roadjsegment tf orrassisti ngzautonomoussvehiclenavi gation.- Thesroad’model ’}m“?a@/V
include.a,plurality, of target traj ectoriessrepresentingzpreferreditraj ectori éssthat tautonorTiotissvehicles’
shouldf 91[9W~a§thw}t[ayqs§eai roadisegment.t. Thestargetitraj ectori essmayy besthecsaiesadsefreconstructed?
actual, trajectory, collected fromiavehicletraversinggaeroadiseg ment . whi chimagybestransmittedfrom‘the

vehicletoaserver,. n;someeembodiments,thectarget:trajectoriesmayybesdifferentifromractualtirajectoriess

LAY svivr

that one.or,moreqvehiclespreviouslystookkwhentraversinggaroadcsegment & Thestarget traj ectoriesagPbee
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pgenerated based,on actual trajectoriese(e.g.tthrough-averag ngrortanyothertsuitabl eloperation).AAn
o £xample,of lignment, of crowdsourcedidatacfor,generatingetargettraj ectoriessididi scussed"belowtwith
rerfpfe.ct[ot?!: 1G229. |

([0257] T The vehidetrajectorydataithat. avehiclermay: uploadto a@rVdTrﬁéf'corréébbﬁd‘Wﬁﬁl"tﬁe

axawaw

Al L .

actual reconstructed, trajectory :forithe;vehicleyonmay:correspond«to arecommended Yragjectory, whichihay

acilal 1O0UI1sa uove
be based, on,or selated ojthe actual:reconstructeditrajectory>6f the/vehicle; bttty difer Hrom the' actlial
reconstructed trajectory. Forexample, vehiclesmaymodify ltheinactualreconstructed trajectoriestand

reounouuvive

submit (e.g.,,recommend) tothe; serverithesmodifiechactual trajectories. Trhe'road’model Tﬁﬁéiy“ﬁ‘éé}fﬁe

Suunue Q.9

recommended,modified.traj ectoriesyas target:traj ectoriestforatitonomousTnavigati o Gthervehiclés.

N avebhbv U, MOCITI&X
([0258] 1Inaddition;tatrajectoryiinformation cotherti nformationffortpotentialViée irtbuilding’a
(Sparse,data mapg800; may;includejinformationrel atingttorpotential llandmark<candidates. FForex Sviple,

through crowdsourcing of information, thecdiscl osedssystemszandrmethodsiagtidentity fpotential

landmarks;in,an.environment ;andyrefinejlandmarkjpositions. “Thell andmarksiaytbetused by 2 riéi}'ﬁjéi.fc;n

ALULLLIAL DO

System,of autonomous.vehiclesitodeterminesand/orzadjustttheipositionff thewéhicleal ong'thetaget

N ULULIV1

{rajectories.

(0259 The reconstructed trajectories that:avehiclemay igenerdteassithe'vehi cletravels@ong a

1:92d may be obtained iby ;any :suiitable-method. Jin:some«embodiments, fhereconstructed 'trajectories Ty

be developed by stitching together segments of motion for the vehicle, using, 2., %o ‘motion ‘esfirmation
(eg., three dimensional transiation and three dimensional rotation of the €amera, ‘and hence the body of

1WA ULELIwA RIS

the vehicle). The rotation and translation estimation may be determined based 6 andlysis of images

captured by one or more image capture devices along with information from other $8A86F% of devices,

R i

such as inertial sensors and speed sensors, For example, the inertial 3eN30I'S May include 3

DULILL D LIV VIUL QWLIDV R e -

" . e 1/ o aadl i A A
accelerometer. or other suitable sensors configured to measure changes it translation and/or rotation 6f the

ALLCIVIVLIIV W LY

vehicle body. The vehicle may:include a speed sensor that measures a speed 6f the vehicle:

be, estimated) based; on, an, optical| flow: analysis of the capturedlimages. Ant opticall flow andlysis 6f &
sequence, of i mages; identifies; movement:of pixels fromthe sequenice f images,» andl based ithe
identified; movement, determines;motionssof theehicle.. The:egomotion! iy b ntegrated! Q& time

and;al ong, the,roadjsegment toreconstructtaitraj ectory/associ atediwiththeroadisagiiigitithatithevenid &
hﬁ;:sfol lowed,

RTQIVES
[0261]} Datay(e.g., reconstructedtray ectories) Jcollectedibyymul fiplé2vehi clessinmultipl&diives’
along,a roadsegment it different fimes: maybeused:tooconstruct thesroadimodell(€.g.,4ncl Udingithetirgett
trgjectories, etc.) included:in;sparsecdate:map;800.. Dataecollected:bysmulfipl ésvehicl essi i multi pleScirivess
alwqgggaarpgg:segummt@yplme[em timessmayyal sochiesaveragedct oxincreasesanraceliraeyyof thefmodel L 1A
some embodiments,; dataregardinggtheqoadcgeometryyand/orilandmarks g ibefreceivedt fonTmititipie
vehicles that,travel,throughjthecommoniroadcsegmentratidiifferentitimess- Suchtdatareced vedfromn

different vehicles may bgcombined togeneratetheaoadimodel s and/ontowpdatethetroad‘model !

utiivivile veuiw LAl
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[([0262] TThe,geometry,of areconstructeditraj ectory ((anchal sor &target ttraj ectory) ' al ongtaroad

«egment, may, be representedsby, a curverinithreeidimensionalsispacewhichimzy>be aispline’ connecting

ythreeydimensional ypolynomials. 1The reconstructeditrajectoryzcurvey may>beldeterminedifromtanalysi obfa

video,stream,or,aplurality of images;capturedsbyrazcameraiinstall edbortlthervehicle. T 3sifie

Viuos Suwvdain

embodiments,,alocation isidentified in:eachfframesoriimage that i sidfew:métersiaheacbf theclirrént

Cawie abs b

Fpogﬁiqngqfv}‘hey\[ghivqlve. 1Thislocationiiswhere thewehicldisexpectedita travélttoiiraapredetermined- time

(period. 1T his;operation;may;be repeatedtframecbyfframe aanchatithessamettime, thewehicle i/ cemmpie

the.cameral s.egoymation(rotationzandtranslation). Ateeachtframecorii mage,zasshortt Farige model frortthe

Jes Lgdrpathigsggeneratedttgyt_the\\(ehi_cl_ei ingarreferencefframetthatiisattachedttottheccaniara. T heSshort
[range models; mayhecstitcheditogether ttocobtai nzatthreecdimensional imodel ¢f thetroadii ne&SHietcoordinaie

road,may theniheffittediby aspline, whichimayincludecorcconnect orecrmorelpolynomial s&f isuitable
orders.

(Jl MWL O
[[0263] ‘Toconclude theshortrangeiroadimodel @t «each fframe, ©he®t e detection’modul es

inthei mage and assembles them together to form the lane marks. A :second module Tidy be used
together with the bottom-up lane detection module. The second module isn end-to-end deep neural
network, which may be trained to predict the correct short range path from an input image. in both
modules, the road model may be detected in the image coordinate frame and transformed to athree

dimensional space that may be virtually attached to the camera.
[02641 Although the reconstructed trajectory modeling method may introduce & accumulation
of errors due tg the integration of ego motion over along period of time, which may inciude &noise
component, such errors may. be inconseguentiall asthe generated modell may provide sufficient: &CELFAEY
for nav igation over alocal| scale. In addition, it is possible to cancell the integrated eror by using external
sources of information, such, as satellite images or-geodetic measurements.. For'example; the disclosed
systems and methods may- use a GNSS receiver-to cancell accumulated! errors. However, the GNSS
positioni ng,signals may not; be always available:andiaccurate.. The disclosed! systems and'methods’ i)’
éqgg & 3 steering, application,that; depends weskly- onithe avail ability” andl accuray’ of GNSS positioni ng.-
Iy gh, systems, the usagesof the: GNSSsignalssmay,belimited.. Forrexampl e, -imsameembodiments, the
di‘sgvlpvsgevcldsxstemss may, use:the:GNSS;signal ssforrdatabasesindexingzpurposessonly .-

[0265]] I, samesembodiments, thesrangesscalex(e.g.,.local Iscale)that imegy/besred evanttfortai

P areatg ¥ oy

autonomousvehicle-navigationsteering;application:mayybezomthezorderrof 5 meters;» 100-mieters 2007

meters, 300;meters; efc.. Suchdistancessmay;besused | asthezgeometrical Iroadmodélli&mainlyyused¥ort
two purposes;; planningthestraj ectoryyaheadiandilocalizingzthesvehicl exorrthesroad-model I | Frsoiee
embodiments; theepl anning.taskmay,usethecmodel lover ety pical ‘rangesof fa0Cmetérssahead:(OrfafyYother
suiteble distance.ahead j suchyas20(meters,; 30(meters; 5meters) ) whenitheccontrob al gorithm'sféefithe®

vehicle.accordinggto atarget.pointl ocateddliaisecondssaheadc(orianyyother timessuchfags1ls“seconds 1177
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<Seconds; 2 seconds,,etc.) 1 The  ocalizati on taskyusesitheroachmodel oven atypical rangerbf 6otictérs
poehindithe,car, (or, any;other; suitablejdistances suchias 50imeters] 100meters,! 150mitersetc.) 2according

(to,amethod.called« tail,alignment” jdescribed immorejdetailnimanother; section. TT heldiscl oseds §y/stéimis
a@nd.methods may,generate,a,geometricalrmodel:thathass suffici entaaccuracy oversparticular tafiges suchss
1 100, meters, such.that;a planned: trajectory,willsnotideviatechy-moretthan, fforzexample, 330emffrom'the

lane.center.

Uilv vt

[[0266] ,Asexplainedzabove zathree:dimensionalrroadsmodel rmaytbesconstructedffromddetecting
sShort, rangegsections,andsstitchingtthemgtogether. TThesstitchingrmaytbecenabl edtbyccomputing?assix‘degree
£90, mq;iqpr model ,,usingtheyvideos.and/oriimagesccapturedtbyttheccantera,cdataffromtthelinerti als88sFs
tEEEIrU?f lect,the, mationsaf the\vehicle,andtthethostwehiclewel ocityssignal . “Thesaccumul ated SeForhiay e

«Small enough over someylocal rangesscale, ssuchzascof ithecorder f 1100imeéters. Al tthi sty tbescompl ted

iinasingle driveover aparticularroadssegment.

FRRIVRO R

increasejits,accuracy further. ‘Thesamecarimay travel tthessamerroviteimuiltipl ettimes, @rimultiple €

Luvivaoy

rane biiwax

lrperformed tojidentify overlapping :models;and toenable:averaging iin order to generate target itrajectories.

The constructed model (e.g., including thetarget trajectories) may lbe'used for 'steering OTER A
convergence criterion s met. :Subsequent drives may be used for further model improvements iand i
order I;? accommodate infrastructure changes.

[0268] - Sharing of driving experience (such as sensed data) between multiple ¢ars becomes
feasibleif they are connected to a central server. Each vehicle client may store apartial ¢opy of a
universal road model, which may be relevant for its current position. A bidirectional update procedure

between the vehicles and the server may be performed by the vehicles and the server. The small footprint

concept discussed above enables the disclosed systems and methods to perform the bidirectional updates

[0269]| Information, relating; ta potential landmarks may also be determined! and forwarded {6 &
central server. For. exampl e, the disclosed| systems and methods may determine one or imore pﬁysi'call
properties;of g potential| |andmark: based| on, one or-more:images thatt includerthe landmark.- The physicall
landmark, g distance; between,theslandmark:to,aprevious landmark,,theslaterall positiom of thieslandmerk®
(e.g., thesposition,of the:landmark;relativertothe:lane:of travel ), the:GPS coord natessof thezlandmark,» &
t;/p;:ovf A _a'{‘]pl_mgrk,»,i dentification,of texttomtheslandmark,.etc.. Forrexample;,avehicl ey analyz& e Gt
rp:g;vrpei mages;captured;by, acamerasto,detecttaipotential llandmark,,suchasaspeedilimittsign..-

[9570] ] :I"r1‘g33v'e:h_j;_:[ga3 may, determinezeydi stancesfromthezvehiclestothesl andmark sbasedidiithe?
analysis,of {the.one.ormore-images.. Imsomezembodiments, theadi stancesmayybesdéterminedoased g
anal >;si s,0f jmagessof (the:l andmark usingzaasui tabl ezl magesanal ysi smethod . suchaseescal ingzmethod
a&rglg\/‘g;&agnop‘ti calvllf low,method., In;somezembodiments; theedi scl oseddsystémssand-methodsagybee
configured. o, determinecatypecor classificationrof fxpotentialilandmark < Inrcasesthecvehi ¢l éédeterminess
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qthat,acertai nppotenti al Jandmark;correspondsitorapredetermined typedor:classification ‘storedi M&parse

pMmap;it;may-beysufficientzfor:theyvehicletocommunicatesto'thes serveriarii ndi cation>6f the’typeor
¢l m@,cgt‘hgrv\@_hi'glv@& maycapturesanii mage:of thell andmark rprocessttheéimage(e.g. ,tusi ngaa”él assifi é),
qaand.comparethe resultrfromyprocessingttheii magettattheiindi cati 0nSstorédili‘ntiheséé?\?érVWiihfregar'dt‘fot‘the

typecof, landmark. TThereymaytbewvariousitypescof | andmarks,zandcdifferentttypescdf-landmarksTisaytoe

Avrravrasasvs ans

.onhoardythevehicle;may detectsithellandmark :andccommunicateiinformafionzabout thellandmarktfofthe
cserver -andithessystemconboardithewehicleimayrreceivetthel| andmark cdataffromtthessaiareand'isslthe
ilandmark dataf orji dentifying :allandmarkiinzautonomoustnavigation.

[10271] jinssomeembodiments, imultiplezautonomous vehicl esttravelling ©heéatroadsségiment iiay

locate them;inthe same frame. ‘The vehicles:may upl oad the:curveand the landmarks tothe V. The

Server may collect datafrom-vehicles over:multiple drives, iand generate avunified road 'model. For

Py atedvargvirteal AR 24 R,

[0272] The server may also distribute the model to clients (eg., vehicies). Forexample, 2%
discussed below with respect to FIG. 24, the server may distribute the sparse map to one oF More vehicies.
The server may continuously or periodically update the model when receiving hew data from the
vehicles, For example, the server may process the new datato evaluate whether the data inciudes
distribute the updated model or the updates to the vehicles for providing autonomous vehicle navigafion:

[L0273] | The server may use one or more criteria for determining whether R&W data received from
the vehicles should trigger- an update tathe model. or-trigger- creation. of new data. For example, when the

new data indicates that: a previously- recognized landmark: at: a specific location: fio longer exists; 6F i§

[0274]} The:serverrmay, distribute:thesupdatedimodel] (orrthezupdatediportioniof the® model )t S
ormarevehiclesthattare;traveling;omthesroadi segment,, withiwhichithes updatestothesmodell &€
associated,. Thesservermay,alsoydistributesthe:updatedimodel ltovehi clesthattareaboutttotravel lginthe’
roadsegment,. ar;vehiclesswhosesplanneditripsincl udessthesroadisegment,,withiwhi chitheupdatesttothe’
modeljare-associated., Foryexampl e, whilesamautonomoussvehiclesisstravel ingzal ongzanotherroadsegimierit

vwiva e

updatesgor;updated:model;to:the:autonomoussvehicl exbeforesthesvehicl esreaches thetroad segviefit
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pmultiple.clients(e.g.. vehiclesithattravelal ongtacommon-roadisegment). TThe®aroarmifisy match ¢lifies
uusing andmearks, and:create, an,average-roadimodelbasecorilthertrajectories:col lectedfrom lthe'miltiple
yvehicles.1The server;may,a so.computesggraphof roadsiandlthen mostoprobabl eXpathiateachnodeXdr
cconjunction,of tthe.road; segment. FFor:exampleaasldiscussed-with'respect t FFIG22%bel ow,lthe'Fémote
sserver.may,align:the trajectoriesytogeneratesaccrowdsourced ssparsemapffrom’thescol lected:trajectories.
[10276] 1Thesserver-maysaverageilandmark:propertiestreceivedtfrom mutiplewehicles'that

ttravelled,a ongthe.common;roadssegment,ssuchesastthecdi stancestbetweencond landmark fofanothert (eg.%a

;P(QY[QUSLQ.Q%E" ong;theyroadssegment) aas measuredtbyrmultipl ewehicles,ttocdetermine®anarc:| engfth
[parameter andssupport|localizationzal ongttheypathzandsspeedccalibrationfforceachcclient\vehicle. The
Ssvzgrvvve‘r[mayEaveravget;[le;physi cal «dimensionscof:allandmarkrmeasuredtbytrmultipleehicl esttravelledéa ong

the.common,road.segment ;andsrecogni zed thessamellandmark. “Theaveragediphysical < mensionsThy tbe

VULALIIVE

Wusedto support distance estimation, ssuchzastthecdistanceffromithervehi clettotthellandmark. “Thes&&/er
jmay averagejateral jpositions of allandmark (e.g., jposition ffromithellaneiin'which vehicles&eltravelling
into thejlandmark) measured by multiple-vehiclesitravelled :al ongthearrimon 'road ‘segmeit ‘and
lrg:pgnized the same|landmark. "The.averaged llateral potion imay lbetused to‘support llane‘assignment. The
server may average the GPS coordinates of thellandmark measured by multiple vehicles travelied idong
the same road segment and recognized the:samellandmark. ‘The:averaged 'GPS ‘coordinates of the

vin SUELIV

landmark may be used to support global localization or positioning of the landmark in the road model.

LALIALLEQU In

[0277]  1n some embodiments, the server may identify model changes, such 2 constructions,
detours, new signs, removal. of signs, etc., based on data received from the vehicles. The Sar/ef may
gggt[gqousiy or periodically or instantaneously update the model upon receiving hew data from the
vehicles, The server may distribute updates to the model or the updated model to vehicies for providing

VVULLIVINVD.  3ax

autonomous navigation. For-example, as discussed further below, the server may use crowdsourced data

ULULIULIIV WO

to filter. out “ghost” landmarks detected by vehicles.

Ui BV
‘‘‘‘‘‘‘

autonomous driving. The server-may- analyze data received| from the vehicle a the time? and [ocafion!

WU LU W)

where,intervention, occurs, and/or-data receivediprior-tothetimesthe interventi ontoccurred.- The S8VE"

VY LIV 1wy

may, identify, certain, portions; of the data thattcaused! or-are closely  rel atedlto thes interventi on,for example;

data indicating, atemporary | ane;closure: setup,, datavindicati ng:apedestriantiittheroad.- The’ SEVE" )
update,the:model |basediomithesidentifiedidata.. Forrexample, thesservermiy’modify’ orie o ieres
traj ectories;storediimthemodel..

[9279]] FIG,. 12isaschematic;ill ustratiomof fesystermthat tusesscrowdsourced i gerieraea

sparse.map,(as;wel| jasdistribute:andjnavigate:usingzaacrowdsourced isparsesmap) - FIG - 12showssdroad
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/1225 may, be,an autonomous vehicle. g For jsimplicity yof thenpresent sexample, Ul bf the'vehicles <205,

Lt .l’..v_,

1210, 1215, 1220, and +1225,are,presumed (o bevautonomous vehicles.

oyt Pise

[0280] gEach, vehicle,maybe;similar ctorvehiclesidisclosed timdther fembodiments {(e.g., vehicle
[PeCX I B LR ET

Avitaw

embodiments. gEach vehicle,may,be.equipped swith:ariri mage: captureldeviceorearierd (e.g. i mage

Crivvunvii.

LCapture;device| 122,0r,camera; 122). FEach vehicleymay:communicate Awithiaremotes sraer! 12307 Vi@ BRdor

e = vanaw ~

more,networks (e.g.,,0ver ;a.cellular ynetwork yand/or ftheinternet, 2etc.) through wiréless>communication

Muiv dueyy vrno (!

PRV rieiropey

(datafrom;server | 1230. pFor.example, sserver ] 1230rmay scollect ddata from muilfiple ehicl esttravelling %8n

QALCL LAWELL OWE VW

v fuau S 2 lEoTTaAT el T

the road segment 1 1200,at.different ytimes, sandrmay rprocessttheccol lected ‘dataltosgérierare 2anPalToH oo

Yo

vehicle road navigation ymodel, cor;an,updatettotthermodel. SServer 11230mmayttransmit tthealifoHomols

v fuwa T

vehicle road navigation ;model oritheyupdatestotthermodel ttottheweiiclestthat ttransmitted Cdatal fos§8&r

Vol fows

11230. Server 1230, may transmit thezautonomous wehiclerroad navigation 1model ®rtihelupdatefolthe

« RIVL VWK

model to other vehicles thattravel onroad segment 11200zatllater fimes.

jFetezvton

information collected (e.g., detected, sensed, ormeasured) Iby vehicles 17205, 11210, 11215, 11520, and 125

Linvtiauus Cunvsvese

may betransmitted to.server 11230. 1In.some embodiments, tthenavigation nformation M Ibtiassociated
with the common road segment 1200. ‘The navigation iinformation ‘may finclude atrajectory iassociated

with each of the vehicles 1205, 1210, 1215, 1220, and 1225 aseach vehicle travels OVer road S&gmant

YVILLL VavViL s

1200. In some embodiments, the trajectory may be reconstructed” based on data sensed by variotis $2RS6FS

FVALVAV Y AR A
b

and devices provided onvehicle 1205. For example, the trajectory may be reconstructed ' based 9 3 east

ALIN Uw Viivwo

one of accelerometer data, speed data, landmarks data, road geometry or profile data, vehicle positioning

UV1IV Ul UWWVVAVL Vil wews

data, gﬂg ego motion data. In some embodiments, . the trajectory may be reconstructed based 6R data

—rvaey ALANIVAUAL ey

from inertial sensors, such as accelerometer, , and the velocity - of vehicle: 1205 sensed' by & speed- SERSOY-

'ﬂ addi ‘t[pvr],‘ in some, embodiments, | the, trgjectory - may be determi nedl(e.g.,, by & processsn” onboard! eadhi 8f
vehicles, 1205, 1210, 1215, 1220, and] 1225) based| on sensed! ego motion: of the: AT which! &)

VAVEIEVEIMVD s vy =—— -3 3y -

indicate,three, dimensional jtranslation ,and/or -three: dimensional L rotationss (or rotational motions).- The’ &56

LLIVIVALY LWL W

motion, of the, camera, (andjhence:the; vehicle; body))may be determined I from! anal ysiss 6f O 6F e

ivuul Ui wue veaasead VT e

[0282]1 In,some,embodiments, thestrajectory /of vehicle: 12055 may/beedetermined 1oy’ R PPERERSPT
- ] 1 = s

S Qrexvre

provided aboardvehicle, 1205sanditransmitted jtoyserverr 1230.. mottierrembodiments, »S0err 1230 g

recelve deta,sensed jby, the.variousssensorssandidevi cessprovided Jimvehicle> 1205, .andidetermi neithe?

veu Vo vued o

[0283] 1 I;s0me.embodiments, ; thecnavigation sinformation rtransmitted ffom wehicléss12U5,51210)>

1215; 1220, and 11225<t0;server 1230(may yincludeedatazregard ng ethecroaddsurf ace, *the¢road“geomietry, o
the road profile., The.geometry (of road segment 1200(may yincluded anesstructuire cand/or 1 andmarks. > The®
Ne-

lane structure, mayinclude thedotal ynumber ;of 1anes:of Toadcsegment 11200 thestypécof Tanest(e.g., - oR8S
yIEHEE NS0k

16116 du uvun

way lane, two-way |ane,.driving dane,;passing anezetc.),)markings;ontl anes,swidth fof Tanes Sefé -1 AnSRTBE
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o embodiments, ;the; navigation rinformation rmayrinclude: &l anesassignment, &g whichalane'f Alplurality bf

1l anes avehicle istraveling in g For.example, ithesl ane:assignment nmiay> beassociated with- & numerical

Qiivo d Ylinwiv

JValue.“3" indicating jthatthe, vehidlesisitravelingsonithelthirdel aneifromithéd & oriright. /A d'another
example,jthe.|ane assignment ymay,be,associ ated with atext/value™ center d an&’indicating the/vehideSis
wiraveling, onjthe: center Jane.

(0284] gServer| 1230,may;storetheynavigation i nformati on >orainon-transitory >compliter-réadable

medium,_such, as ahard drive,;a.compact disc,aatape,aamenory, zetc. SServer! 1230y 2generaie (eg.,

Thivensriney 'Stavat
(through 48-processor included in;server| 1230)at | eastigzportion 6f iaralitonomotiswehicl e’road’navigation

model for. the.commaon roadssegment | 1200tbased:ort thesnavigation information ‘recéived [fromithe

fivuvs Tul uiv Cuiraassvas Lv >

FELOreo)

map. Server,1230;may determineatrajectory sassociated witheeachl! anetbasedcshtcrowdsourced ‘data

——— -

((e.g.,Ipa\/i gation;information) received ffromimultiplewehicles((e.g., 11205, 11210, 11315, 1530, 2and ! 1225)
that travel .on aylane of road.segment cat different ttimes. fServer 11230mmay fgenerdte tthefalifoomous

thar Liave: G b luine
Jehicle road navigation ;model (r.ajportion ofithesmodel ((e.g., eamupdated 1porfion) tased Shealplurality U

with respect to|FIG. 24, server 11230,may transmit theimodel rithe updated portion o ‘the'moddl o Ve Sr

wana oo
more of autonomous vehicles 11205, 11210, :1215, 11220, and ‘1225 traveling oniroad sEgiment 1200 O 4y
other autonomous vehicles that travel .on road segment it allater time for updating 2 existing AitoRoMoUS

vehicle road navigation model provided in anavigation :system of the vehicles. Asexp‘lai' ned iR oreater

VVLLLWIY FUGG

detail below with respect to FIG. 26, the autonomous vehicle road navigation model M)/ be used ‘by the

ULLULE UNEV YY VY B

autonomous vehicles in autonomously navigating along the commori road segmenit 1200.

AULULIIVLIIIV LD ¥ WELEWAWyY sll

[0285] Asexplained above, the autonomous vehicle road navigation model &y be included ina
sparse map (e.g., sparse. map. 800 depicted in FIG. 8).. Sparse map 800 may include §parse recording 6f

data related to road geometry -and/or-landmarks; along, a road,, which: may" provide' sufficient’ informmati on

UALA L vIULwE L
aaa

. . . . . - RN B Sl a5 s
for. guiding, autonomaus; navigation, of ‘an autonomous; vehicle,, yet: does nof' require’ excessive’ data gorage:
S e MV P =

v

In some, embodiments,  the, autonomous; vehicle: roadi navigation: modell may’ be stored! separately ' from

1l suine .-

sparse,map, 800, andjmay , use map, data from, sparse:map) 800 whenithesmodellifs executed! for navigati on.-

o

I, some, embodiments, the,atonomous;vehicle:roadinavigationmodel may’ s e datatincl uded
sparse,map, 800)for, determining target itrajectoriessal ongyroadisegmentt 1200 forr gui ding At GHGLS®

navigation, of autonomous vehicles; 1205, 1210, 1215,,1220, ,andi 1275 arrotfiertveticl éssthat Hatertravel |

______

along,roadysegment ;1200 Foryexample,; whenthezautonomoussvehicl ezroadinavigation 'model Sexectifed!

by  ByProcessor jincluded jin,aynavigation ,systemof (vehicles 1205, thesmodel ey CatisesthesprEeessir &

Frrtorevtrss

compare the.trajectories (determined ibasedjonvthesnavigation 1informetion Treceived fromivenicles 1205 with

predetermined trajectories dncludedqingsparsesmapp800(tacvalidatecand/or icorrect ftheSclirfantitraveling®

-

[0286] ! n,thecautonomous wvehicle¢roadnavigationrmodel , Ithecgeometry Yof Séroad‘feafure®or!

target,trajectory ymay beencoded byya:curvedniathree-dimensional xpacez- Iiironecemboc ment; ttheccrEe
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o9ne of iskill inthe, art,would, understand, , ajsplinermay>be anumerical functiontthatsi& piece-wisel defined
by, aseries) 91; polynomials:forifittingidata. AA jsplineiforifittinglthetthreeldi mensional Jgeormietry! databf'the

«Joad,may include, ajlinear, spline(first,order) , ayquadraticsspline (second>order) p& cubicispline (thi rd

order), or, any, other; splines (other yorders),on&combination Ithereof. TThe splinety tinclude>dh@bMAte

ithreeydimensional ,polynomials ,of different orders;connecting’(e.g. ffitting) Idataopoi ntdf thekthree

vy Jviosv

qdimensional ggeometry {data,of the-road. 1.1n; somezembodiments, {ithexaiitonomousvvehicleroad navi gé&idn

FTEVLOI U R FEV ST

model .may

i
Touor o7 aedeos

s:-aggmerpt: (e;g/. " qudssggment 11200)cor;al ane-of therroadssegmerit11200.

([0287] ,As.explained ;aboveithesautonomoussvehiclerroadravigation rmodél iincludediinithe

FETOFEORSe)

(Segment;1200. -Theylandmark ;maytbeyvisiblewithinzaifielddf wiewdt saccaniera((e.g., ceaniEralizd)

............
-

installed on each of vehicles 11205, 11210, 11215, 11220,cand 11225. lInssomecemibodiments, caral 122midy

illolull\lu (JJ‘
capture,an;image of ajlandmark. A processor ((e.g., jprocessor 1280, 1990, @rjprocessing tnit 11 0))iprovided

on,vehicle 11205,may process tthejimageof theflandmark ttoextract iidentification i nformation ffortthe

011 Vvavaw

Jlandmark. -Thejlandmark jidentification jinformation, irather than @n:actual iimage @f thellandmark, Ty be

CLIVILIAL B, 1

stored in sparse map 800. ‘The jlandmark jidentification iinformation imay rrequire much lless&orage e

Swurtvw i &

than an actual image. Other Sensors or systems (e.g., GPS :system) may ialso provide ‘certain identification

LLECLEL CAIL (v LU

information of the Jandmark (e.g., position of landmark). The landmark may include @t least onR@of &

LILIUVLI130LINILE VL biEv kaaasrasasea on

traffic sign, an arrow marking, alane marking, adashed lane marking, atraffic Tight, agop line, 2

LLCRLLEW

directional sign (e.g.! ghighway exit sign with an arrow indicating adirection, ahighway sign with

arrows pointing tg different directions or places), alandmark beacon, or alamppost. A jandmark beacon

refers to a device (e.g., an RFID device) installed along aroad segment that transmits of reflects asignal

IVIVIO W a w

to areceiver installed on avehicle, such that when the vehicle passes by the device, the beacon received

WU adivewlywl 1

by the vehicle and the location of the device (e.g., determined from GPS [ocation. of the device)' fdy b

~T UV Vaiuwas u

used as alandmark tg beincluded in the autonomous; vehicle: road. navigation: model! and/or the’ §pAr&8

map, 800.
[0288]) The,identification, of at;least; one;landmark: may’ include>a posi tion1 6f the: &' [east: 6196

landmark. The,position, of the; landmark :may be determinedibased! or position: meastirements3 performed!

using, sensor.systems; (e.g., Global|Positioning; Systems,, inertial Ibased! positioning syt landmark -
beacon, etc.)yassociated jwith,thesplurality, of vehicles; 1205, 1210,,1215,, 1220,,and! 1255 - Il g517vee

Ve gy [ISTeR TRty

embodiments, the,position;of the:landmarkmay /be:determi nedibysaveragingzthezposition riessiiréfmentss

detected, collected, or,received jby,sensorrsystemssomdifferent vehicless 1205, 1210, 1215, 1220)-andl 1225

R

through.multiple.drives; Forexample,;vehicless1205,,1210),1215;,1220;.and1 175 regtransmit tposition?
measurements (data;to,server 1230, which-mayyaveragesthespositi (’)nnmeasurement'siSandfu‘ézé’fth‘e-”-averag;]edj

1NV AI W VLWL Y

position measurement sas:theposition of theclandmark ... Thespositionrof fthecl andmark ¥riagybeEcontinuously Y

[ I1 nirvas ulvisiva 7L iR

refined by, measurements sreceived fromyvehicless nrsubsequent drivess.

[0289],1 Theidentification ;of thed andmarkimayyincludecaesi zecof theel andmark <. ThegproeesssF
provided on,avehicle (e.g., 1205) may,estimate theqphysical isizecof thedandmark thased drthetanaysisof
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gthe,images. g Server. -1230may-¢eceiveimultiplesestimates» of ithe physical ssize b theeaifiéé andmark from
gdifferent, vehicles,overjdifferent jdrives. SServer.:1230may average ttheldifferent ‘et mates tdarrive'afa

aavawiare Y viliwaws

pPhysicalsizefor the Jandmark, yand;storeithat dandmark; sizeririlthe'roadimodel. TThedphysical s size estimate

tthe landmeark ;may ;besestimated sbased onjthe:currents speed>6f lthewehicleandh scal ¥6f ‘expansi onbased

v OIGLIG LI

ogni;tjleppositionaof thelandmark sappearingiin:theiimagest rel ativeltot thef focusc6f expansion %6f the"eani&ra.

..... ~

for.example, thedistance:toflandmark -maytbesestimated cbyzz=\* dt*R/D, swhereW i § thes speed?6f

\vehicle [R;igthe distance;initheiimageffromithellandmark satttimeti I ttdttheffocuscf :expansion, gandlDlidthe

FrErvrrytorons EOran Ay e R

distanceytoylandmark ;may thecestimated thysZ="V*dt* R/D, where Viisithesspeedfivéhicle, IRiisthe

AANARLAves n

Mistance;ingthe;imagethetweenthellandmark candttheffocuscdf :expansion, cdtiiszatti melinterval, tandiDiiidthe
;image displacement (of thejlandmark ;al ongttheepipolar lline. (Other cequations tequivalent tfotthetabove
£duation, Such asZ-="V # G/Aw,may \bewsed forcestimating tthecdistance totthellandmark. IFiere, 'V/iislthe

vehicle speed, ¢, iis:aniimagelength (liketthe object widith), and Dwiistthecchange @ that limagellength iih®

AAAAAA

112aiiwna Uneo s Was vaas

the landmark (e.g., height or width), wiis the number «of pixels when the landmark leaves thelimage.

LIV LCLLENALELGAR I

From the above equation, achange in distance Z may becaculated using AZ = f % W ¥ Aty/ 024 £
AW/g, where AW decays to zero by averaging, and where Aw isthe number of pixels represenffng a
bounding box accuracy in the image. A value estimating the physical size of the landmark may be

calculated by averaging multiple observations at the server side. The resulting effor in distance esimation

vaavataeesw 2 2 2 T ==

AW and Aw. Their- contribution to the distance: error-isgiven by AZ = * W * A&/ 62+ f ¥ AW/ w:

However, AW decays tg zerg by averaging;; hence AZ is determined by Aw (eg., the inaccuracy 6f the
bounding; box; in the: image)..

AAAAAAA
ERezin ey

trackedfeatures, adistancesdistributionper-feature:pointtmay’begenerated. . The'distance*estimate’ i)’ b&

uavn

extracted;from,the.distances digtribution. . For-example, ,the:mosttfrequent tdistance*appearing?itfithe’

ALV

distance. distribution ,may besusediasthe:distance:estimate.. Asanotherrexample, the*&V&a 2t the

distance.distribution ;may sbe-usediasthezdistancezestimate..

‘ [0292] FIG.. 13illustratessamexamplezautonomoussvehiclezroadinavigation 1model represented Toy”
aplurality ,of three.dimensional ispliness1301,,1302,.and11303:. Thescurvess 1301, 1307, -and413033shown it
FIG; 133arefor,illustration ;purposezonly... Eachasplinesmayyincl udezoniesortmioresthreegdimensional U
polynomials connecting ga¢pl urality yof idataepointss1310.). Eachtpolynomi al 'miayybesaEfirst ‘order T

polynomial ,| a:secondorder jpolynomial, | zthirdzorder ipolynomial, Lor 1zcombination rof fanyysuitable®
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> polynomials having ifferent orders g Each datagoi nt 13101mayy doesassoci ated 'with"thenavigation
a4 srmmssTTo 2 N -~

Lavewary ks Tl

. information received. from.vehicles 11205, 71210,21215, 21220,1and 1225 Il ncsmelembodiments; “each data

inutinauui 16veryws 2l usis

point .1310,may, be assodiated with|detacretated toslandmarkse(e.g.,isizeil ocal on,"andCidentification

Poase sovall v snve

. information, of | andmark;) and/or Jggqis_ignature,-profiIeSe(e.g.,'(roéd;‘geom‘etry;~<roéd<rou'ghn$s)-tjr8fﬂe,

1Mviinauuir du 1

road, curvature, profile, soadywidth,profile). 1l n.some:embodi ments, ssomel datavpoints 131074y be

Cau UL valturw

associated with;data, related to landmarks,yand,othersimaybevassoci ated Wwithidatarel ated t6road 'Signatiire

Adduniaivu Wi

ofiles.
pProfiles

(10298] £F1G. Willugtrates:raw Jocationidatal 1410/(e.g. (G PSidata) recaivedifrom’five 38par dte

——

drives. -Oneydrive,may e, separaterfromanother jdriveiif fitowas traversed =bys separ devvehi clestal the &iifie

diives., v Gisva a]

ti me,tlgyttheﬂmne‘\@bivqlvea@tssgparatetti mes,cortbysseparatewehiclesaasseparatettimes. Trapaccountfor

tuuv, 1w DALy

errors.inthe;location, data) 1410;andsfor.differingll ocationscdf wehicleswwithi nttheseatiel lanel(e.g., e

€riurd 1 vvauivas

vehicle, may drive closertotheyleftof ;qlanetthanzanother), sserver ié?ommyggéﬁéféfeasmﬁébs's’kél‘éf()“nlﬁfo

vouuelo Lo RO Ortrerer

l»usi ng one or, more statistical stechniquesttocdetermi neswhether wariationsiinttherfawllocation<datal 1410

Cana OV O1 Luuiv Staiasvava

represent actual divergences or tatistical errors, JEachjpathwithinsskel eton 1420y beliinkedtback o

~pa e vaas

the raw data 1410 that formed thepath. 1For €xample, thejpathtbetween Asand’B within&eléton 14201

e law Uara Fviv by Bon oS BLe

linked to raw data 1410 from drives:2, 3,.4,:and Slbutnot ffrom dfrive 1. Skeleton 1470y vt e

lincu W law

detailed enough tobe used to navigate avehicle (e.g., lbecause iit combines drives from multiple Tanes ¥h

uctaton Lo . 5

the same road unlike the splines described above) but may provide useful topological information nd

ULIC SALLT 1UGM Uil vy

may be used to define intersections.

anavvy VS UDWVAL LU v 1

[0294] FIG 15 llusirates an example by which additional detail may be generated for 2 §parse

Lv=- 1

map within a segment of amap skeleton (e.g., segment A to B within skeleton 1420). As depicted iR FIG.

sravep WILLLLLL G - o

}5,, the data (gg.} ego—motion data, road markings data, and the like) may be shown 28 a function 6f
position S (or Si or A?)) along the drive, Server 1230 may identify landmarks for the §pars8 map by
iijveur;tvi‘{yi_r‘]g_\gnique, matches, between, landmarks; 1501, 1503, and! 1505 of drive 1510 and landmarks 1507
éﬁé%@ ;,t-q[i&% 1520. Such, amatching; algorithm,may’ resilt:in identification! 6f landmarks’ 1511, 1513;
o

and, 1515, One, skilledin;the, artywouldjrecognize, _however,, thattother matching: algorithmss &)’ 58 Uised.-

1J 10, Wllv o

For example, probability ,optimization,may:be usediinlieuof ‘or-iimcombinationwithtunique’ matching.- A'S

PO cimenip ooy

described,in further detailjbelow,withyrespecttoyFI G..29,,serverr 1230 mey/ longitudinally ‘dignithedrives

uoouttuwd 1) sl w

to,align,the matchedlandmarks.,, Forjexample,. serverr1230)may /selecttonesdiive(e.g., diive* 1520) &
wa s e AVALAVAL R ATes A

111UV LW

reference_drive.andithen shiftiand/or elastically ;stretchithesothertdfive(s) J(€.g.,-dfives 1510) fortaligriment.

1CICICLIVG UL Y W Gl

[0295], FIG; 165showssamexample:of jalignedilandmark «dataaf Orrusesi AsRPEEeY)- | nithe®

L

example of FIG, 16, landmark ;1610ccomprisessaroad:signa. Thesexamplécof FIG] 165 Grther 'depi CiSTdafa?

el
from aplurality, of drivess1601, 1603; 1605;,1607/,1609),161 1] and1613). Infthe‘exampl ef fF1E3167 the®
data from drive,1613;c0nsistsof @& ghost” *landmark < andkthecserver112300iag videnti fyvitfadssuchtbecatise®

uara ot ur v oS

none of drives 1601, 1603; 1605, 16077, 1609, and¢161 1fincludeeanridentification rof &éandmark ifithe®

NUILIC Ul uL1ives o

vicinity of the identified Jandmark jindrive16133 Accord ngly, yserveri1230(ay accapt potential Y

landmarks when ayratio of images,inwhichithedandmark ldoes-appeantdirages'i fiwhichlthed andmark K

lanuiiias Ko vl b
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qdoes, not, @ppesr .exceeds, aithreshold ;and/or rmay ¢rejectpotential dlandmarks When! &rati 0bfi mégééri n
whichjthe Jandmark jdoesynot, appear dtorimagestimwhichithed andmark Idoes'appaar exceeds' threshold.

[([ 0296] FF1 G| '17idepicts,a:system '1700:forzgenerating 1driveldata,which1ifiyPbetused to
cSrowdsource, a sparse,map. A sidepicted 1irFFI G.1 17,5systeml 17007may‘tincl udergeaigral 1701%and'a
docatingsdevice 1703 (e.g.,aGPSdocator). CCameral 1701aand ocating ldevicel 17037, "belmounted 8rita

yvehicle (eg..onesof vehicles] 1205, 1210, 12151 1220aandl 1225). (Cameral T7010gy“produce?@plUrality
<Of dataof. multiple;types, ce.g..cegormotion:datattrafficssignidatarroaddata,edr'theflike. Trhedasia data
A20d, location data, may hessegmented intosdrivessegments11705. FForzexample, darivessagnants! T70s sy
<eachihave camera, datazandj|ocation cdatatfromllesstthan 1k medf driving.

[0297] 1inssomecembodiments, ssystem11700rmayremoverredundancies incdrivességiaifs 11705,
For example, jif 2yl andmark cappearsiinimultipleiimagestfromccamera 11701, ssytem 117607y Sariplthe
Jredundant datacsuchqthat thedrivessegments 11705only «contain Grecopy fthell ocation Gf Eant'jf’éfﬁil

Metadata,relating ttogheqlandmark. 1Byway of ffurther cexample, iiff zall aneimarking s iinimultiple
only contain @necopy of thellocation ©of and:any imetadata irel ating ftotthel ane'marki ng.
[0298] :System ‘1700 @lsojincludes aserver (€.g., server 11230). Server 1730 MY receive ‘drive

segments -1705 from the vehicle :and recombine the drive segments 1705 into a'single drive ‘1707. ‘Such #h

ar}jangement may dlow for reduce bandwidth requirements when transferring 'data between the vehicie
and the server while also allowing for the server to store data relating to 2n entire drive.

[0299] FIG. 18 depicts system 1700 of FIG. 17 further configured for crowdsourcing 2§
map. AsinFIG, 17, system 1700 includes vehicle 1810, which captures drive data using, for example, &
ggr;r:lgr‘% (which produces, eg., ego mation data, traffic sign data, road data, of the iike) and & locating
device (e.g., @ GPS locator). Asin FIG. 17, vehicle 1810 segments the collected” data into drive S8gments
(depicted| a5 “DSY, 1,%“DS2 1,"“DSN 1”inFIG. 18). Server 1230 then! receivesi the: drive’ s&gmants and
reconstructs; a drive (depicted| ag“Drive: 1 in FIG.. 18) from the received' segments.

[L0300] I As further -depicted|in FIG.. 18, system: 1700 al'so receivess data from! additional | vefiicles-
Iqur‘.examp‘l e ’v'evhiplgl 1820 al so, capturess drives data using,, for-example, & cafiet (whichtproduces, - €.d.,»
ego, mation, data, traffic. sign,data,, roadidata,, or theslike)) andlal ocating? device? (e.g.,»8GPS ocator).-
Similar,to,vehicle, 1810, vehicle; 1820)segmentssthescollected idatatinto>drives segmentss (depicted 14 “DS1!
2+*DS2 2" DN [2IMFIG.. 18).. Server1230)themreceivessthesdrive: segment$sandracorisiicts ddrive?
(depicted jasy" Drive:2imFIG.. 18))fromithesreceived isegments. - Any/ number tof fadditional lvehiclesSiigy
be.used, Forsexample,, FIG., ‘8alsosincludess’ CARIN" ‘that tcapturessdrivesdata,-segmentssi ftintodrive
segmentsy(depicted jass" DSLIN,” * DS2N,”*DSNN " imFIG/. 18)).andlsendssit t eV 1230 ort
reconstruction ;into,a:drive:(depicted jas DrivecN ™" inrFI G.i.18) ).

[0301] | Ascdepicted iin:Fl G.;.18; server r12300mayyconstruct tepsparsaeniapr(depicted & MAP™)
usingdheeconsiructed (drives«(eg.,.  Driveel,” Drivee2,” > and< DrivesN” ' collected Sfrom°aépl Urality Yof |

ATy AT

vehicles(e.0., *CARRL}*(alsolabeledcvehiclee1810) ) CAR22’(alsodlébeledcvehiclee1820f ) and CARN™). )

wikiva
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[([0302] FF1G, 194 s arflowchart;showingran:examplesprocess! 1900 forsgenerating LA EEETNA Tor
autonomous, vehicle,navigation ,a ongiaroadisegment. PProcessl '1900ay>beperfonned by’ BAEBGTe

Auwunuin

pProcessing jdevices;included jin;server] 1230.

[(0303] pProgess 9900,may include-receivingaaplurality 6fii magesiacquireda98ALbMGTe
vehicles traverse:the-roadssegment  (stepl 1905). SServer! 1230r may“receivellimages’from:eaneras ncluded

Vurtivive u

Anmtrina

Withinone-or,more-of vehicles| 1205, 1210,11215,11220 aand1 1225. FForexample, ceaniefal 1227ndyfeaptiie

One.or,more;images.of thesenvironment ssurrounding wehiclel 1205aaswvehiclel 1205t travel s?along‘road

1V UL IV

ssegment; 1200. qInssomeembodiments, sserver 11230rmayzal sorrecei vesstripped cdownii mage‘datatthatthas

22 DT e

thad, redundancies removed tbyzaprocessor comvehiclel 1205,zasdiscussed 2abovewithrrespect it JdFG.117.

Uliviwawe L wles e

Qneylinerepresentation (of :aroadssurfacetfeaturecextendingal ongtthetroadissegmerit (step11610). IEachliine
representation ;may represent ;aypath;alongitherroadssegment ssubstantially «corresponding ‘with'thetroad
Surfacefeature. |For example, server 11230imay @nalyzetthetenvironmental i mages'received fromGiida
122 tojidentify aroad edge or @llaneimarking and determine atraj ectory f ftravel @ ongroad ‘Segiment

11200 ;associated -with the road edge or lane:marking. lIn 'some embodiments, ‘the trajectory {(or fine

the trajectory of travel of vehicle 1205 based on camera ego motions (e.g., three dimensional trandlation

and/or three dimensional, rotational. motions) received it :step 1905.

[0305] Process 1900 may also include identifying, based on the plurality of images, Apiurdity Bf
landmarks associated with the road segment (step 1910). For example, Server 1230 may analyze the

IULIGLLIUL 1D

environmental images received from camera 122 to identify one or more landmarks, such a8 road sign

?'PQ% road segment 1200. Server 1230 may identify the landmarks using analysis 6f the pl'ural'i.t'y of
images acquired as one or more vehicles traverse the road segment. To enable crowdsourcing, - the
analysis may. include; rules regarding; accepting; and rejecting; possible: landmarks: associ ated! with: the road
segment. For. example, the analysis; may- include: accepting; potent al. landmarks when & ratio 6f images if

which the. landmark - does; appear-to images; iniwhichithe: landmark : does not- appear” exceeds' &threshold!

vairosl v

+

and/or. rejecting. potential | landmarks; wheni a ratio of imagess imwhichithe: landmark : does riof- 89pEar 0

images; in, whichthe:landmark ; does; appear -exceedss athreshold. .

[0306]; Process; 1900 may:include:other-operationss orstepsperformed Iby’ save~ 123 For’
exampl e ,t[]gev,navigvati on,information may-include:atargetttrajectory /fortvehiclesstotravel lal'ong!a%road1
gegmgnt,;,aggdgrocas 1900ymay,include:clustering, ,by/serverr 1230, ,vehiclextrgjectoriessrel atedt@multi bl e
vehicl esitravelling ,Qnthesroadysegment tandidetermining:thestarget ttrajectory /basediatthescl ustered?

LAYV

vehicle.trgjectories, , agdiscussed fitnfurther rdetail el ow . Clustering2vehiclestrajéctoriessriiagyincl ude®
clustering, by server 11230, the:multiplextrajectoriessrelated:tarthesvehiclesstravelling 10tthesroad segiient ¢
into.aplurality yoj iclustersbased jonsat 1 eastonexof thesabsol utecheadingzof ivehi clessortlanetassi g']nment"df f
the.vehicles; Generating the:targetitrajectory ;mayyincludecaveraging,;byyservef 11230) thescl Usteredd

22 Sy irtv B

trajectories,;,
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({03071 gBy,way,of further;example,>process!1900rmay tincl uderdigningldatatreceivedTirf'siep

sServer| 1230, asidescribed, above,ymay, al soyberincludedtimprocessl '1900.

[{0308] 1T heydiscl osed; systemsyanchmethodsimayincl udedotherfeatures. FFor:example,lthe
qdisclosed; §ystems] may Juse Jdocalscoordinates, rratherithanzgl obal scoordinates. Fronaitonomousdrivi ng,
s\sp‘r‘rgps/systemsE may -present sdata inyworld:coordinates. FForzexample,ldongitude?andati tudeccoordinates"dn
(the,earth;surface-maytbe used. [Inorder ta.use the: mapfforssteering,tthebhostwehiclefiizy ‘determinglits
(position,and.orientation,relativertathermap. Iltsseemsiatural ttorusers GPScdevicecontboard, lincorderifo
(Position;the,vehicleconithermapzandiincorderitoffindttherrotationttransformation thetween!thetbody
[Leterencesframe;andithe\world referencefframe((e.g.,INorth, IEasteandlDown). rOncetihe'fbodyfréfferenc’e
fframeis.aligned\withithe,map referencetframe; tthentthecdesiredrrouterniay thiesexpressed intthetbody
reference frame;andjthessteering commands:may theccomputed corgenerated.

[[0309] |However, onejpossibleiissuewithithisstrategy fistthat currerit (GPSttechnol ogy ‘does'iot
usually provide;theibody [location andjposition withssufficient caccuracy tandéavailability. "To®V& SRR this
problem, jlandmarks whose world coordinates areknown may Ibetused to‘construct V&FY ‘detail ed HEps
(called High Definition orHD maps), that contain landmarks of iifferent lkinds. Accordingly, @vehicle
£quipped with a.sensor may detect and locate the landmarks iinits own reference frame. Once therelative
P{?Sition between the vehicle and the landmarks is found, the landmarks world ‘coordinates T2y be
gggg‘rmilggg fromthe HD map, and the vehicle may use them to compute its OWn location -and posiﬁon.

[03 Jo] This method may nevertheless use the global world coordinate system 22 mediator that
establishes the alignment between the map and the body reference frames. Namely, the jandmarks May b2
used in order to compensate for the limitations of the GPS device onboard the vehicies: The iandmarks,
together with an HD map, may enable to compute the precise vehicle position in giobal coordinates, and
hence the map-body - alignment  problem is solved.

[0311]; Inthe disclosed systems and methods, instead of using, orte global migy of the world,
|local, map, may. define its own, coordinate: frame. These: coordinate: frames friay’ be arbitrary.- The vehicle’s
coordinates; iry the, local| maps; may- not; need to indicate: wheresthes vehicle s located| ort the: surface’ 67

earth, Moreover, the.|ocal| maps;may-notberequiredlto be accurate: over* larges scal es,» meaning: there’ M4y

be,na, rigidjtransformation, thattcam embedialocallmapimthesglobal lworl dicoordinate? systen.-

[0312]; Theresare:two,maimprocessessassociatediwithithissrepresentation 16f the’worl d-oierelates

sophisticated jsurvey ;equipment, - because:thesusezof fHD)mapssi limited,Landihencescrowdlsourcing?
becomes.feasible. With,respect to,usage,;,amefficientimethod:tcoali gmtheel ocaliaprwith thesbodyY
reference.frame:without 1going;throughsasstandard;iworl dicoordi nateesystem1magybecempl oyed. Hence®

theremay, be:nocneed,) at least inymostiscenari ossand:circumstances,stochavesepreci Sefestimationof the®
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vehicle |ocation,and,positionyin global coordinates.F Further,kthermemorycfootpri nt'of theSlocaltip8iay

Citiviv 10vaiy

pbgkept.very,small.
[([0313] TIU% principle, underlyingithermaps; generationsi therintegrati o bf ggormotion. T The
vehicles may, senseythe, motion, of jthe, camerainyspace:(3D1transl ationvand 3D rotation). TThe/ vehiclebr

Vuinvivo 1

the server may.recongtruct jthe trajectory ,of theyvehicleby1integration6f ‘sgoImotion>ovefiti merandlifis

thv 3Cives 1l

;integrated path,may ,be,used;as,amodel xfortheroad;geometry TThi sprocessgyPbe combined®with
;sensing. of close.range Jane;marks ;andthenithe-reconstructed routermay réflect thepéthi'that'dvehicle
should:follow,,and.notthe-particular path:that thevehicleididifol low. Iroatherwords the reconstricted

SIIUUIU f
(foute or.trajectory .may -be:modifiedbased:on thessensed:datarrel ating’toccl osePagellanemarks 2and the
modified,reconstructed;trajectory rmaytbe usedsassarrecommendedttrajectory contargetitrajectory, Which

Iivaiuva e

may,besaved;in;the;road;model cQrs§parsermapfforLus;dcbycother\véhic':leﬂna\}igat'i ngtthes&fie road

v lix
<Segment.
[[0314] 1In;some embodi ments, ttheymapccoordinatessystemmnaytbesarbitrary. /A cenfEralreférence

12 Ovraaax

{frame may be selected at anarbitrary time, canchusedzasttheimap origin. Theiintegrated trajectory ke

raruy 1o

camera,may joe.expressed jinithe coordinate system of ithat jparticular <hosen fframe. “The'val ueRftheroute

Cauvia l

coordinates:i n&bglmqp]mqy \not directly yrepresent :all ocation wneearth.

LUV usaues b

[0315] The integrated path;may accumulate errors: Thisrray Ibedue to'the fact thet theserang

Livas

map may diverge, and the local map may not be regarded asalocal copy of the global Tap. The farger the

“““

size of the local map piece, the larger the deviation from the “true” geometry on earth.

DILA VL LW 1UVLes

[0316] The arbitrariness and the divergence of the local maps may not be a ¢oRSBGHEREE of the
integration method, which may be applied in order to construct the maps in a crowdsourcing FAAREF (8.4.,

e e

by vehicles traveling along the roads). However, vehicles may successfully use the local migps for

steering.

v et

[0317)) The map, may. diverge, over-long distances. Since the rmap s used:to pian & frgectory in
the immediate, vicinity, of the vehicle, the effect. of the divergence: may' be acceptable.- At: &1 fime

VHIN L1LIBIAW AL LW

instance, the, system, (e.g., server- 1230 or-vehicle; 1205))mayrepeat!the alignment! procedure,» and U§& the

seconds, such, as, 3.5 seconds, 0)second,, 1.&seconds, etc.).. Aslongsasthesaccumul ated 6 QIE" thatt

De e aiveoy DU

distance,is,small;enough, then,thessteering;commandiprovidediforrautonomoussdrivingz i)’ beused.

LD LAWY 1D Ot

Pl eIy

[0318]5 In,some.embodiments,; alocal Imap:mayyfocussomal ocal larees,and g Aot V& $t6o°
large,area, Thismeans;that ja,vehiclesthat i &usingzail ocal Imapforrsteeringzi inautriomotkSdriving Y
arrive.at some.point to.the.endsof the:mapand-mayyhavest coswitchit tanothier local i ecetdMsectiondt

artvye al ovinad’ | b e e -ee

areathat, is.common; tobothymaps,; theesysteme(e.g... server11230Corivehiclée1205) hifagicontinuet &

arva urdl

map., The,switchinggmay,beenabled:by,theel ocalmapssoverlappi nggeachother : Ohcesthetveh CleSentersithe®

the system,may,ocalize thevehicl e onrtheother:mapy(or:secondd ocalimap) thatoverl dpsiwithtthestirset

FRVROIVIre bagovd

local, map.,|n;other, words,sthesystemimay ysimultaneously salignithetpresentcoordi nateframe‘of the®

62



WO 2020/112827
C‘cﬁ?ﬂle(f%

v 1w

PCT/US2019/063326

both,withythe, coordinate;frame, of itheifirsttmaprandwwithtthe: coordinatetframe bt thetsecond #iap.
he,new, alignment i s established, ithe;systemimay:switchdolthe gthermmaprandplantthe vehicle
piraectoryjthere.

T

4the, system, alignsithe.coordinatesframesof itheyvehicleranditheimap. /A sexplai nedabovelthat 1andmarks
. in_autonom

(0319] T heydiscl osed; systems;may sincludesadditional “featuresponeddf which s $rel ated tokheXtdly
11y duruiruin

vt d
addr thisproblem. |

may_be usedgfor,alignment ;assuming: the,vehicle)maymeasuréfits relativesposition-tdthem. Tihidsdussful

thence,a|arge memory(footprint. 1The:disclosedssystemse maytthereforetuseaanalignmenttprocedure-that
Intthea

10 1location of

ous;driving,butssometimesjit-may: resultiimaidemandffordid argernumber 36 andmarkstand
Auuivoovs L

location of thevehicle,

alignmentprocedure, tthessystemrmayccomptitegal [ Deestimator ffortthe
AAAAAAAAA |e,al ongithe;road, usingssparsel landmarkssandii ntegrati oncdf -egosspeed. T hessy&té
;may usethe shape of theytrajectory jitself toccomputestherrotati onypartcdf itheealignment, Wwsing@aitail
~Alignment, method discussed;in detailstbel owiincotherssections. ;Accordingly, tthe'vehiclemiay
{ts Qungraecory ihile
1@?5'; i

FecoNSic
drivingthe tail” ;andcomputeszarotationzarounditstassumediposition<al ong'the
in order todignthe ail with the;map. Suchanzalignment jprocedureiisdisiinct ffrom thetalignment
15 oftheg

VYV oY

rowdsourced data,discussed {below withirespect tolFI G. 29.
coordinates m

LU uian

relevant.

1vivyaii

10320] I the disclosed systems;and methods, aGPS devicermay siill loeused. Global

20 0

ay be used for indexing the database that stores the trajectories and/or 1andmarks. The
memory and retrieved from the memory using global GPS coordinates. However, in some embodiments,

piece of 1ocal map and the relevant landmarks:in the vicinity of the vehicles may be ‘stored iy
fhe globdl coo

ARV Ry v

vehicle's
YVillwiw

25

sncethey

position using a Iarger‘ number of landmarks. This may be arare case, and hence the impact 68
[0322] | The disclosed systems and methods may' use semantic [andmarks (e.g., traffic’ signs),

the memory. footprint may. be moderate, Road intersections are examples of such situations.

model

JNUAVAVE 2

—p

,can, be reliably. detected) from the scene and matchedl withi.the [andmarks' stored! i the road
general;purpose, signs)yagwell, andjin such, cases;the:non-semantic:| andmarks may’ be attachedt® &%

30

~ o

j0r.sparse,map. . 1, some cases, the discl osedi systems may’ use non-semantic: landmarks (e.g.

appearance,signature, as;discussedjabove.. The;systemimay,usexalearni hg;metHodifE)rftHeigeneraﬁb‘hléf?
signatures;that followssthe," sames or:not-same” recognitiomparadigm..

[0323]; For,example, givenmany,drivesswitmGPSscoordinatessalongathiem, thexdisclosed!
may jqroduceath%underl ying,roadistructureguncti onssandiroadisegments; .assdiscussediaboveswith'r

ySEms
eapectt
toFIG, 14, Theroadsare.assumed:tobe:farienoughifromeachotheritoobesabl stonditferentiatesthemiusing?
the GPS; In,some.embodiments,; only, acoarseegrainedimap:mayybesneeded 1. Tergenerarésthesunderlying?
35 road:structure.graph, the.space:may, becdividedsintocel atti cecof feegiventresol ation(e.g.,-500nbyys0im) -
El/e[yydbr‘i‘\l/g(may}bgesgggrgiagrp[de(edc,l istyof {l atti ceesitess. Thexsystememiayycol Or evefyyl atticetsite®
belonging o

oadrivegoproduce animagecof theimergedcdrivess. Thecol ored atti cespoints hiagdbe®
represented asnodes.on;themerged drivess, Theedrivespassi nggfromronesnodeét écanother:hiagbee
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rrepresented as;links.1 The systemmayifill;smalli holesvinttherimage, daavoid! ditfereniiating¢lanes'and
carrect for-GPS errors. 7T he systemymay, usa ausuitabl efthinningual gorithm(e.g. varval gorithm! named
«'Z hagngqen” jthinning, algorithm) to,0btainjthe|skel etom of itherimage I Thi siskel etonnidy Tepresahttthe

uundgrl ying,road structure, and;junctions,may,befoundusi ngraimask «(e.g. 28 poi nt: connected tovaeast
tlgpl\g%gthq?) L+Afterjthe junctions; aresfound; the;segmentsimaysbelthes skel etompartskhat:connettihem. To
match the,drives back tojthe,skeleton,:the;systermmay userd Hidden\Markov\Model . EEvery-GPS point

Niawvenr v

_may be,associated with,a/atticeysite,withaasprobabilitylinverse tdiitsidi stanceffrom thassitelUsetd stiitable

Yol 3
a@i gg_rithm:(e;g/., analgorithmnamed;the* Viterbi”»al gorithm)ttormatch(GPSpointstdi atticedsites, Y'while
.hot.allowing consecutive GPS;pointg tarmatchtarnon-neighboringl atti cessites.

[[QSZA:] A l[pl ural i'fycqf‘- methods;maytbe usedtforrmappingtthecdrivestbackttotthermiap. fror
(example, afirstosolution;may;includeykeepingttrackcduringtthetthinningporocess. /A ssecondssolution iy

assumes, an, underlying jhidden statefforevery cobservati on, sandzassignsiprobabilitiesfforeatgiven

Goouriivo ant

(Sbservation given the state, and ffor astategiventtheprevioussstate. A "Viterbi «a gorithm My bdlused'fo

[VALICTIR AEENEVI v Y

1fi ndthe most 1probabl e states Lgiven Allistof observations.

iy s Tnuoe [T T RS

GIoVviUDwA w2 erise saasveas e

disclosed systems and methods may detect thighway entrances/exits. Mulltiple drivesiin the itR@ita

for mapping and |ocalization.

FTRVEFRVE v R e

[0326] In some embodiments, generic visual features may be used as landmarks for the PUFPOse
of registering the position and orientation of amoving vehicle, in one drive (localization phase), red ative

These vehicles may be equipped with calibrated cameras imaging the vehicle surroundings and GPS

4 1IVOW Yl e}

receivers. The vehicles may communicate with a central server (e.g., server 1230) that maintains R Up-

IV LYWED. 3

to-date, map, including these visual| landmarks connected to other significant: geometric and semantic

wwTuaw

S T

information, (e.g. lane structure, type and position, of roadi signs, type and positiont 6f road marks; shapé 6f

nearby, drivable, ground, area delineated by thes position of physi call obstacles,, shape 6f previously’ drivert
vehicle path, when, controlledy by, human, driver, etc.).. Thetotallamountt of datathiat! ey’ be communicated!

Vilviav

between the, central server,andjvehicl essper-lengthiof roadiis small , bothiiin amapping: andtlocal i zati o

vvy el uae

phases.

[0327]} In,3 mapping,phase, disclosedisystemss(e.g., autonomoussvehiicl essand/or'aHESHNTE

[ETOPEORV) Pt ieavts

track an.associ atedjobj ect;such,assail andmark... Forrexample; thezeighttpoi ntsscompri singathe>ctAFEcf f

RTINS TRV trivity s il vt e

stop.sign.may be.feature.points, Disclosedisystems:mayyfurthericomputésdescriptorssassoci ated-with the®
" yroB Svwrn st

R

FPs(e., using;the. featuressfrom:thecaccel erated:segmentitest ((FAST) detector ;thesbinarysrobust t
invariant scal ablekeypoints(BRISK) detector rthecbinarysrobusti ndependent el émentary yféaturess

iy artanly svaraos

(BRIEF)-detector, and/or,thecoriented FA STandkrotatedBRI EFE(ORB). détector foPiusingged

sy

detector/descriptor,pair that, wasdrained usinggadrainingglibrary) ). Theesystemmay strack fFPstbetweenn
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gframes in,whichjthey, appear using their;motioniinitheiimagespl anexanchby matchi nglthetassociated

ddwcr‘i ptors,usi Qg,m‘pg examplezEuclidean;or-Hammingidi stancetinidescriptorsspace. TThe'systamnity (ke

ntﬂé‘ﬁ'é‘?,df

tracked. pFFor,example,ytracked:FPs;may-bejused-tozestimate theimoti ona6f thevwehicl eiaﬁd/or'ftheipoéi'ti on

[iviordvvrall Sb-ab-hotasligi S

of alandmark.on,which;therFPs,wersjinitiallyidetected.

FPs to.estimate,camera;motionyand,worl d:positions6f objectsiorvwhi chFEPswoereddetectediand

[[0328] 1Thessystem mayfurther:classifyeFPsias ones thatwil llfikelytbesdetectediinffuture drives
(0r 1ot (e.g. FPs detected orymomentarily rmovingcobj ects, pparkedccars,zandsshadowttextuirewil I Tikel yrriot
rreappear;ingfuture drives). T hisccl assificationymaytbereferredttosasareproducibility <l assification((RC)
;and;may beafunction of thejintensitiescof thellightiinearegioncdf apyrami dssurrounding tthe<detected'FP,
{the motion of theytracked jFPingthejimageypl ane, zand/or tthesextentcdf wiewpointsiinwhichiitas
successfully detected anditracked. ;nssomecembodiments, tthewehiclesmay ssenddescriptors<associated
\\{V.[Eba@mﬁé estimated -3D jposition;relativetothewehicledf ithelFP, andimomeritary ehicleGPS
coordinates.a the time of detecting/tracking thelFP, to:server 11230.

([0329] |During amapping jphase, whencommunication Ibandwidith Ibetween imapping vehiclestand
agentral server s limited, the vehicles may :send FPs tothe:server @ @high frequency ‘when the prsece
Of FPs ar pther semantic {andmarks inthe map (such :asiroad signsiand llanesstructure) islimited and
insufficient for the purpose of localization. Moreover, @though vehicles in the mapping phase Ty
generally send FPs to the server a alow spatial frequency, the FPs may beagg] omerated in the V.
Eggggﬂgn of reoccurring FPs may also be performed by the server and the server may gtore the s&t of
reoccurring FPs and/or disregard FPs that do not reoccur. Visual appearance of landmarks ™z, 2t least
in some cases, be sensitive to the time of day or the season in which they were captured. Accordingly, to

increase reproducibility probability of FPs, the receive FPs may be binned by the server into time-of-day

LW vabow

AT

semantic and geometric, information associated. with the FPs (e.g., lane shape, structure of road plane; 3D

position of -obstacl es, free space in mapping: clip momentary' coordinate: system,, path driven: by human'
é[i)(g(. in a setup, drive tg a parking; location,, etc.)..

[0330]; In alocalization, phase, the: server-may- send amap containing; landmarks it the form! 6f
by, the,vehicles; in near-realjtime.withim a sett of ‘currentt consecutivesframes.. Trackedl FPs gy’ be used't®
e@otl mate,camera motion,and/or;positionssof ‘associ atediobjects:suchas | andmarks. - Detected!FP
descriptors;may, be:searchedito matchyalisttof FPs;includediimthe:mapandthaving; GPS coordinates’
V\!ﬂhiﬂ;iﬂ‘l"he‘glmgﬂegjﬁ nite:GPS;uncertainty radiussfromthescurrenttGPSSreadingzof thesvehicle.- Matching?
may be,done,by searching,all |pairssof ccurrenttandimappingzFPsithat tmini mizezamEuclidean dttHamming?
distance.in,descri ptor yspace., Using;the=FPmatchessandithel rrcurrenttandmap:posifions,thesvehicl é?rﬂ%ﬁ/‘r’
rotate,and/or,transl ate;between,the:momentary ,vehiclespositiomandithesl ocal Imegocoordinatessystéril-

[0331] The,discl osedsystemszand:methodssmayyincl udecaemethodforitraini ngzeereproducibilityy

classifier.. Training;may,be;performed:insonezof ithe:fol lowi ngeschemessinnordertof fgrowing2l abel ing2cdstt

2
;;;;;; s
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(c[0332] ;I nyiheifirstcscheme, adatabasesincluding. talargemumber flclipstrecordedby ‘vehicle
Sameras, with matching momentary -vehicle3GPSipositionrmajnbeccol lected T Thi dJ'dafabase"aytinclude a

. representative sample, of drivesy(witherespect o varioup properties:>€g.;iti mef day, *&ERBN weather

P

cgondition, type,of roadway). pFeature,pointsi(FPs):extractedf romitframes of ditferent!drives'a Sl§miiar

¢GPS, position, and, heading,may beypotentially matchediwithi n&GPStuncertainty ‘radius, CUnmatched FPs
,may,be|abeled unreproducible, andithoseimatchedimay»béd abel ed reproducible. *A’cl assi fier 4y thenbe

yirained, to.predict jthe: reproducibility dabelof arFFRygiventits.appeararice tirflthetimage®pyramid,tits

nmomentaryjpositi on.relative tottheyvehiclesandithesextent6f viewpoi nts>positi onstirfwhichitAfias

............ v

successfully.tracked.

[DLIRe Vi

1[0333] I n;theysecondsscheme, fEP;pairseextractedfromithecdli p-database’described!infthefirst
sScheme, may ;al sophe | abel edbyzahuman;responsibl efforaannotatingFEPrmatchestbetweentclips.

e M R

position, wehicle orientation andiimageypixel cdepthwsinglLi ght!Detection:AndiRanging (LTDAR)

Measurements, may thewsed tozaccurately imatchworl dipositionsiinditferent @rives fFeaturelpoint
descriptors,may then (be,computed t thejimagesregion corresponding f ofthese 'world Ipoinits? ‘different
M?‘.’.Vpr?iﬂ,t_s and drive times. The classifier may tthen bettrained tojpredict fthe@varag distance i

ggsp:l ptor space a descriptor jisjlocated fromiitsimatched descriptors. IIntthisezezreproducibility 7Y be
,meaered P}/ likel y ‘havi ng @alow descriptor distance.

Hicadurvu

[0335] Consistent with disclosed embodiments, the system ey .generate 2h Alitonomaots vehicle

road navigation model based on the observed trajectories of vehicles traversing 2 eomman road SBgment
(e.g., which may correspond to the trajectory information forwarded to a zervey by éve'hi'cl'e)\. The
observed trajectories, however, may not correspond to actual trajectories taken by vehicies travers ng a

road segment. ‘R‘qtvherr’,l in certain situations, the trajectories uploaded to the server may be modified with

LUGM o c e o mmmremo ooy dan s amaas

respect tg actual, reconsiructed trajectories. determined. by the vehicles. For example, &vehicle §y§ém;
\(Ivvfllj% reconstructing . atrajectory - actually- taken,, may- use sensor informationt (e.g., analysis 6f images

E{g\/_i ded, by. a camera)) tg determine: that. its owni trajectory may' not: bethe preferred!trajectory” for &road
segment. For.example, the vehicle:may- determine: based! onimage data ffom! onboard! CATEAS thatt it 'S

not,driving, in, a center .of :a lanesar-thattittcrossediover:alaneboundaryforr @ determined ! period!6f time. I}

such, cases, among,others, arefinement tothe:vehicle' ssreconstructedltrajectory” (theactual Ipathitraversed))

may be made,basedjonyinformation, derivedifromithessensorroutput - Therefinedltrajectory, rgttthe’actual |
trgjectory,. may then;be-uploaded jtosthe:serverforrpotential luses buildingZattupdating A S dat e’
%9,

[0336] 1 In;s0meembodiments, ; then,.,aprocessor tincludedi fnaevehiclés(e.g.,vehicle21205) MY
determine an.actual, trajectory of jvehiclee12055based:onrthecoutputssfromithegoheeor MR ECsEsHrSS: For®
example,, based on,analysis 0f i magessoutput fromocameraa122, thesprocessor g i dentify> andmarkss
along road, segment,1200), L andmarks:maysincludedrafficcsigns(e.g., speed dimit'signs),)directional Sgns’
(e.g., highway (irectional,signs,pointing tocdifferentirouteston pl aces) Jand<general*signs(e.g.,-a®

rectangular business, sign;that,isassociated (withtauniquessi gnature,>suchtagsacol (Sr’ipattérn).)-Tﬁ'ée

e
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;didentified,landmark, may,be compared withttheslandmark tstoredi nisparsentiay 800 Wivhen Ematchdis

WLLLLI LIV Lall\—ll
¢found,ythe location, of the | andmark storedyinjsparsermayi800rmaybe usédiag thex ocation "B thedidentified

Jlandmark.1The location, of theidentified d andmark imay»bex usediforl determining ithéd ocation’bf'the

QLG RIS

vehicle .1205

Vuiliviv 1 4ve o

jdocation of vehicle| 1205,based,0n GPS;si gnalsyoutpuf>by-GPSiunitl 1710.

Ouaniuns V1 Vviatawie 1ow0

along, atarget trajectory. [;ln,somesembodiments, lthevprocessor iy al sol determinelthe

[‘_[ 0337] ijepprocr ymay;alsojdetermineiadarget trajectory foritransmitting ¢ Geroert 1230, Trhe
plarget trajectory ;may betthe; sameasitheyactual trajectory ddetermi ned by the>pr6cesssr-based Bri the B
outputs. 1n.some.embodiments, rthough, the:target:trajectory rmaytbefdifferent ffrom’thetactualttrajectory

R i

determined _based .on; the;sensor soutputs. FFor:example,tthe-target:trgjectory rmalyilincludecBReCE MbFe

VALE RRLLIWAL U

smodificationstoithe,actualtrajectory.

B

[[Q338] 1in@neexample, jif datafromecameral122iincl udeszatbarrier, ssucheasa teniporary ane
shifting;barrier 1 100;meters;aheadof wvehicle11250tthatcchangestthellanes((e.g., \Whenl | anes?afettemporarily

Semmennm <

Shifted dueto constructions (ran;accident ;ahead), tthegprocessor mray detect tthetteriporary llanesshitting

\arrier from,the;image, and sl ect ajlanedifferent ffromzallaneccorresponding ttotthettarget ttraj ectory Sfored

allivi 11w

in the road model or sparse;map jincompliance ttotthettemporary llanesshift. Thetactual ttrajectory Uf

1 L Toas Lo sy

vehicl e may reflect this change of lanes. However, iif thellane «shifting listtemporary @and iz Ioe‘cleared ih

Vuriiviv waiwwL baxa

thenext .10, 115, or 30 minutes, for example, vehicle 11205 may thusmodify ftheiactual ftrajectory (i.ethe

e ivay SO

shift of 1anes) vehicle 1205 has taken toreflect that atarget trajectory should beiifferent from the ‘actual

Siae U

trajectory vehicle 1205 has taken. For example, the system may recognize that the path traveled differs

-

VUL

from apreferred trajectory for the road segment. Thus, the system may adjust areconstructed trajectory
p_ri_g( to uploading the trajectory information to the servers.
[0339] In other embodiments, the actual reconstructed trgjectory information May be upioéd'éd,

A11 Uviiws

by one or more recommended _trajectory refinements (e.g., asize and direction of atrang'ation 6 bé made

<, VHU UL LUV 1w Uaiinns s = o

to a least a portion of the reconstructed trajectory) may also be uploaded.. In §61M€ embodiments,

W aL 1vaos @

update, atarget.trajectory . based| on the; received|information: andl may transmit the: target’ frgjectory {0 other

autonomous, vehicles that; | ater travel | ony the; sames roadl segment;, as discussed!in! furthier” detail! below with!

AULULIV LIV WL

respect; g F1G, 24,

L.

[0340]; Asanother .example, the;environmental limagesmay” include:amobject;» suchias &pedesirian®
suddenly /appeari ng,inyroadjsegment1200.. Thesprocessorrmay/ detecttthespedestrian, -andlvehicle® 1205

reconstructed jbased;on,senseddatasmay include:theschange=of flanes:. However, ‘the:pedestrian ey S

LIV ULID U UL

I legc\(getbgerpadway;,. So, vehicle;12055may,modify ythesactualitrajectory y(Oridetermineszérecommended i
modification) to reflect that the:target trajectory yshoul d:bexdifferent tfrom thesactual ltrajectory ytaken’(ass

the appearance of the;pedestrian i ssatemporary yconditionrthat shoul denotibecaccounted for ti Arthedargee?
trajectory determination. . Insomezembodiments,sthesvehicleamaystransmi titoxthessenveridatadindicafing e
temporary (deviation,fromythecpredetermined raj ectory,/whenrthecactualitrajéctory y émodified. 1 Thesdaia?

uva

may indicate a,cause of the deviation,on theserver:mayana yzeithe«datazt ocdétermine ANEf the®
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ddeviation. kK nowing the: causeof ithejdeviationimaybeiuseful. FFor:example, awhenltheldeviationsigdueto
gtheydriver,noticing, an, accident that;hasirecently soccurrediand, tinresponses steering Ithe'wheel t6avoid
ccollision, jthe, server ;may,plan, amore;moderate; adjustment toltheimodel Yonaspecificitrajectory associsied
yWithithe.road; segment ;based onithe:cause>of ideviation. /A sianother sexample,ywhentheeaigeo6f ldeviation
i sdal:pedestri ancrossing;the:road, thesserverimay idetermine:that ‘thereti gnonesd-tochange’the'trajectory in
ttherfuture.

[[0341] (By,wayof furtherexample, thesenvironmental iimagermayiinclude?dlane marking
jindicatingjthat,vehicle) 1205jiscdrivingsslightly coutsidecdf:allane rperhapstunder ttheccontrol &5f 'a human
river. |The,processor ;may detectthet lanermarking fromitheccapturedii mageseandmyiay modify tthefactual
dral ectory (of vehicle 11205¢to;account ffortthecdepartureffromtthellane. IForcexample, ealtranslation Iﬁ?étﬁ/tb‘e
E?ép| iedtoithe,reconstructed strajectory ssotthatiitifallswithintthecceriter f 2ancobservedliane.

[[0342] ]Distri buting (Crowdsourced SparselMaps

([0343] Thedisclosed ssystems;andimethodsmay enablezaLitonomous ehi demnavigation (e.g.,
steering (control) withlow footprint ;models, ‘which imay lbeccollected Iby tthe:aitonomaous 'vehicles
&hﬁ@j’?‘u. ves without the aid of expensive surveying equipment. To:support ithe faLitondmMoUS 'navi gati on
(.9, steering gpplications), the road:model -may iinclude @:sparse map having the geometry of the'road, fits
1ane structure, and {andmarks that may be used to.determine the location o position ©f vehicles‘aong &
trajectory included inthe model. Asdiscussed above, generation of the sparse Tep ey b performed by
a Arlamg’gé §§y§r that communicates with vehicles travelling on the road and that receives data from the

vehicles. The data may include sensed data, trajectories reconstructed based on the sensed data, and/or

YWillwiwo. 1 ax
dliaavassawss 3 wmesro

the server may transmit the model back to the vehicles or other vehicles that Iater travel’ on the road t6 aid

I autonomous navigation.,

[0344] FIG. 20 illustrates; ablock diagram of server 1230. Server 1230 may include a
communication, unit. 2005, which may- include: both: hardware: components: (e.g.,, communi cation ! control!
circui ts, switches, and antenna),, and, software: components; (e.g.,, communi cation t protocol's,» COMpLTEr
codes). For.example, communication  unit: 2005 may-include: a: least: orte network:interface.. Server 1230
max,g;‘),rpmy“r]i‘g:g;@:vyij[hlvghipj_&g 1205, 1210, 1215, 1220, and! 1225 through! communication unit' 2605.-
transmitted;from, vehicles; 1205, 1210, 1215, 1220, andl 1225.. Server: 1230)may distribute, through?
communication, unit;2005, thesautonomoussvehicle:roadinavigationimodel lto oo Mot autoriomots®
vehicles,,

[0345]] Server; 1230)may,include:aitleasttonesnon-transitory /storages medium 3010}, such@ahard!
dwr[yegga‘\ﬂcompAact (di sc, aytape,; etc., Storage=device: 1410)mayybesconfigured ftostoresdata,-suchiadd
navigation information yreceived fromyvehicless1205,,1210),1215,,1220).and112255and/or ithesalitGnonionss
vehi Si:qarp\ggjna\/i gation model. that iserverr1230(generatessbased forrthesnavigation i nformation.!- Storage®
device.2010;may 5bueﬁconfi gyred topstorezanyyother rinformation, 1.sUchhassaaspar Secniapr(e.g. ,-:spa?@ﬁébpsﬁ'(‘)o
discussed:ahoveewithirespect 1ocFIG.; 8).). ’

Tt viviv el S v v

68



10

15

20

25

30

35

WO 2020/112827 PCT/US2019/063326
(10346] ;I n,addition ¢o,otrinyplace;of storageidevice? 2010 scerver' 12301y tincl ude FReory
»2015.\ Memory,2015,maybe similar doyoridifferent ifrommemory'-14000r- 150. M emory>2015ifiaybéa

non-transitory ;memory, ; suchy as afflashmemory airandomiaccessimentiory, 2etc. M emory220157HiyPbe
cconfigured.to;storeydata,; suchyas.computer scodesyofinstructi ons3executable: beialp“rﬁér’.'(e.g. processor
2292(2) ,jmgpjggt‘s('(eu.g. ,Jdata;0f; sparseymap3800),theaautonomousvvehicl e‘roadnavigation model ,1aﬁd/or
Jhavigation jnformation. received ffromivehiclesi 1205,1 1210,11215,11220 4and! 1225.

(10347] sServer] 1230 mayiincludesatlleastone:processing Jdevice22020ccontigured ‘oPexéciite
ccomputer .codesoriinstructionssstored;ing memory 22015ttogperformwariousffunctions. Froriexample,
11220,.2nd; 1225, :andgeneraterthe-autonomous wehiclerroadimavigation rmodel thased Ghithe?analysis.
Processing device:2020;may ccontrol ccommuni cation wnit1 1405ttocdistributetthezatitonciioiis ehicle'road
navigation,model to,one.ormoreautonomous wehicles((e.g., conecormioredt vehicles 11305, 11210, 17715,
11_2_2:8,, and 1225 or any vehicle that itravel'soniroad ssegment 11200zt all atertfi me). TProcessing ‘device 2020

may{be.similar toor different {fromprocessor 1180, 1190, cor jprocessing wnit 1110.

1Y B (ORI ENIEE 1
[0348] |FIG. 21jillustrates aiblock diagram of memory :2015, which 1y ‘store Commpiter ‘code Sr

jinstructions for 1performi ng ©neormore operations ffor generating @rroad 'navigation model for tigiin

autonomaus vehicle navigation. Asshownin FIG. 21, memory 2015 may ‘store O OF Thore modules for

GULURIULIA WD ¥ wass A9

performing the operations for processing vehicle navigation information. For iexample, THEMOR 2015

may include amodel generating module 2105 and:amodel distributing module 2110. Processor 2020

may execute the instructions stored in any of modules 2105 and 2110 included in memary 2015.

2

processor 2020, may generate at least a portion of an autonomous vehicle road navigation mode! for &
common road segment (e.g., road segment 1200) based on navigation information received from vehicles

1205, 1210, 1215, 1220, and 1225. For-example, in generating, the autonomous: vehicle road navi'gat‘i'ohv

P

different. clusters, Progessor- 2020 may- determine: atarget: trajectory* along; the: 60 road! ségimient-
1200, based, on, the, clustered; vehicle: trajectories: for-eachi of the different: clusters.- Sucht & operation! (&)’
include, finding, 3 mean, or- average;trajectory - of the:cl usteredlvehiclestrgjectoriess (e.g.,» by averaging? data
representing the, clustered| vehicletrajectories) )imeachicluster.. Inisome embodiments, > the'target! trajectory '

may, be.assaciated jwith,a single:lane; of the:commonroadisegmentt 1200.-

eI erateaay
Pt L i

L2y 2s et e 9t g

trajectories;each, associ ated jwith, a separate:l anezof thescommomroadisegment t 200! IMSSiRE
emjbpﬁm@g}_seu thestarget trajectory ,mayybesassociated iwithithescommonroadisegment t 1260Vi nsteadl'of 2

s leesl ane-of the-roadjsegment t1200., The:target itraj ectoryymayybesrepresented jIciy@th'reefdi?nen:si onal 1
spline, 1n,some;embodiments, ; thezsplinesmayybesdefined:ibyylesssthan110%kiiobytesspef tkilometer, Y essthan
Zéjlqlpby}essplenl(jjgmeter, -l esscthan1100ckil obytessper kil ometer, - essithan11lmegabyte2peftkilometer, 0P

generated.model, to-onecor moreevehicle,: e.9.,. ascdiscussedchel ow swithtrespect:t&cFIG 1 24}
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v ant

([0351] TThe 0ad;model ;and/or ysparsermaprmay {storertrajectories associ ated "with- &road Sagment.

T1hese trajectories, may,begeferred dastarget trajectories, awhichiare provided e ¢aiitonomaas’ vehiclesFor

JULVA L9

autonomous, navigation. 7Thetarget strajectoriesymay» beeceived if romimultiple/vehicles, )‘bf%é)b‘be

Auiunurvud 1

pgenerated based,on actual trajectories orrecommended itrajectories i(actua 3 ectories’with'&3tfie

,modifications) .received:from,mutiple, vehicles. TThe:target itrgjectories tincluded i rithe'road’model*br

< Sparse,map,may ,be.continuously updated'(e.g. xaveraged) /i thinewt traj ectories “received fromPother

vehicles.

Voo

- (10352] \Vehiclestravelling -Ona-roadssegment -mayccol lectidatacbywariousssanssts, THheldatamidy

~Eiawa

.include |andmarks,  road;signatureprofile,yehiclermotion{(e.g..2accél erometer “data,Sspeed-déta) Wehicle

FTLWTV IVIVIS IR NS -

ppogi_ gi'qn ((e.g. (G PUSCdata) ,28ndymay eeither reconstruct tthezactual ttrgjectoriestthemselves, Britransmitithe
Jatato a server, which will reconstruct thezactual ttrajectoriesffortthewetiicles. Tinssnietembodimerits, tthe

vehicles, maytransmit (datarelating ttocatrajectory ((e.g.,zaccurveiineanzarbitrary Ire?erenceﬂ‘ramé),

Voiuvive 1 waavaiary Lt ~

landmarks data, ,and)lane assignment ;alongitraveling jpathttosserver 11730. "Various vehicl esttravelling

CALIULLLAL WD S very Craang dveaa

along the same,road segment .atymultiple drivesimay Ihave«different trajectories. Server 15 5omey lidentify

[outes or 1trzaj ectories associated \with @achlanefrom thettrajectories received ffrom vehicles fthrough &
Glustering process.

L[9353] FIG. 22llustrates :aprocess of clustering vehicletrgectories ‘associated with vehicles
1205, 1210, 1215, 1220, and 1225 for determining :atarget trajectory for the common road wgment (@g.,

Py sy m— -

jrg% segment  1200). The target trgjectory or aplurality of target trajectories determined from the
clustering process may be included in the autonomous vehicle road navigation model OF $pars8 Map 800.

ittt 2

In some embodiments, vehicles 1205, 1210, 1215, 1220, and 1225 traveling along road gmerit 1200

151 DWUVIRIV wassss s w

may transmit aplurality of trajectories 2200 to server 1230. In some embodiments, sarvar 1230 Mdy

1UILDILLIL &

vehicles 1205, 1210, 1215, 1220, and, 1225, To generate:the autonomous: vehicle’ road navigation- model;

YVLLIVIND o e o

generate trajectories based on landmark, road geometry,, and vehicle motion information received from

server, 1230, may . cluster. vehicle, trajectories; 1600 intova plurality” of clusters 2205, 2210, 2215, 2226,

DOV VWL Lo

2225, and 2230, as shown,inFIG. 22.

aiainry

[0354]; Clustering,may,be perfonned jusing:variouss criteria.- i sories embodiments, » alll drives iR @

cluster, may, be.similar ,with, respect to,thes absol ute:heading; along:the: roadlsegmeritt 1266, The absoltte’

heading,may be,obtainedsfrom, GPS;signal ssreceivediby vehicless 1205, 1210, 1215, {256, and! 1225 - It

some.embodiments, the,absol ute:heading;may,be:obtainedusingzdeadireckoning. - Deadlreckoning, »&S e

of skl in, the,art wouldjunderstand, may,besuseditoxdetermine:thescurrent tposiion 1andhence’heading3dtt
atn

vehicles 1205, 1210, 1215, 1220, and{12255byyusingzpreviously ydetermined Iposition, bestimatédIspeed ! et&>-

votivieS L0

Trajectories clustered by, ahsol utecheading:maybesuseful iforiidentifying sroutéssal ong:thesroadways-

[0355] § Iny;some embodiments, ; all thecdrivessi inaecl uster imayybessi milar withbrespect t & thed ane
assignment (e.g., inythecsamed ane¢beforecand;after sajunction) ialonggthecdriveeonfroad segient 1 2007

Trajectories,clustered (byylaneassignment, may ybecusefuli fon dentifying gl anestal ongéthetroadways.3- Inn

-

some embodiments, sbothycriteria;(e.g.,. absol utecheadinggandd anexassi gnment) thiay sbleused<tGric! Ustéing 2

DL wans v
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[10356] ylngach: clusten 2205,2210,22215,2220,222251and2230, 1trgj ectori esTifiayb&averagedto
obtain, atarget trajectory , associated withithe specific:cluster. FFor:example, lthettraj ectories fromimuitiple

OCvarn o W

Jdrives, associated, with theysamed ane;clusterimaysbea averaged. TTheraveraged trajectory ity b& &target
lrajectory associate,with,a specificilane. TT oaverageaccluster 6 traj ectories, s3a7arl 22307y sdlect'a
referencerframe.of anyarbitrary trajectory <co. FForalloother trajectories (Cl, - ... (Cn) s&avver! 23307y find
qarigid.transformation that maps(Cirto(COswhereli==1122,. ... rn ywheremiigirpositi velintegertfnumber,
cggir}g@pondi ng;t the:total mumber of trajectoriesiincludediin:thescluster. SServerl 1230rmisy ccompute’a

e CUrveritrajectory i

[0357] 1Inssomecembodiments, tthellandmarkstmaycdefinesarearcll engthtmatchingtbetween

2 D Unan

(ifferent drives,which;maytheusediforealignmentcdf trajectories withllanes. Ii ns&iiecembodiments, llane

markshefore and.after :ajunction ;may tbewsedfforzalignment «f trajectorieswithllanes,

[[0358J -To.assembl e jlanesffromithettrajectories, sserver 112301may sselect aareference fframe®i%h
arbitrary jlane. Server 11230,may map partially overlapping llanesttotthesselected reference fframe. Server
11,_2.,3\91”;"’}3’ &ontinue,;mapping wntil &l lanes:areiinthe:samerreference fframe. ILanes'fhat &ifeiiext fo'each

[0359] |Landmarks recognized :along the road ssegment may Toe:mapped 'to the COMMON reference
frame, first at the lane level, then at the junction level. For example, thesame landmarks hay be
_rgappgnized multiple times by multiple vehicles in multiple drives. The dataregarding the &2

landmarks received in different drives may be slightly different. Such data may be averaged and mapped

FUYSELVIVE UYF i NwinY

to the same reference frame, such as the Coreference frame. Additionally of aternatively, the variance 8f

[AARWE LW TIVY EY

the data of the same landmark received in multiple drives may be calculated.

n

[0360] |n some embodiments, each lane of road segment 120 may be associated with A target

trgjectory and certain landmarks. The target trgjectory or aplurality of such target traj'ect'ori'es may bé

included in the autonomaus; vehicle: road| navigation. model, which may be used! iater' by other' ALit6RGMOUS

1IVIUUVG 1) LW Geusbisaaasas

1A

vehigles travelling: along: the same road segment: 1200. Landmarks: identified: by vehicles 1305, 1210,
1215, 1220, and, 1225 whilesthe vehicles;travell al ong;road! segment: 1200 miay’ be recorded! i association'
with the target.trgjectory., The data, of the target:trgjectoriess andllandmarkss gy’ be continuously’ 6
periodically, updated;with new; dataireceivedifromi other-vehicles imsubsequenttdrives.-

[0361]} For-localizationof ‘amautonomous; vehicle, the:discl osed! systemss and! methodss (1)’ US&
an Extended;K alman, Filter.. The:location\of thesvehiclexmay/be determinedibasedigmthree’dimensional!
position,datayand/orthree.dimensional jorientatiomdata, predictiomof ‘futurezlocatiomahead!sf vehicle s
currentlqcation,by, integration,of fegomotion... Theslocalizatiomof ivehiclesmay beecorrectedidivadjustediby’
image,observations;of flandmarks, Forexample,, whenwehicl exdetectsseal andmarkwithin aflimage®
captured by, the.camera, the-landmerk may, bezcompareditosaknownl andmark sstorediwithintheroad?
model.jor sparse;map:800,. Thecknownslandmark smayshaveeaeknownolocai oni(e.g.-GPSdata) al ongfa?
target trajectory stored;in-thezroad-mode!:jand/or 1sparsesmapr800). Based-orrthescurrent 'speediand’images’
of thelandmark,; thedistancecfromytheevehiclectocthed andmark kmayybicestimated.1. Thetl ocati onfof the®

vehiclea onggatarget.trajectory ymayybiecadj usteddbaseddonrthecdistancest oxthed andmark kand<the®
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1dandmark’ s, known J ocation «(storedrinithe«roadimodel or jsparsermiagh 800). TThedl andmark’s

pPosition/location ydata (e.g.xmean;valuesifrommultipleldrives) “storedirlthe‘roadimodel tand/or RFSSH8p
§800,may,bepresumed ¢o,beaccurate.

[(0362] 1l some;embodiments, theidisclosed ysystemimay’iformiacl osed 4l oop subsystem, Ti'which

estimation, of the, vehicle; sixjdegrees»of ifreedom docation (e.g., Ithreeldimensional position data’pluslthree

Cotiiatiuin O

b ran A ATY

Jdimensional ;orientation jdata):may-bejusedfforinavigeti ng’(e.g.,ssteering-the‘wheel Qonf)'jtheiautonomoﬁs

TPV I

vehidle ta reach,adesired point (e.9.,1 .33ssecondacheadiinithesstored). In‘turn, ddata' measured f ronvthe

V williwviw A
ssteering,andsactual snavigation rmaytbe:used:toeestimatet thessix‘degreescd freedomtlocation.

[[0363] 1l nssomecembodiments, ypol eseal ongearoad,ssuchzad | amppostseandsower Srcabl e line

22 DTTa.

(Poles;mayhe used;as landmarkstforllocalizingtthewvehicles. (Otherllandmarksssuch?adtrafficSsigns raffic

lights, arrowsnitheyroad, sstopilines, caswel | cassstati ctfeaturescorssi gnatures @ an<obj ect 2al ongfthe'road
Segment, may alsotbeyused asilandmarkstforllocalizing tthewehicle. "Whenipoles?aretused forllocalization,
the.x Qbservation of the;poles (i €., thewiewing iangleffromtthe vehicle) iy thelused, trather tthan the/

observation (i-e. the distance tothejpole) ssincetthelbottoms of lthe pol es iy betocd) uded ‘and‘sometimes

GuUd L v v

they are,notonthe road plane.

v Lo

At s tath]

[0364] FIG. 23illustrates anavigation system for @vehicle, which Ty 'b'used for Bitonomous
navigation using a crowdsourced sparse map. For illustration, the vehicle is referenced a5 vehicle 1205.

The vehicle shown in FIG, 23 may beany other vehicle disclosed herein, inciuding, for ‘example, vehicies

FUTLVER R vIvyiviiv]

1210, 1215, 1220, and 1225, aswell as vehicle 200 shown in other embodiments. As shown RFIG. 12,

A awy sy

vehicle 1205 may communicate with server 1230. Vehicle 1205 may inciude 2h image captiiré device
122 (e.g., camera 122). Vehicle 1205 may include anavigation system 2300 configured for providing
navigation guidance for vehicle 1205 to travel on aroad (e.g., road segment 1200). Vehicle 1205 My

also include other sensors, such as a speed sensor 2320 and an accelerometer 2325, Speed 88186 2320

YR avRet

an acceleration, or. deceleration_of vehicle: 1205. Vehicle: 1205 shown. in FIG. 23 may b& af Alitonomous

vehicle, andjthe navigation, system, 2300 may’ be used! for-providing; navigati on'guidance’for AKGROMOUS

driving. Alternatively,  vehicle: 1205 may-also be anon-autonomous, ;human-control led lvehicle, and!

[0365]} Navigation ,system 2300)may/includesacommunication tunitt2305 configured t@
communicate,with, server ; 1230)through,communicationpath 1235.. Navigation 1syst&im 2300 ig) also

VAJLLLLLEULLLW!

include.a GPSyunit;2310)configured ftoyreceivesandiprocesssGPSsignals.- Navigation 'syem 5300 gy

1LIvIu

further,includesat;| easttone-processor ;23 155configured ftaoprocesssdata,.such 1B GPSsignal s, -rfitpPdatat

JRYV/ TS

received from.server ;1230),) roadigeometry ysensed:byyaeroad:profileesensor 12330) i magestcaptured oyY

(IR 2Y

from, sparse.map,800)(which,may,be:storedjomaastoragezdevicezprovided Jonboardivenicles 1205 and/ort

camera, 122, and/or ;autonomous svehiclecroad:navigationrmodelIreceivedffrom?sefvier 11530 Thesroad!
profilecsensor,2330(may,includecdifferent:types:of idevicessfor measuri ngedifferent tyises of road profile
suchyasoad.surface roughness, sroadewidth roadeel evation, sroadccurvattire, efc.>- Forexample, *thefroadd
pf_gf_ ilegsensor, 2330( may>i nclude @:device ¢hatimeasures:theimotionrof aésuspensi onTof vehicle©230516°

DS
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JJerivethe road roughness, profile. 1yl nsomesembodiments, ithecroadyprofile s eof 23301ty inc! udéradar

< SEnsors tg measure;they distanceifrom, vehicle 11205¢tooad is des«(e.g. dbarrieroritthetroad s des) thereby

measuring,the,width, of the road. 1, nsome: embodiments, thewroadbprofil eeensnr 2330y Tincl ude a
device, configured:for,measuring theyupandidown: elevation6flthewroad. Il napies embodiment, tthéroad

pprofivlej sensor,2330,may {include,ajdevice:configured tomeasuretthetroad: curvéture.Fror 3examf)l ela

camera (e.g..cameray 122,or,another ;camera) maybeiused:to:capture imagesd6f lthe'roads showing ‘road

ra S

ceurvatures. 3V ehicle 1205,may jusessuch jimagesitoidetect road>curvatures.

[‘[0366] 1T he;at; | east-one-processor 22315-maytbe:programmed tarecéive, ffrom>camiaral 122 24 1east
one_environmental ;image,associated \withyvehicle1 1205. TThezal| easteonerprocassor 22315y fanalyzel the

Oriv S v vy,

a4 least one.environmental jimagettocdeterminemnavigationiinformation rréfatedttotthewehiclel 1205, Hhe

vaot Uiiw SI1y 1 uainissiaves

rﬂ?‘ngati on;information,mayjincludecatrajectory rrelatedttotthettravel af wehiicl el15(5¢a ong!road®sagiient

FEOSTITHI LV

11200. -The,aty| east oneyprocessor ;23 15may (determinetthettrajectory thasedicontmotions oSt ‘Eantra! 122((and
jhence the vehicle), such asthree dimensional ttransiation :andithreecdimensiona rrotafional imations. Tin

Some embodiments, the at {least oneyprocessor :23151may determine tthettransl ation ‘and Irotational 'motions
Of camera 122 based on.analysis of @plurality «of iimages:acquired by camera 1{22. lIhegie tembodiments,

ltlrlelna\/j gation jinformation ;may jinclude [lane;assignment iinformation (e.g.,jinwhichll ane'vehicle 11205 ifs

YV PP FtvivrRvii

travelling aong road segment 1200). “The navigation information transmitted from vehicle 1205 to V&

navigation guidance for vehicle 1205.

— e

[0367] The at least one processor 2315 may also be programmed  to transmit the navigafion
information from vehicle 1205 to server 1230, In some embodiments, the navigation informafion F&y be

111AVU1 BLIGLIVLL &

transmitted to server. 1230 along with road information.. The road [ocation information: M&y include &

[SRIYRTURE MR AN SyA

least one of the GPS signal| received by the GPS unit: 2310, landmark  information, road” Geom&ty, lane

wast viv Vi

road; navigation  model| or-g portion, of the;model.. The autonomouss vehicle: road! navigation! model!
received, from, server- 1230 may.include at; | east; one update: based! orthes navigationtinformation!

transmitted, from, vehicle, 1205t server - 1230., Thesportion:of the:modelltransmitted! from saver 123943
vehicle, 1205:may, include,an updatediportiomof thesmodel... Thesattleasttoneproveasor 2315 i)’ CalisS &t
|east, one,navi gf\ti'onal maneuver (e.g., steering;suchasmakingzaturn, braking, .accel erating, spassing’
another vehicle, etc.)yby,vehicle: 1205sbasedjon;thezreceivediautonomoussvehi ¢lézroadinavigation modef LG
the,updated jportion,of the:model.

l [9%6?3] 1 The.ateast (one:processor (23155mayjbesconfigured ftoxcommuni cateswithvari ouSSSEFRHPES
and;components included jin,vehicles 1205,;includingacommunication sunitt 7051.GPSunit 12315, caiers?
122, 5P@;$§U§9512320,),agg@§rgmgtfe[ 12325,; and:road:profil eesensor 12330). Thesat!| east 'oPROPERESSSFT

x sty -

2315.may  collect.information ror datacfrom;variousssensorssandicomponents, s anddransmit thiefinformation”

P22 G—

or data,to server 1230 through.communication runiti23053. Alternatively soriadditionally, / vari ous SsER85RSof
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c.eomponents, of vehicle; 1205,may; al so;communicatenwithiserver'‘1230tanditransmit Idata’oitinformation
cSollected, by the; sensors,or;components o server1 1230.

({0369 1;n;somesembodiments, svehiclesl 1205, 121011215, 1220 andl 1225y communicate
JWith,each other ;and,may; share;navigation sinformationswitheach>other,ssuchthat af least 66 fthe
yvehicles) 1205, 1210,1 1215, 1220 zand} 1225;may xgenerate:theraltonomousvvehicle roadnavigation Tmodel

gg;i‘r;g:prowdsourci ng, ¢e.9. J-based -oniinformationsshared:bysotherwehicles. I I'rB8oniecembodiments,

Jvehicles| 1205, 1210, 1215,] 1220 aandj 1225rmayssharemnavigation informati on »with?each?other*andFeach
\vehicle;may, update; jtscownithesautonomousvehiclerroadrnavigation rmodel fprovidediirntthetvehicle. lin
<Someembodi ments, zatj | eastonecof thewehicles11205,11210, 11215,11220,zand! 1375((e.g., ehiclel 1205)

,mayfunction.as:ahubyvehicle. TThezat]leastconegprocessor 22315 thethubwetidle((e.g., \ehicle!1505)

information firom qther wehicles. “The:atlleast onejprocessor 22315 (thelhuib vehicle iy (generate the
2autonomousvehicle,road navigation model cor:aniupdatettottheimode lbased whithesshared finformation
received from other vehicles. ‘Theat lleast one processor 23115f the lhub 'vehicle Ty transmit the

TRCivoe

[EVFSTvIevav]

autonomous-vehicle road navigation jmodel «or thewpdate totheimodel ‘totother vehicies for Jprovi d ng
2utonomous navigation guidance.

L[OS?O] FIG. 24 isaflowchart showing :an.exemplary process 2400 for igenerating Aroad
navigation model for use in autonomous vehicle navigation. Process 2400 may be performed by /&

1230 or processor 231 5 included in a hub vehicle. In some embodiments, process 2400 may bR used for

FRT P

[03711 Process 2400 may include receiving, by a server, navigation information from &pl'ural'i"fy'
of vehigles (step 2405)., For example, server: 1230 may receive the navigation  information: from vehicles
1205, 1210, 1215, 1220, and 1225, The navigation information. from the plurality’ of vehicles Mgy bé
associ ated) with, a common, road] segment: (e.g.,, road! segment: 1200) along; which: the: plurality” 6f vehicles,
eg,, 1205, 1210, 1215, 1220, and| 1225, travel..

[0372]) Progess; 2400y may: further-includes storing,, by thes server;, thes navigation! information!
associ ated) with, the, common, road| segment: (stepy 2410).. For-example,, server” 1230 misy " Store? the’
navi ggﬁ on,information,in storage: device: 2010)and/orrmemory 72015..

[9373] ] Process;2400)may  furtherrinclude:generating, , by’the:server, attleastt &portion1 6f &
autonomous,vehicle.roadnavigationmodel 1forithescommoniroadisegment tbasedlormthesnavigation !
information, from,the:plurality ,of vehicless(step>24'15).. Thesautonomoussvehiclesroadinavigation 'model 1
for the.common,roadjsegment ymay,incl udezat {l easttoneslinesrepresentation 1of fearoadisurface>feature
extendi nggal onggthgacgmlmgnllrpagjseg[nent, t.andieachilinesrepresentation ‘mayyrepresent feépathal f)ng%th'eB
common,road;segment isubstantially ycorresponding awithrthesroadisurfacesfeature.- Fortexamplé, the‘road
surface feature.may,includeeazroad:edgeeor ieel anecmarking.;. Moreover, “the¢road-surf acesf éatureiiagbes

identified.throughrimagecanalysis<of fxplurality yof imagessacquiredasthespl urality yof ivehicl estavErsEithes
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Cgommon.‘roadssnggment. FFor:example,sserver] 12301may:generateaat | eastiaportion5f thetalitonomotis

T1LIL1VEE 2 et
WEELV AN LW

[‘[0374] 1Inssomesembodi ments, ttheaautonomouswehiclerroadrnavigation rmodel l“fﬁaykbe?corﬁ‘i gurea
tabe;superimposed -oversa-map,zaniimage,coraassatel liteiimage. FForzexample, tthermodel iz tbe
sSuperimposed cover ;a mapcoriimageprovidedtbysacconventional rnavigation Sservi ceswéhaés(Gooé]I e®

Maps,\Waze,Qrethelike.

FAEA4 SR

of landmarks ;associated \withttheccommon roadssegment. 1l nccertainaspects, tthistanalysisiiifay iinclude
zacce‘pti ng 1potenti al Jlandmarks when zairatioof iimagesiinwhich tthellandmark <doeszapisaar ttoli magesii n
whichthejlandmark doesinot :appear exceeds atthreshol d «and/or rejecting Ipotential llandmarks 'when alratio
ofii magesii‘n‘yv‘h_i ch thejlandmark doesinot :appear ttoiimagesiin'which tthellandmark «doespiRe texceeds®

AL v N

wvehicles 1205, 1215, 11220, and 11225, the:system:may determine that @ratio ©f &5 fisbelow ‘the threshoid

for accepting the potential landmark. By way «of further example, iif apotential landmark Zppears in data
that aratio of 4:5 is above the threshold for accepting the potential landmark.

[0376] Process 2400 may further include distributing, by the server, the autonomous vehicle
road navigation model_ to one or more autonomous vehicles for use in autonomously navigating the of@ oF
more autonomous vehicles along the common road segment (step 2420). For example, $&véF 1230 May
distribute the autonomous vehicle road navigation model or aportion (e.g., an update) of the model {6
vehicles 1205, 1210, 1215, 1220, and 1225, or any other vehicles later travel on road segment 1200 for

use in autonomously - navigating the vehicles along road segment. 1200.

[0377]J Process, 2400 may- include: additional operations. or steps. For' exampl'e,ygenerar[i'ngrt'ﬁe’

vehicles 1205, 1210, 1215, 1220, and| 1225 along, road segment: 1200 into aplurality’ 6f clusters and/or
aligning, data recived) from, vehicles; 1205, 1210, 1215, 1220, andl 1225, a6 discussedin further” detaill
below, with, respect;to, FIG., 29., Process; 2400)may-include: determining satargetitrajectory’ along: COFITOH
road; segment; 1200) by: averaging;the:clusteredlvehiclestrajectoriess imeachicluster.. Processs 2400 iy’ dso

Erertiyocoxs]

vehiclesroadinavigationmode!..

[9378]] UsingrCrowdsourced 1SparsesM apssforrtNavigation 1

[0379]] A sdiscussed jabove,,serverr1230)mayydistributesaigeneratediroadinavigation Imodel koS
ormore:vehicles, Thesroadinavigationmodel Imayybezincludedimaasparsezmap;.aesdescribed linidetail
above. Consistent (with,embodimentssof ithespresent tdisclosure, onesormorezvehicl essrizgybesconfigured

to-usethe.distributed jsparsesmap:forautonomoussnavigation...
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((0380] FIG 2545 an-exemplary ifunctional sblock idiagram»6f imemory! 140tand/or! 150,/which ity
bpemstored!prclgrammed ,withjinstructions for;performing yonevormorevoperations:consistent withlthe
rtrec;c‘)/gni ze that jinstructions ;may;be;stored iimmemory 1 140:aricborl 150.
(10381] ,Asshown;ingFIG.225rmemory 1 140rmaysstoreaassparsermap: module22502,a8ntimage

PV reven

~The,discl osed .embodiments sarernot) limited:toganyyparticular cconfigurafion c6f menory 1140. Frurther,
gapplicati ONS Processor | 180,and/orjimagegprocessor 1 190r may zexecuitettheiinstructionssstoredii naé}’lyﬂ‘(ﬁf
modules;2502, -2504, 2506, ;and;2508;i ncludediinimemory 1140. (Onecdfsskilliintthezaitwillunderstand fthat

.
Liavawuias B @

(references;ingthegfoll owing (di scussions ttogprocessing winit 1110rmay trefer ttozappli cati ons [IRSRRKDT 1180¢and

jimage, processor 1190;individually corccollectively. .Accordingly, sstepsdf zany St ttheff oll owi ng IPRIESSES

‘mayhbvelperformed ltgy(gnvecqum_qr,e]proc ng cdevices.

&xecuted by processing wnit 1410, receive ((and, inssomeembodiments, sstore) cassparemp distributed oy

A

Server 11230. Sparse map module 12502 may rreceive @anentire sparse imap iinonecommunication S W&y
receive asub- porti on of asparse-map, ithe sub-portion «corresponding tomnareaiin'which the vehicle is
operating.

‘ L[03831 ““““
computer vision software) which, when executed by processing unit 110, performs :analysis of on@ oF
mg[é images acquired by one of image capture devices 122, 124, and 126. Asdescribed in further detail

below, image analysis module 2504 may analyze the one or more images to determine a current posfti'on

of the venicle.

1L WAV V UL

11AN

sparse map, module, 2502 and/or- in the: one or- more: images acquired by one of image: capfuire devices 122,
124, and; 126
[0385] | none embodiment, navigational | response: module: 2508 may’ store’ software’ executable’
by, processi ng, unit; 110 to determine; a desired| navigational | response: based! ort datar derived! fromt execution®
[0386]} Furthermore, |any; of the;moduless(e.g.,,modul ess2502,, 2504, and! 2506)) discl osed!herein

may,implement itechni ques; associated {withyatrainedisystemi (suchias aneural Inetwork <or* & deep’neural 1

of -sparse, map, module, 2502, image; analysis; module: 2504,, and/or roadl surface: feature: modul e’ 2506.

network) yor.ap,untrained jsystem,
[0387]] FIG. 265issaflowchart tshowingzamexemplary /processs2600)forrautonomously /navigating
vehicle.along,ayroadjsegment... Processs2600)maybezperformed Jbyyprocessor 123 15i ncludediin
navigation,system,2300,,
) [0388] 1 Process2600;mayyincludegreceiving asparsesmap:model \(steps2605).). Fortexample,
processor 12315<may yreggi_\(egthggsparseg map:fromserverr1230). Ifusomezembodiments,  thesparsasnizpP

model mayyi nclude.at | east neelinecrepresentation rof faeroad:surfacesfeaturecextending galong ethetroadd
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Segment,, and.eachline.representation ymay-represent:gppathnal onglthesroadssegments slbstantially
cc:)rrespondi ng,with,the-road; surfacesfeature. FFor:example, ithewroad featurermay tincl uderd road?edge’dra
1l ggeﬁ;narki ngv.

[¢[O§8SJ9] FProcess)2600,mayrfurther;include:receiving, fifromaaccamera,aai eastonélimage
representative .of ;an.environment -of theyvehicle( (step22610). FForzexample, fprocessor 223 158y receive,
ff;omﬂcameral 122, thesat| | east;onejimage. (Cameral 122rmay:captureconecomniorelimagescdf the

LWULLL Wakiva
AAAAAAAAA

;image,received fromthe.camera((step;2615). 1Foreexample, zanal ysiscdfithessparsemiaptmodel candithe?at
least one;image; recei ved ffromithe.cameraymayiincludecdetermining zaccurreritjposition ot tthe'vehicle

relative to,glongitudinal Iposition alongtthezat]leastonellinerrepresentation @tarroad surface feature

Iviuna v
(extendinQEd ongithe,road.segment. Jin:somecembodiments, tthiscdetermination may thetbased ®h
identification of 4t |l east Qne;recognized llandmark jinthezat lleast oneiimage. Tinssurmeembodiments,
process:2600,may further jinclude determining @ancestimated offset loased onansexpected Iposition Wfthe
vehicle relative tothe longitudinal position ;and the current jposition of the vehicle relative tothe
flongitudinal Lposition.

) L[03911 Process 2600 may further include determining ‘an :autonomous navigational' Te&poRg2 for
the vehicle based on the analysis of the sparse map model :and the @t least one image received from the

camera (step 2620). In embodiments in which processor 2315 determines an estimated offset, the

processor 2315 determines that the vehicle is offset from the a least one line representation by 1 {8 the
left, processor 2315 may cause the vehicle to shift towards the right (e.g., by changing an orientation 6f

a-mvy g

the wheels). By way of further example, if processor 2315 determines that an identified landmark i§
offset from an expect position, processor- 2315 may cause the vehicle to shift so asto move the identified

[V ICT Ay B

landmark towards; its expected| position., Accordingly,,in some embodiments, , process 2600 miay further’

include, adjusti ng.a steeri ng; system, of the. vehicle; based! oni the: autonomous: navigational | F&§56rss -
[0392] | Aliening: Crowdsourced |Map,Datay

[0393] ] A g discussed) above, generation of ‘acrowdsourced | sparse map Imiay ' tise: datafrom'&
plurality, of drives; along; a common, roadi segment.. This datamay’bealigned!im order to gaerae 4
coherent sparse,map. A gdiscussedjabove:withirespectttoFIG.. 14,,generating s arrap skel eton iy’ bE

insufficient to,construct ¢splinessfor:usesimnavigation. . Thus, ,embodimentssof thespresent tdisclosure’ i)’
dlow for,al igpi nggdﬂ@0[pwd@u[gw jfromaypluralityyof drives..

[0394]; FI G. 277illustratessaybl ock:diagramiof fmemory 2015, whi chimay/storescomipiitér tcode>dit
instructions,for, performing ;one:or;more:operati onssforigeneratingaaroadinavigation 1mode! Forruzesitn

autonomous,vehicle:navigation., A ssshownsimFIG.i.21, memoryy20155mayystore=crecarnione modUlessfor”

performing éthgeoperationssfgr,proc nggvehiclegnavigationninformation.1. For texampl e mefryy2015°

LrrLergve

2020;may, executedhed nstructions storedcinranyyof modul es:2705¢and<2710Cincl udedd AMTeATaRyY20157-
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[(0395] L Drivedatacreceivingymodul e: 27051may tstorerinstructi onshwhich, when“executed’by

pProcessor, 2020,,may;control communication idevice 2005¢tosreceiveldriveldatatfrom 8hE@bRIBTE vehicles

({8.9-11205,:1210,:1215,:1220,,and| 1225).

(0396] 1 Longitudinal ;alignment:module22710imays storetinstructi ons‘which,'whenexecuted’by
pProcessor,2020,,align thejdata received,usingidriveldatarrecel vingimodul€22705"when theldatasigrelated to

LI =3 ~

common.road;segment’(e.g. rroadssegment! 1200)-based>onnavigationtinformation “receivedffrom‘vehicies

CUlnvis foow
11205, 1210, 1215, 1220 pandj 1225. FFor:example,llongitudinal aali gnment“module23710°1R&Adlign the'data
<some.embodiments, }longitudinal zalignmentrmodulez27 10rmay ffurthersscreceachtpatch?alignmerit with’a

confidence.score.
(0 7S

[[0397] JFIG.228A illustrateszarcexamplecdf rawllocati onddataffromffour ditferent drives. linfthe
&example of IFIG..28A  the;raw datatfromitheffirstriveiiscdepi cted zastasseries®f Stars, tihetPai datalfrom

i

{thesecond drive;isdepicted ;asqagseriescof ffilled-inssquares, tthemraw dataffromtthird fi rét‘dfiveii’s‘aebiétéa

1w ST

25 aeries of open squares, and therraw dataffromttheffourth driveiisidepi cted aistasseri es®f BpEh Gircles.

Viavo U

Asoneskillediinthe art would recognize, tthesshapesiaremmerely iillustrafive @ the datalitself, whi chiiy

[AVENTIO T YL

bestored as.aseries of coordinates, ‘whether local «or global.

StUi v WS WSV

[0398] Asmay beseen in FIG. 28A, the drives'may occur indifferent lanes'dong the & road

ot

(represented by Jine 1200). Furthermore, FIG. 28A depicts that the drive data /gy include variances due

FovyTe 7

to errors in locational measurements (e.g., GPS) and may have missing data points due 0 System &Tors.

+

Finally, FIG, 28A also depicts that each drive may start and end a adifferent point within 2 segiiefit
along the road.

[0399] FIG. 28B illustrates another example of raw location data from five different drives: In
the example of FIG. 288, the raw data from the first drive is depicted as a series of filled-in SGUAES; the
raw data from the Second drive is depicted as a series of open. squares, the: raw data from third firsf drive

i depicted as a series of ‘open, circles, the raw- data from the fourth drive ii§ depicted’ 88 & series 6f €&

Da

and the raw; data from the fifth, drive is depictedi as a series of triangles.. As oré skilled!in'the &t would
recognize, the, shapes are merely:illustrative:of the dataitself,; whichuriay’ be stored! 4§ & series 6
coordinates, whether-locallar-global..

[0400]} FIG..28Bsillustratesssimilarrpropertiessof thedrivedaaasFiG.-58A. FiG.- 2883 further”
depictsthat,anyintersection,may besdetectediby; tracking;themovement tof thesfitthidrive V) fromithe’

ettt iy

others, For.example, thesexample:dataiimF| G..28B3mayysuggestithat tarnexittrafidi ispregnttiantherightt

side.of the.road(represented jby,line: 1200),. FI G..28B3al soxdepi ctssthat teclde | anessiiy/besdetected i
data,begins,an,aynew,portionsof thezroad.. Forrexample,: thesfourthidrivesi Mtheexampl €datainFI G 288>
may, suggest that a;f ourthyl anexi scadded: tortherroadishortlyyaf ter thecdetected Jexitramip?-

[0401] | FIG; 28C:ill ustratessanvexampl ecof frawsl ocationndataewithtarget traj éctoriesttherefrom.
For example, thefirst;drivecdata:(representedcbystriangles) "andctheesecond<drivesdatat(fepresented byYopeR™
squares); have aryassoci ated target:trajectory y2810) Similarly,/thexthirdcdri vetdataé(represented ShyYopen™

petvIvAE L
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cieircles) has an associated target trg) ectory! 2820 pandtthecfourthl driveldatal(represented by il led-in

sSquares), has an,associ ated Aarget traj ectory 2 2830.

associ ated,with, each aneyof travel ,y asidepicted1irFFI G 228C. SSuchitargettraj ectori es*“n’ﬁéy"bégene?éiéd

dsouvianea

gfrom,onesor.more; simple;smooth ilinemodelsif properialignment 6 thespatches>6f theldriveldatatis

vl Jnv (e s

pperformed. pProcess2900,4di scussed:bel ow i sonezexampl ex6tpropenaignment 8fpatches.

[[0403] FFIG 29 siaflowchartsshowingsanzexempl aryprocess22900fforidetermining?aiine

crepresentation,of a-roadssurfaceffeaturezextendingaal ongparroads segment. T heline representation 6 the

- -

oad.surface,

r f
Tuau 301 iacy
-2600,0f F1G.-26,above. [Process;2900;maytbeyperformedtbysserver | 1530c0mprocasss 22315l included!irfa
thubyvehicle.

WIVIVY

featureymaythe:configuredffor.useiinaautonomousiehiclernavi gation, €T, tusi ngFBrocéss

[[0404] {Progess;2900;mayiincluderreceiving, tbyzasserver, caffi retssétadf ‘drivecdatalincluding
positionzinformation associated withitherroad ssurfaceffeature((step2905). T helpositioniinformationTiiay
{be determined based on;analysis of iimagescof theiroadssegment, :andfthetroad ssurface feature iy finclude
2yroad edge or ajlane;marking.

[[?)405] PProcess 2900 may further iincludereceiving, Iby aserves, asecond €& of drive'data
including position jinformetion associated with theiroad surface feature (step 2910). Aswith §& 2905,

road surface feature may include aroad edge or alane marking. Steps 2905 and 2910 may b2 performed
& concurrent times, or there may be:alapse of time between step 2905 ‘and step 2910, depending A when
the first set of drive data and the second set of drive data are collected.

[0406] Process 2900 may also include segmenting the first set of drive data into first drive
patches and segmenting the second set of drive data into second drive patches (step 2815). A paich May
be defined by a data size or by adrive length. The size or length that defines & paich may be predefined
tg one or. more values or- may- be updated with aneurall network. or other' machine technology.: For
example, the length, of g patch, may: be preset:to always be 1km, or it ffiay be preset {9 bé 1 km'when'
traveling, along, g road) al; greater-than 30 km/hr-andito be 0.8 kmwhen traveling; alongs & road! &' less thart
3Qkm/hr. Alternatively . or-concurrently,, machine: learning; analysis rmiay’ optimize'the’ size' 6 lengtht &7
patches; based o anumber -of dependenttvariablesssuchias drivi ng:conditions, »drivingispeed,-and'thellike
Stilljfurther, in some embodiments,, apathimay’ be definediby’ adataisi ze-and! @ drive’ length.

[0407]} Imspmesembodiments, thesfirsttsettof ‘dataandithessecondisettof datalrifegi nclude’position!

information,andymay, hesassociated jwithaplurality jof flandmarks... Imsuchiembodiments, sprEEES 20007

Lifvl faeioal e

on,one-ar;more:threshol ds,; assdescribed:aboveswithirespect it oFI G.i.19)-
[0408] ] Progess<2900;mayyincludeslongitudinally valigningzthesfitst tset tof frivecdataiwitf the®
second.set

Svvuiia oV

Of drivecdatawithinr-correspondinggpatchess(stepr2920) ). For lexampl e, ong tudinal alignmentt

may,includeselectinggeither thexfirstyset of idatacor ithessecond<setfof {datecassthesreférencetdatafsatandthen™

shiftingeand/or,elastically stretchinggthecother;set-of datartocali gnrpatches:withi nithe¢safss: | nisdfee
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cembodiments, ;aligning the; sets;of Idatasmayfurther includexaligning“GPSldatatincl uded tirbboth sétand

—d

a8ssociated ,with the,patches. FFor:example, ithe:connecti onstbetween3patcheswith'thes setsTfisyPbetad usted
ttoyalignymore.closely with:GPSidata. I1nssuchzembodiments, hhowever, tthetadjustment fidsChélimited o
pprevent.thelimitations.of GPSidataffrom:corrupting:thealignment. Frorzexample, (GPSTdata'i 'iot
tthree-dimensional and ¢therefore, rmayccreatecunnatural ttwistsaandssl opesswhenfprojected- oito’a

[[0409] 1Process;2900rmay ffurtheriincludecdetermining tthellinerrepresentation 6 thefroadSsurface
ifeaturebased onithejlongitudinally alignedifirsteandssecondcdri vecdataiinttheffi rstEandSsecondCdra?tFpétéhes
((step;2925). [Fareexample, thellinerrepresentation imay tbecconstructed ws ngéassmoothliinetmodel Bntthe
;aligned data. 1Inssomeembodiments, «determiningthellinetrepresentation may lincludeeanéalignment Sf'the
jlineyrepresentation withglobal «coordi nates Ibased con(GPSdatazacquired csipart @t 7t east Stiet theffirst
et of drive dataor thesecond sset of drivecdata. IForexample, ttheffirstsset of atatand/or fthe‘second 6&t U
(datamay (beyrepresented iinilocal coordinates; lhowever, tthewsedfasmooth liinelmodd requireshoth $&fs
tojhave the same coordinate @xes. Accordingly, iin«certain iaspects, tthe ffirst tsét ©f datatand/or ‘second ‘&t
of (ggg;may lbe;adjusted tolhave the same coordinate iaxes ‘asteach other.

l[04101 1n some embodiments, determining the line representation hay ‘incl ude ‘determini ng and
qulyi ng a.set of average transformations. For example, 'each of the average transformations May b
based on transformations determined that link data from the first 'set of drive data 267658 isequenti'al'
patches and the link data from the second set of drive data across sequential patches.

image.‘ Far example,‘ the geographical image may be a satellite image. By way of further exampfe,
process 2900 may further include filtering out landmark information and/or drive data that 2p8ars
erroneous based on the determined line representation and longitudinal alignment.. Such fi itering &y bé
similar. in concept to the rejection. of possible: landmarks: based on one or friore thresholds, 88 described
above with, respect-to FIG.. 19.

[L0412] | Crowdsourcing - Road! Surface Information!

[p413] | 0 addition, to crowdsourcing: landmarkss and! line representationss it order {0 generaie’ &
sparse, ma\q,,tnge; disclosed| systems; andl methodss may’ crowdsource: road! surfacetinformationt &S weli -
Accordingly, roadjconditionss may-be storedia ong;with and/or “withim asparse ma used!for navigation'6f
anautonomous;vehicle. .

[0414]} FIG. 30)isamexemplary functional Iblock<diagramiof mermiory / 140 and/or® 150,-which'iig)’
bvecstored/progvrammed jwithyinstructionssforrperforming zonesorrmorezoperati onssconsistent twithithe?
disclosedjembodiments. . Althoughthesfollowingzrefersstomemoryv 140,,arieeof fskililifthesaittwiii |
recognize;thatinstructionssmay sbesstorediimmemory y140)and/orr150).

[0415] ] A ssshownainyFI G.1,30,,memoryy 1400mayystoresamimagesreceiving 2modl 23002, -aroad

3008; The.disclosed :embodiments sareenotilimited:tocanyyparticul ar iconfiguration tof frﬁéﬁﬁ”c‘)fy‘/l'zlb?-
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g Further, applications, processor g@0sand/or-image:processor 190rmay YexecutétthelinstructionststorediABhy
of modules, 3002, 3004,3006,and 3008yi ncl udedrinrmemory <140 00nebf skilirid thetartwil'understand

Ol tivaurve J

that references,inithe:followingj discussionsctgyprocessing runit 110riayreferct dlapplications Brocssor 180

thalterorenves il
a2nd,image, processor 190yindividually yor;collectively. AAccordi ngly, iisteps of éﬁy”f)f'fthé‘f'él lowing
P pvrgg_qs_s_eﬁlmgy)p%performed »DY»QN&0rMoresprocessing ldevices.
({0416] y,In0ne.embodiment, jimagereceivingimodules30021maysstoretinstructions’which,"when
eExecuted by processing unit; 110 receive;(and,iirssomezembodiments, s store) limagestacqired by’ Shebf

jimage,captureydevices) 122 124,and; 126.
0417] 1!n.one:embodiment, rroadssurfacef featurermodul e33004 maysstorellinstructions: (such'ss

compuiter, visionssoftware) swhich,\wheneexecutedtbygprocessinguunit! 1 3, rperformsanalysiscof 6AeP6r

~amape e

more;images;acquired;by-one:qf imageccapturecdevices! 122,1124,zand! 176fandiidentifies?a road’suirface

_____ o

feature. yFor.example, itheyroadssurfaceffeaturermayiincl udezaroadeedgecsreallanemarking.
({0418] yin.anecembodiment, {locationcdeterminationimodul e 3006y séfrelinstructi ons((such®ss
(GPSsoftware oryvisual odometry software) which, whencexecuted thyiprocessing tnit 1410, receives

Jlocation;information relating toithe wehicle. 1Forexample, llocation |etermi nation 'modul e 3006 Y

vLatiuil lasulnavios
Jeceive GPS data and/or ego-motion dataiincluding thejposition of the'vehicle. 1h2 @i ‘embodiments,

Jocation determination ;module :3006,may (cal cul ate one«or more llocationslusing received i nformation. ‘For

uLatiu Uvivians
. . . . - \ . i1 £
@xgmpl e, location determination -module 3006 may receive oneof Thore images ‘acquired by e f image

capture devices 122, 124, and 126 and determine alocation of the vehicle using andlysis f the images.

R b

VI P,

[0419] In one embodiment, navigational response module 3008 May stofé software executable

by processing unit 110 to determine a desired navigational response based on daia derived from execition

VS P T T T

of image receiving module 3002, road surface feature module 3004, and/or iocation determination modtile

3006.

[0420]; Furthermore, any of the modules (e.g., modules 3002, 3004, and 3006) disclosed heréin
may. implement. techniques; associated| with, a trained! system: (such:as a neurall network : 6 & deep' neural
network), of. an unirained system.

[0421]} FIG, 31 isaflowchart; showing; an exemplary” process 3160 for collecting road! surface
information, for.a roadisegment. . Process; 3300 may’ beperformediby’ procesr23 15 included!i

e

[0422]1 Progess;3100)may jincludezreceiving, fromacamera;atl easttoreei magerepresentaiive> st
aportion,of the.roadjsegment ¢(step,3105) ... Forrexample, processor 123155y recel ve,»fromCGER 122
o I N

the.at | east one.image., Cameray 1222may,capturezonezortmoresimagessof thesenvi ronment tsurrounding?

[ S1=b -t

vehicle,1205sasvehicle, 1205stravel ssal onggroadisegment t1200).
[0423] 1 Process3100maysfurther tincludeei dentifyingei Arthecatl éastforiesi magesatl east 'oheroadd
surface feature.along thegportionof thecroadcsegment (step3010) ). For iexample, the<atl eastoPeroad?

surface feature may yincludecaroadcedgecorimayyincludecerd anesmarking.2-

1act ivarurl 7Y Lais =
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road surface feature according tq &local;coordi nate-system bf the'vehicles(step 3115) ¥ FOr"Texélﬁ'ﬁI e

au obinuve 10ul
pProcessor, 2315, may, use, ego-motion| data,and/orGPS datactol determi nelthe’plurdlity>bFlocations.
. i S e 1n ST . SR
[(0425] pProcess 3Jo0ymayifurthersincludertransmitting ltheldetermined>plurdli ty>6tlocafionsfrom

RtV

(the vehicle ta a server (step; 3120). pForsexample itheldetermined d ocationstnaybe configured t6 enable
determination by the, server,of ajline representation>of Itheroads surfaceifeaturesextending 13longthé Toad

(IO N ST FUTEIL VI TY

< Segment, as,described, above,with-respect tc-F1G.229. Tin; somezembodiments, the i ne'representation My

- -

rrepreﬁentiappathaal ong: the,road;segment;substantially :correspondi ngvwithithe'roadssurfaceffeature.

PRV Oviv

ffurther;include receiving, ¢fromthesserver thetlinerrepresentafion. Iintthiscexample, Rseesss 223 15y
receivetheyli qugpr@ent&ti on ;asaportioncof :assparsermaprreceived, fforeexampl e, 2accordingt foproESSs

-2400 of FIG.-24.and/or process;2600¢0f fF1 G.26. 1Byswaycdf furthereexample, IOreEss o800y ffurthér
iinclude overlaying theline;representation (of therroadssurfaceffeatureconz eastietgeographical liniage.

lll\lluu\/ ( e A daas
JFor (e_:@mlpl e ﬁhveigeogra‘phi cal jimage;may thezacsatelliteiimage.

[0427] Asgexplained ghove with respect toccrowdsourcing @f landmarks, iihsftembodiments,
the server may implement el ection criteriasfor deciding whether ftoaccept @t reject Ipossibl e road Slirface

e Server |

features received from the-vehicles. |For example, the:server may iaccept road ‘surface festures when

IVALUIWD 1 W Wl Y W L

ratio of |ocation sets in which the road surface feature does appear to location 55 in which the road

1Tauy UL

surface feature does not appear exceeds athreshold and/or rejecting potential road surface fedtures when

DUL LAWY FViLLL

ratio of location sets in which the road surface feature does not appear to location sts in which the road

LALLY UL twwvauvs

surface feature does appear exceeds athreshold.

DULLUVLY LWL LL W W Wl

[0428] Vehicle Localization
[0429] In some embodiments, the disclosed systems and methods may tise & §parse map for

aax ovaix

autonomous vehicle navigation. In particular,, the sparse map may be for autonomous vehicle navigation

AULULIVIIIV WD Y witawa

along aroad, segment. For.example, the sparse map may- provide sufficient:information: for navigating a8

autonomous, vehicle, without- storing, and/or-updating; a large: quantity” of data.- A 8 discussed! below i

further detail, an, autonomous; vehicles may: use the: sparse map to navigate: ore or more roads based! 618 67
or. more, storedjtrajectories.

Ul HIVIW owve

[0430]; AutonomoussV ehicle:L ane;L ocalizatiomUs ng:Lane:Markingss

[0431]; Agexplained;above, aself-drivingzvehiclemay/navi gate:basediordead!reckoning?
between. landmarks, However, errorssmayyaccumulatesduringznavigation1by/deadireckoning, »andithus’

TR Bttt ret b w M A Rt b

over time.the,position determinationssrelativestoithestarget ftraj éctory ymayybecomesincreasingly| ess*

[CRT% QEWTEN

accurate, As.explained;below, |ane:markingssmay;besusedsforil ocalizationof fihesvehiclesduring?l andrmarks

ave UL dlv. 2

spacings, which,may, minimizecaccumul ationqof ferrorssduringenavigati onrbyydeéad-reckoning.}-

[0432],) For,example,, g:splinesmayberepresentedcassshownriftEquationn lpelow:':
B(u) = Z by (w) P
k

Equationrll
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(0433] I njthe.example,of :Equation 1BB(U)sislthe curvewrepresenting Ithelspline? U & dthe
phasisfunctions, ancbpes rrepresents; acontrolpoint. TThescontrolpointiy>bétransformed tolocal
ccoardinates, according,ff or-example,t Equation22bel ow:
Pz(k) = RT(P(k) — T)
EEquation22
(10434] 1 the.example:of Equation2? ,Pl(k) rrepresentsithescontrolipointFP® ttrangformed‘tdiocal
(coordinates,;Ris theyrotation:matrixithat:may fforzexample tbdinferredffromithewehicle sheading,/R
r[epresentst}ne[tran§posecqf;1_hef[otati,onrmatrix,aandl-l_rrepresentstthelIocaiionC(Sf thewehicle.
1 10435] {Inssomecembodiments, thell ocalccurverrepresenting thespaihcdf thewenicl efifdytbe
H;i(u)== 1y 1Bif(u)~= ffBiyiu) = ©
IEquation 3
[[0436] 1Ingheexamplef|Equation:3, / iisttheffocal lIength(tﬁ'fhemméi‘aiandﬁa,By Jand!B,
frepresent {he components of curve Biinllocal ccoordinates. "Thederivation of Hiiry be'represented by
Equation 4 below:
H'(u) = yiB",(u) = fB'iy;(v)
Equation 4
[0437] Based on Equation 1, Bi in Equation 4 may be further represented by Equation 5 below:

B (u) = Z b (uw)P®
k

Equation 5
[0438] Equation 5 may, for example, be solved by a Newton-Raphson-based” soiver.
aspects, the solver may be run for five or fewer steps. To solve for X, in some embodiments, 6R& May USE
Equation § below:

n certain

T

B Ix (ui)
x = fE
B 1z (ui)
Equation6
[0439]; In some embodiments, theyderivatives of ‘atrajectory’ may’ beused.- For’example,-the

derivativesmay, begiven, by, Equation, 77below::

dx _ 1 dBi(u;) By (u;) dBiz(uy)
ax; fBlz(ui) daX; Bi,(u)*  dX;
Equatiom7?

[0440] In;the.example:of (Equati om?’,/,)f) mayyrepresent tstatéccomponents, sforlexampl & sforlthe®
location.of {the.vehicle. I nycertaimaspects, | jmayyrepresent taniinteger tbetween’chiegandsix -

[0441] § T80l ve:Equetions77 j nssomezembodi ments,.onesmayyusesEquationgfbel ow:”

K
—dB-.ln;) _ Z _d_(bk(ui)Plng)) - z (b’k(ui)%+ bk(ui)%‘,—)>
dX; k dX; k 5} ]
Equationr88

83



10

15

20

25

30

35

WO 2020/112827 PCT/US2019/063326
[([0442] 170,80l vesEquation; 8izinsome;embodiments, sonermay 1 usérimpl icitidifferentiation €@ obtain
pEquations;9 and Jo,below:

(k)
aBlz(ur) Z by (u l)

aB,,,(u ) dPr
Z () — 2=

Equatlons 9and 10
[ [0443] (UsinggEquationss9,andj 10 the;derivativescsf thettraj ectory rmaytbecobtéi ne'd Lrss5tfie

69]

1I ocalizi nglLepweKmegerrernentsl ag&qpla nedabove,11anermarkingsrmay tbetusedttof minimi zeaaccumdl’ét’ioh

of errors during; navigation {by dead;reckoning. Thewsecdf lanermarkingsiisidescribed inffurther detail

Gy Ciiuio

pelow with respect {01 GS. :32-35.

VIV VY Yyau
([0444] |FIG. :32;is.ancexemplary ffunctional tblock i agram «ff memory 114bzand/or 1150, which sy
lbes stored/programmed withiinstructions ffor performing cone«or imore wperations consistent ‘withfthe
disclosed embodiments, - Although (the ffollowing irefersitomemory 1140, omedf skill jinfthe it will

Uilovivovu Ll

[recognize that {instructions may ibe:stored jin;memory '140:and/or '150.

""CJ

L[O445] Asshown in FIG. 32, memory 140 may store aposition determination module 3202, &

|mage andlysis module 3204, adistance determination module 3206, and an offset determinaion module

3208 The disclosed embodiments are not limited to any particular configuration of Mamety 140.

Further, applications processor 180 and/or image processor 190 may execute the instructions stored iR ahy

A v vaswsy o

of modules 3202, 3204, 3206, and 3208 included in memory 140. One of skill in the ait will understand

UL LIIVURIVO © — v — =

that references in the followi ng discussions. to processing unit 110 may refer to applications: procassoy 180

LLICLL 1WAV WLEW WA LA bas

and image processor. 190 individually or collectively.. Accordingly,. steps of any of the following:

processes, may. be performed by one or-more; processing; devices..

Fev————-

POy e

GPS software or.visual 1odometry eoftware),wh|ch when executed! by processing; unit: 110 receives’

LAY DVILYY AL v

location, information, relating;to the;vehicle.. For-example,, position determi hationtmodule: 3262 gy’

1ovaiutl v aruecus

receive, GPS; data, and/or -ego-motion, data including;the:positiomof ‘the:vehicle.. Ini$orsembodiments, »

l\./\a\.olVV e

posrtlon determination ;module;3202may ,cal culate:onesorrmorez| ocationssusingzreceived lir nformation.~ Fort

exampl e, pOSItI on, determination ymodul e:32022may/receive:zone:ormoresi magessacqui rediby’ OIREGF i mage*
capture,devices; 122, 124, andj126;andjdetermine: szl ocatiomof ithevehiclezusingzanal ysi ssf thesimages-

[0447]] Posrtlon ;determination 1modu|e=32027mayya|eoause=othermav|ga¢|onal lﬁ‘feo%‘ttﬂdeterml ne®

AT R B it

[0448] 3 Inrogeeembodl ment, tlmageeanal ysrs‘modulee32044‘may}storeﬁl nstructions (such‘f‘aéS

computer wsronrsoftware) wh|ch,lwhenrexecutedcby>proc sing gunrtnllOO performs anal ysrs fof fo’h'é"o?f
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plelow, image analysis;module; 3204 may sanaly zettheione ormorérimagest o dentify el east & ane
marking.

e

(0449 I, Qne embodiment, jdistancei determinationrmodul e 3206MMay T etinstructions\which,
when, executed, by, processing;unit 110,performsianalysis 6f oneormore!i mages‘acquired’by’BRE b

WLl CAvv b
,image, captureydevices 122, 124, and 126,andidetermi nesialdistanceifromlthe’vehicletd &laneimarking
identified,by i magelana] ysisymodul e33204.

iGotuiive D

10450] 1n,one;embodiment, offsetideterminationamodul 33208 malys store SOftwareexeciitable’by
r_prqq ng unit; 130, toydetermine;ansestimated-offsetdf thewehicleffromaa road model “trgjectory. FFor
example, offset determination modul 33208 may usesaidi stancecdetermi nedthy-distance détermination

module;3206,to.cal cul ateythecestimatedoffset. A desiredrnavigational rregomsetbased dn data’deri ved

Invuuiy Souw

¢from.execution, of position determination modul e23202,1imagesanal ysi stmodul e23204, Cdistance

1111 el\\«\i\«‘\,)\)
determination, module-3206, .and/or «of fset determinationmod e:3208may tthentbecdétermined.

tAaan N A% 1o oA LAl -

[[0451] jFurthermore, ;any of ithe;modules((e.g.,1modul es3202, 23504, cand“3206) <di sclosedhérein
may ;implement,techni ques ;associated withzagtrainedssystem((suchzaszaineural inetwork B deeprieiral

==

jnetwork) or anyuntrained system.

[0452] FIG. 33A jllustrates anexampleof avehicle navigating by @ead reckoning ‘without UsTig

not use lane markings (e.g., markings 3320A or 3320B) for navigating.
[0453] FIG. 33B shows the example of FIG. 33A after 350m. Asdepicted in FIG. 33B, the
trajectory 3310 of the vehicle does not fully align with the lane markings {e.g., markings 3320A oF

P

3320@) due to dead reckoni ng error accumulation.

b P e o ¥ ]

[0454] FIG. 33C shows the example of FIGS. 33A and 338 after 1km. As depicted iR FIG. 33C,

Aam naal -

the expected position 3330A of alandmark does not align with the actual’ position 33308 6f the landmark -
Although the vehicle may-now use the landmark:to correct the dead reckoning: errors that: accumulated

e 2 L wav ¥ waaava ~
.- @

over.the course, of - 1km, systems, and methods; of the: present. disclosure: rmay’ alfow for using [ané fﬁéf‘l‘(’i:ﬁés"’

UVLL LIV VUL oW

to minimize, dead; reckoni ng; error- accumulation, betweenilandmarks..

[04585] | FIG, 34A, il ustrates;an, example: of ‘a vehicle:navigatings by’ deadl reckonings witht lane
markings. In the,example,of-FIG. 34A, the:vehicleris navigatingsalongzatrajectory’ 3410 andal'so

B

identified| ane, markings;(e.g.,, markings;3420A, andi3420B))tol ocalize:andlusgs formavigating. -

[0456]; FIG, 34Byshowssthesexample:of FIG..34Asafterr350m. . Assdepi ctedlinFi G348, the
trajectory, 3410)0f the.vehicle;substantially alignswithitheslanezmarkingss(e.q. markingss3428A ancf!

3420B),because.the.vehicle:hassbeenscorrecting;forideadireckoningzerroriusi ngithesidentified’lane®

markings.,

A

(0457} FIG; 34C-showsthecexamplecof 1 GS5 34Asand {348 3affer rkim.- Akdépi cted i FI G 34C
the expected,position;:3430Aof ad andmarkisubstantiallyyalignswithithecactua Ypositionr343080f thee
landmark. Accordingly, ,uponyencounteringgthed andmark,cthecvehicledntFiG3 3AETag undertaketa?

Tarunios K.

substantially,smaller. correction than,thecvehiclecof FI G.333C.. Process:3500(bf 163355 discussed below >

is,an,exemplary.process, by whichjayvehicle mayused anemarkings:fopnavigation ket MFTGS334A34¢ >
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[(0458] £FIG 3354 s alflowchart;showingran-exemplary »process 3500°for: correcting'@position’df a

vvehigle navigating, a oad;segment. PProcess; 35001 may>beperformed by>processsr 2315 lincluded'in

S 'sgggpjr,aqlmggg;[gd;posi tion,of theyvehicleaal ongaacpredetermined “road’model itrajectory 3(&1ep3§§0-£\3). FEor
cexample, thepredetermined rroadmodelttrajectory rmaytbeassoci ated vwith:the roadssegimerit, 2and Lin®S8ifie
cembodiments, the. predetermined rroad-model ttrajectoryrmayiincludeadthree-dimensional fpolynomial

representation (Qf ;atarget traj ectory gal ongitherroadssegment. TThesatl | eastcoriet navigational s&&sr iy, for
eexarr]pl e jinclude;asspeedssensor corzanzaccel erometer.

[10460] 1Progcess:3500;may ffurtheriincluderreceiving, ffromzanii magetcapture<device, é4t!leastGiie
jimage;representative (of ancenvironment of thewehicle((step:3510). TForcexampl e, IPRARSEOT 23154y
jreceive, fromcamera 122, itheat]leastoneiimage. (Camerali22imay «capture GHRITSIE 1 mages f tthe
&nvironment surrounding Wvehicle 11205 aswehicle 11205 ttravel stal ong road ‘segment 11200,

([0461] {Process :3500,may :alsojincludesanalyzing theztleast orei mage ftolidentify %t east Bife
lane marking. ‘The a least one lane:marking may Ibe:associated with allane®f travel idong ‘the’road
segment. Process 3500 may further include determining, lbased on theiat | east OFiimage, adistance from
the vehicle tothe at |east one lane marking. For example, avariety of known idgorithms for caculating
the

Gaoval - s

distance of an object inanimage may be used.

[0462] Process 3500 may include determining an estimated offset of the vehicie from the
predetermined road model trajectory based on the measured position of the vehicle and the determined
lgilggp‘gg._ In some embodiments, determining the estimated offset may further inciude determining, based
on the distance tgthe at least one lane marking, whether the vehicle is on atrajectory that will intersect
the a least one lane marking.. Alternatively or concurrently, in some embodiments, determining. the

LLIV Gl avaoy

estimated, offset: may. further: include. determining,, based. on the distance:to the af [east’ 616 [ane' marking,

LIV AW

whether the vehicle, is within, a predetermined | threshold. of the & least: one lane' marking.-

[0463] | Process; 3500 may: further-include: determining; art autonomouss steering; action! for'the’

vehicle, based; on the estimated | offset-to correct the: position: of thes vehicle.. For’example,»ii# embodiments’

VWLV U

* wherethe, estimated; of fset includes; determining swhether thesvehiclexi's omatrajectory ' thattwililintersect!

YILVAN ULV Wi VILIAvey

the,at;least;one,|ane marking and/or:whether the:vehiclesiswithimapredetermined lthreshold! 6 the &t least
one.lane.marki ng,  processor 2315 may sdetermine:amautonomouss steeringzactionito p‘r“é\iéﬁtttﬁé
intersection, of the.vehiclestrajectory ,withithesattl easttonesl anemarkingzand/or ttobringzthe*distance®
between,the,vehiclesandjthe:lane:marking zbel ow thezpredetermined ithreshold. -

UvLYY WL

solvi nggfp\[raw east jone:derivative:of (the:predetermined jroadimodel ftrajectory. - Fortexampl & the?
derivativef @trajectory may, beccal cul ated usinggthecExtended :K almanFilter, discussed-above.

[0465] 1 Process3500rmayyi ncludexadditional loperationssoristeps.. For lexampl &, procasss 35000 ey
further,includeadjustinggasteeringsystemcof theevehiclechasedconithecautonomous ‘steeringgaction

[0466];} L anedManning cand(Navigationn
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({04671 T Theydisclosed systemsyand;embodi mentsrmay'allowforel aneisplitst&bef mappedbaseddn

vehicle trajectories. 1 Theydiscl osed,systems;andsembodimentstmayifurtheriallow for anelsplitstPbe

Vuinviw o v

detected, based, on,vehicle,trajectories.

fs ovirevan lrazens

((0468] A Jane,split,may includeayportion;of aroadsegment nwhereltheinumber6f 1 anestincreases
oOrydecreases, after,the; split. pFor.example, itheinumber)6f avail abledanesforitravelingi niéégivenjbli’r‘e?::t’i on
1A0ng,aroad; segment,may increasesfrom| kto2 fifrom:2tGi3eetc. #A;servers suchias seyverl 12307ty

receive,navigation informationfrom,vehiclesitravelingsal ong theroads segmentiand i dentify-theld ane spiit

“ovLyw 1]
.in.the road,segment. gServer| 1230:may updatexavehiclerroadinavigation-modeltceestabl ishitarge
t't(?jve_x;tori es¢for,the,new |ane:emergingfromithellanessplit. tAccordingly, cduringnavi gétion,thostehiclés

rmgyegnggrt;nerﬂgyllgge&agdrnavi'gateaaccordi ngttotthermappedttrajectory.

disclosediherein, overcomeseveral jimportant technical problems, iincludingrproblemstrél giingfo

(«llD\-/l\}JV\J
~fficiency and,accuracy. Existing techniquesimay determinellanessplitffeaturestbased ®htroadtboundaries
Or{lanemarkings, {forexample, jbased onjimagesccapturediby vehicl esnavigating tthelroad st "While

in somesinstances, this,may allow aroad splittolbedetected, iitimay nctreflect tthe /o esirablelpath for

11 Surisv 12220

avehicletotravel. [For example,;many vehiclesbegintomoveiintoarew lanelbefore the'markings Shithe

AAYZ SV L

road segment iindicate the lane split feature. ‘The techniques for mapping ‘andnavigating Allane‘split

VAL -

feature based on actual trajectories, asdisclosed herein, provide target trajectories MoFe consistent with

IVALULY vuowes

how avehicle would traverse the lane split feature.

[0470] FIG, 36 illustrates an example road segment 3600 having alane split, consistent with the
disclosed embodiments. As discussed above, a lane split may include any portion of aroad i which the

ULDVAUIWAE WAL U Sataa

number of available lanes for travel increases (or decreases) along the direction of travel associaed with

11U U

the road. For example, as shown in FIG. 36, road segment 3600 may incfude lanes 361 1and 3612, if

[FELZS QUCAC SIS

which vehicles 3621 and 3622 may- betraveling,, respectively.. Vehicles 3620, 3621, and 3622 ffiay be

traveling, along road segment: 3600, in the general. direction. of travel. indicated by arrow 3630. Road
segment. 3600, may, include. a lane split.inwhichinew lane 3610 emerges.. Vehicle 3620 iy’ be entering

-~

new lane, 3610 from, lane, 3611, as shown;inFIG., 36.. As aresult:of the: fane split,.the number 6f available

now 1ane v =i

lanes, of travel in, road; segment; 3600y may-increase: fromtwo lanestothiree.. The:lane splittiiiustrated!it?

EALIVD UL LAY W

PR B

FIG, 36;isprovidedjby,way,of example., Ittistobeunderstoodithattthe: di'sclosed! systeris andimethod

S
may apply,tovarioussother configurationssof 1anexsplits.. Forrexampl &, thenumberfof “avail abl e aneséf-
travel jmay increase-from,onestojtwo,, fromtwostosthree;, fromithreestosfour etc:- Ingtreembodiments; the’
number of Janesmay, i ncrease;by, moresthamones(e.g., wherestwo, three,,fourtarmmteel anessatesadded) -

While.the, present disclosure.i ssgeneral lyydiscussed fimref erencezt oarmi ncreasesi nithesnumber o | aness

along,a.given,direction;of travel | theedi scl osesssy stemssand:methodssTiayyal Socappl ytesi fUationssi whicht
the.number of |anes.decreasesfor;exampl ecagl anexmerge;: etc..

wi€ aruriovl
[0471] ) V arious scenarios:mayyexistinwhichinewsl anex3610Gi siaddéd asratresultliof Gl anessplit
In,someembodiments, s the  aneesplit; may ybegassoci atedcwithtanrexitifromraehi ghway YoPifreeway /-

IS CYR TSI VY St

Accordingly, new,lane 3610(may;beassociated withianrexitirampror thiedikie=. I Frother‘embodientssthe®
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Jane split;may, be associated with aturndane. FFor:example,/vehicle 3620nTiay>b&approachingan

. - . - ~ * . ) St . A
jjintersection, and, new, | ane; 3610, may:compriseraiturnd anetfor/vehiclesiturni ngVathefintersection. TThedane

gfrom,lanes;361 1, and/or;3612. pAccordingly, anew d ane}36101mayzeventually Jbelassoci ated’witht&Separate
+[9ad, segment jother than Janes;361 hand/or33612aafter thedanes split. Tinssomerembodiments, 'thed ané split
r.r‘pgyoggdgﬁgggqu ;withyarchangeiinwidthaofiastretcha6froad, fforzexample, itotaccommodateadditional
traffic, volumer(e.g. saddingaad anetoaaroad) cetc. #Accordingly, rnew’l ane3361073y <continue?al ong’road
<Segment;3600,after;thessplit. \Whilernewtlane33610iisshownit ccemergettofformaarcoiitértlane®df road
sSegment3600,;itymay sal sothezaniinnertlane. Froreexample, inssontesembodiments, Nl ane?36 103y

.....

cemergerhetween;|anes:361| land:3612, eetc.

(10472] [Lanessplitsmaytheiidentifiedtbyzanalyzingtthettrajectori escdfvehiclesttravelingZalong
lanesplit, consistent withithe disclosed embodiments. (Asserver, ssuchdsssarvar 112301y Ireceivea
plurality of vehicletrajectories 3701, :3702,:3703, :3704, 3705, iand 3706 from'vehidles'traversing 'road
segment 3600 and may wse them toiidentify thellanessplit. "Trajectories 3701, 3702, ‘and 3703 iy

3705, and 3706 may represent trajectories of vehicles continuing to'travel within iane 3611 ‘after the lane
split. ‘Thetrajectories may berecorded by the vehicles and transmitted from the vehicies to&V&F 1230.

Asdiscussed in 9reater detail above, the trajectories may be represented by aspline, a'series of points
defined based on areference coordinate system, as discussed above. in some embodiments, the

embodiments, the trgjectories may be assembled server side, for example, based oA data received from
vehicles traversing road segment 3600. For example, in some embodiments,, the vehicies (e.g.; vehicles
gQQ)) may. transmit. data tg one or-more: servers relating; to their motion. along; road- segmerit: 3600 (e.g.,
steeri ng. angle, heading, time, position,, speed, sensed! roadl geometry,, and/or sensed! landmarks, AH61G

other.things).. The server-may: recanstruct :trajectoriesi for-the vehicless based! o the’ received! data.

be,identifiehasediomaateral|spacing;betweenitrajectoriess 37011 and3704.- Forrexample, the’lanesplit!
may, be,detected jbasedjomamincrease:imithes|ateral Ispacingzbetweenithestraj ectori essaffer'the’l anesplit - 11
some.embodiments, theslanessplitimay,be:determined ibyscompari ng:theslateral lspaci hg%ﬁetWeen‘
trajectories;3701; andy37044toranlateral Ispacingathreshold.l. Forrexamplethes! anessplittrivgybeidentified!
based;on,the.lateral jspacing,exceeding zathreshold i(e.g.,.0.55m:,, 10Im:,. 2.0 setc.) ). IMSGHRES
embodiments,; a;rolling,average,  asregression:mode!:I(|inearregression, Ll ocal'regressi on, Letc.))dMvarious’
other, statistical janalysismethodsmayyal socbiesused:toemorecaccurately i dentify sthesl anefsplit -

[0474] ] Theelaneesplit:mayyal socbiecdetermi ned cbasedconrenvironmental infGrmationoPlother 'data?

associated wjthyroad segment,:3600.), Server1230(mayyusecenvironmental tdatattverifywhether the®
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qdivergence,of trajectories represents, al ane;splitarather tthan ane change,etc. 111 1130 embodi mentslthe

environmental jinfonnation ymay 1incl ude;oneyonmorérimages: captured>by/vehicl es'traversing "roéd‘%rﬁ’éﬁt

ell V1LV AIEAAWLLILLAL o
33600. gServer| 1230,may, analyze theiimages toddentify representations >6f features 6 roadvsagiment 3600
indicative,of the Jane split. Forsexample,sserverl 12301mayidetermineithat ‘thes shape>8f ‘41 ane®boundary

Miurvacy v

33740, indicates that ,new | ane3 3610-hasiformed. A sianother :example,s serverl 12307 iz detect!dashed 1ane

RV Viereovian)

marks;3741 separating ;tr{:u' ectories33701aand33704aafter;theddi vergence,kbutﬂnc')t'tbéfore'i'thejdi vergence,

Tiains

which.may;indicate-thetlanessplit. sServer| 1230-may idetectiand/orwerify thell anessplit-based>5rCather

Vvauvn £ 7 IIGIV A Vi

features;inythe;images ssuch-asiasstructure:of therroad((e.g. aaniincreaselincoverall widh, ¢etc.) l1ane

VAUALLEL WD s

) it
environmental ;information ,mqyrnottbezani;i magetbutrmayiincl udeCdatarrepresenfi ng ?éﬁy(‘tff'?'theffeér[ures

E;ll A VYA VINIS VA S P
,above. ~Thesefeatures,may thecdetected, fforeexample, wsingzattrainedtmodel (e.g., s ngéedeepneural
Ip'qtyvg[li, Ee’cc;)ttvotrecovgnize11‘ve"a_r[,l,4rgavsii”n(ca\otured iimages. 1lnssomecembodiments, tthetenvi ronmental

information may theyreceived from vehiclesttraversing iroad:segment :3600. Fortexample, tthe

FY TRV U U I TINAVEFY

&environmental jinformation imay Iberreceived ffromithewehicleszassociated ‘with 1traﬁ ectories 3701 Eanij-ﬂ3"7’(\344,

9rmay bereceived from other vehicles. lInother embodiments, itheenvironmental finformation Tr'f%if/]b’e

Jetrieved from astoragejlocation ffor determining thellanesplit. linwother embodiments, thelane‘split

VULEW Y W

feature may be determined without the use of environmental iinformation {(e.g., images, etc.) iand Ty be

1varulr

based on.analysis of the vehicle trajectories.

[azviciete e vy

[0475] 1n some embodiments, the lane split may be determined based ©h muitiple trajectories

Axa U aaa

assaciated with vehicles entering lane 3610 and vehicles continuing aong lane 3611. For example, A lane

split feature may be detected based on crowdsourcing trajectories of vehicles traversing the road SEgment.
Server 1230 may require sufficient evidence or data indicating a road spiit feature before the feature i§

mapped. For example, asingle vehicle or only afew vehicles having diverging trajectories My bd

outliers and may ot be sufficient to establish alane split feature. Accordingly, s8ve™ 1230 ifiay perform

ULLIVL D sl

VR

example, clustering, of vehidle: trajectories; for- determining; a lane split,, consistent - withithe disclosed!

,,,,,,, v

embodiments, A discussed) above, trajectories; 3701, 3702, and 3703 rmay’ be associated! witht vehicles

entering, new, lane 3610 after-the lane split, andiltrajectoriess 3704,, 3705, and! 3706 1iay’ b& associ ated! with!
vehigles; continuing, tg travel| withinilane; 3611.. Whilethree:trajectoriess for eacht optiont (e.g., entering:ane

anyy

3610)qr,continuing,in; lane 3611 1))are:showmimiFI G.. 3783 forrillustration pUrPUSES ittisunderstood that' &%)

oo

suitable.number - of trajectoriessmay/be; useditoidentify the:lanespl it..

1rvaiUw 1 s

[0476] Server1230)may beconfigured torclusterrtrajectoriess3701,,3702, ,3703,,3704.,3705,»and!

3723, 3724, 3725, andi3726,. The:clustering;mayybe:determined lattvariousslocati onssal ongzroadisegiment
3600, Insome-embodiments, ; theeclusteringsmayybezdetermineddat tpredetermined Jinterval ss(e.g.,» . 22
m., &m., 10-m., 20'm., 50:m., etc.),). Varioussfactorssmayybesusedifortdetermining thesspaci ng.s For?

i vrad

number ,of traj ectories sbeingganalyzed (or thecamountifof idatazassoci ated ‘withteachttrajectory, etc.) )

11Uy,
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irincreases. Greater; spacing,betweenrinterval sahowever,imay>provided essvagciitacy 33dlthe compl eﬁéity’f)f

vivanoss Livaws

qithe road, segment ,or, of {theytraj ectory ;pathsimay: al smbe: consi dered. lilni@omes embodi ments, lthe’ clustering

<}

amaynot,beydetermined, ai;predefined rintervals. FFor:example, Ithed ocati onsTmEybeirandom Pbased’8n

Cwriiaaiesoe

Characteristics,of the-road;segmentiand/or ltheitrajectories.
(0477] ;Atsgachilocation,sserverl 1230:may-besconfigured:tod uster the'trajectoriesbased*Sria
lateral sspacing between; the trajectories. TThexcl ustering-may:beideterminedtby defining & segment? normal

alvial

(Lo the trajectories or;ta the:roadssegmentaataaegivenll ocationaandiidentifying 3l ttrajectori estthat'intersect

s

{the,segment. For.example, jinccluster:3721,zallcSf trajectories3701,53702,33703,23704, 5705 2and"3 706
maybe,clustered;together, zassshown. Tl nssomesembodiments, tthecclusteringTiiay toelbased ®8hPe minimum
o threshold distancebetween thertrajectories((e.g.,(0.1tm.,(0.5m., 11.0m. 2270m., “30. &étc.). TFor
example,:in.cluster:3722, .all of thettraj ectori esimayzagaintbeccl ustered ttogether, (despites&3hfetdivergence
€ ilNCIUSE oflec :

{beginningto,appear between ttrajectories :3701,3702, :and 3703 ¢and!traj ectories 3704, 3705, ‘and3706. At

o~

and-3706) may heglustered separately, asshown. ‘Thessameimay Ibettrue ffor clusters 3724 tand3726.
Based onthe clustering, sever 11230 may determine :adivergence lbetween fthe trajectories 'beginning %t
cluster 3722, ‘This divergence may ibeiindicative af the llane:split. Asdiscussed ‘ahove, the lane‘split Ty
be determined based on alateral spacing between the clusters. For example, the Tane split Wy b
identified based on the lateral spacing exceeding athreshold ((e.g., 0.5 ™., L0 ™., 2.0 7., etc.). h WM

IV LILLL IS

embodiments, arolling average, other statistical analysis methods may also be used to identify the iane

split based on the clugters, Further, as discussed above, environmental information (e.g., images, elc.)

may be used to confirm the divergence identified based on clustering. For example, $8FV&F 1230 May U8

images to determine whether a divergence is associated with alane spiit or if it shouid be considered ah

[0478], Server. 1230 may- further- determine target: trajectories: corresponding; f6 & drivable path {3

be used by. autonomaous; vehicles; through. road. segment: 3600. In sorrie embodiments, » this may include

LI LA R ra s A

st v

connecting, the, series of ‘clusters; developedbased! onthe:trgjectories.. FIG. 37C llustrates’ example targa”
trajectories; 3730 and; 3731 consistent: withithe disclosed! embodiments.- Target:trajectory” 3730 fid) b&
associatedwith, new,|ane 3601, whereasstargetitrajectory - 37311 may” be associ ated!witht lane 3611.- The

FIG, 37C._ In,some;embodiments, thestrajectoriessmay berepresentedliinotherrforms, ,SUChI&S Aseries’6F-
points, etc. Thespointssmay, bederivedifromsplinesseithertby/sarverr 1230 arlocally /iifthevehicl es:- Int
some.embodiments, thestarget traj ectori essmay /besdetermined ibasediomthesnumber rof ftrajectoriess
connecting,each:of thesclusters;. Forrexample; trajectoriess3701, 3702, .and 137033 rmegyinclude® bothicluster!
3722)and37233(see-FI G; 37B), andithussserverr1230:mayyformitarget ttrajectory y3730% tdincl udeScl ustérs®
3722,and:3723; . In:somecembodiments,; server r12300mayyincl udecaaconnectionbetweenpai rsof lclustérss
based-on.a.minimum-number 0f trajectoriessconnectingzthestworcl usters- A seresult, [ taFgeftraj ectoriesS
3730cand 3731 jmay becdetermined. |, Target:trajectory ;3730(maysbexbeginrataebranchf poi ntifoPidivergence®
point, corresponding gwithcluster3722.).
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[([047?] nn;S0me.embodiments, sserverl 1230hmayAfurtherbeconfigured ¢dadjust various’points
a8l0ngtrajectories;3730,ands3731. For:example, shecausetraj ectori es}3730and 37312 2reldevel oped based
Onithe.clustering technique jdescribed above; thexpointaatiwhich:trajectories337301and373 Poeginfo
gdiverge,will bgé‘@titnq iggt;poi nt inwhich;the:twozgroups6f trajectoriesaarescl ustered-together. LI n'redli ty,
hr]c_)\‘/\{;{q, the,actual;trajectoriesof theyvehicles:zenteringnewll ane33610rmayaoccur:earlieri n-theltrajectory
((e;)gl. jbetween cluster33722,and;3721),cor:l atertin; the:trajectory ((e.g. ti n:theccasecdfidlanemerge).
/Accordingly, ¢the,resulting trgjectory :3730rmaytbrancheoff fromttrgectory 3373 ataanioredabruptiangle
¢than,¢ \Lgv[]iéte\y\iqq@rnormal ly cdrive. 7T occorrectcoraaccount fortthis,sserver 1 1230mmayaadjusttthell ocation
Of the divergence.

[[OATSO_] {F1G.=38Aillustrates;aneexampl egprocesstforzadjustingtthel locafioncdf :atbranchipoint
consistent withthe disclosed embodiments.  Adjustment «of thetbranchpaintmay toetperformed iihéa
Similar;manner tothe clustering technique cdiscussedzabove. IForcexample, sserver 1£230m ey cexami ne<all
trajectories associated with ayparticular foranch or dlivergence jpoint. Iintthecexample sshown ihTE1G. F8A,
frajectories & aplurality of longitudinal istances beforeand/or after ithecluster Jpoint efining the
divergence (e., cluster 3722). ‘Theilongitudinal distances may lbe:spaced it apredetermined distance
'\(e.g./,U@_.l m,02m, 05 m, 10m, etc.), which may behorter than the predetermined iistance for the
clustering process discussed above, At each of the longitudinal distances, server 1230 May determine &
lateral gjééncel D, between group 3801 of trajectories 3701, 3702, and 3703 and group 3802 of
trajectories 3704, 3705, and 3706. Server 1230 may then adjust the divergence point based on where
gch)up 3801 and 3802 begin to diverge. FIG. 38B illustrates example adjusted target trajectories 3730 and
573 ll consistent. with the disclosed embodiments., For example, server 1230 may determine that taiget
trajectory 3730 branches from target trajectory 3731 a branch point 3810. Various other points along
tarJget treﬁ ectories 3730 and 3731 may similarly be adjusted. based on the actual trgjectories.. Various other
mén§ tgi adjusting the branch point:may- also be used.. For example, in sormie embodiments,. the branch
point may Qé moved, backwards; by- a predetermined| factor or distance.. In other' embodiments,  the branch
[;Oi nt. ma;/, be adj usted| based) on analysis; of the: cluster- points alone, without: further sampling.- For
éxampl e :tj)g location, of the: branch, point: may- be estimated| based| o the angle: formed! by’ clusters 3723,
§72_2_,,‘gr]g1 3725, etc. Iny other-embodiments, , thes branchi point: may’ be adj usted! by’ compari ngsthe angl'e’
between, target; traj ectories; 3730y andj 3731 to,athreshol d!toensuresthe:branchiangl eis nott {00 sharp,:&¢:-

[LO48V1] ] 'msomesembodiments, determining targetttrajectoriess 3730) andi 3731 megy include?
correcting,or;removing ;oneor-moresanomaliessimthestargettiraj ectories. Figs.-39A-39C illustratesexample?
anomaliessthatimay arisesimtarget trajectoriess3730)andi3731, ,consistent twithithiezdicl osed lembodiments. -
Such,anomaliessmay ,arise-duesto,inconsistenciessimtrajectoriesstraveled iby/vehiclessal ongzroadisegieritt
3600, In,some.instances,; thesanomaliessmay,include=aadivergencezbetween target ttrgj ectory y3730and!
target frgj ectory 3733 jthatissnot indi cativecof ithesl anezsplit feature.. Forrexampl &, F1G..39A showsSad
segment (of @atarget trajectory ywherecthectarget trajectory ydivergessandiconvergesiwhi ch™niayindi catesthat t

the divergence is:not,representative cof @l anessplit.c. Suchranomaliessmayybesdétected i ftvari oussother ¥
G o e o

91



10

15

20

25

30

35

WO 2020/112827 PCT/US2019/063326
wways;for.example,;by,analyzing ithezlanejsplitfeaturerintreferencect ootherldatad(e.g.,mappedd andmarks,

. imagedata,mapped Jandmarks, setc.) jthroughimanualianalysis,*etc. TThetanomaly ‘shown fif F1G 336A

amay,becorrected, ;for, example, sby-removing:af d eashonesfinodes’ 39012ands 390200r° combining 'the'nodes

tloform,acontinuous target trajectory. SSimilarly,aas showni MFF1G.339B 2&@branchpoi ntbetween fiio

LAt v v

ut_?gget;ltrfﬂ' ectories,may ,include;anomal ousinodes33903aand/or33904. T hetanomaly gy be corrected, ffor

cexample, by.removing ;| east;one,of inode339030013390400r:combining ‘themnodes. LirPother instances,the

gterget trajectoriesmay;include) | eavessand/oragapsiin thertrajectories, aasshowniinfE G.339C. Ssuch
anomalies, mayhe.corrected by connecting rnodes33905aand33906cor wheretthel| eaveligrotrpartdiidiane

Anvinaiivo 7 LTLINARNT

sSplitgfeature, removing cextraneousinodez3905. I1nssomesembodiments, zadditional Inodestiay the?added’ss

jit e ey

[10482] Asaresultof thesstepsdescribedzabovewwithrrespect t olFigs. “37A-39C, tfarget trajectories

;mayhe, determined;representing (drivablejpathszassociated withtthellanesspii tffeaturedf roadSsegment

A TTrrrvey;

:3600. |It;isunderstood that ithe-various stepscorttechni quesimay ot necessarily Iheperformed lihtthe‘order

Glovuoova

discussed above. |For example, correcting :anomal ouspointsii nitheftarget ttrajectories %“dy]b’elper?orihéa
prior o adjusting the divergence jpoint, etc. linssomesembodiments, seves 11230 iy 'update @ vehicle'road
navigation mode! {0:include target trajectories :3730:and 3731. '‘Server 11230 fhay transmit the vehicleroad

e - - 1aavavewa v baawa e
— S

navigation model or the update tothe model tothe vehicles that transmitted ‘data to % VeF 1230. ‘Server

1230 may {ransmit the autonomous vehicle road navigation model ‘ot the update to the model 1o other

vehicles that travel on road segment 3600 @ later times. In some embodiments, 2efveF 1230 gy aso

update and/or distribute asparse map, such as sparse map 800 discussed above, based o the target
trgjectories.
[0483] While alane split feature is used by way of example throughout the description above, it

isto be understood that the disclosed embodiments may also apply to lane merges. For example, using

AEr Tvarwa

o~

merging.together . along. aroad; segment., For-example, a lane merge feature May’ include: & entrance ramp
where,vehicles merge, onto a freeway,, a roadi narrowing,, the end of atur. or me&ge lane, &Y™ junction'in

groad, or.various, other:lane merge: features.. One skilledlinithes art-woul dl appreciate’ various

modifications; to,the. techniques; discussed | above: maybe applicable: for detecting; lane g rather than!

vuLitvaec vy w v
vase

3 ateraljspacing,falling;below athreshol d1distance,, abranchipoi nttmay’bis adj usted Iforwards, srather than!

1aLvL e

splits. For.example, the,system,may,be:configured ltodetecttaconvergericezbetweentrg) ectories’based 7

backwards;al onggqgli ntendedjdirection,of travel lof faaroadisegment, .etc.-

[0484]1 Inysomesimplementations, ,thexdiscl osediembodimentssmay/berused o detect taobstacle®
orblockage.inaroadjsegment,: schassastalledivehicle;,amani mal . amemergency Vot servicedvehicle &
roadconstructionproject,; &l anexclosure,s etc... Basedionthestrajectoriessof vehiclesstraversing thetobsiace®
in the.road, server ;1230;may detect el aneesplit fand/orimergecassociated -with'thesobstacle.* ISR
embodiments, server ;1230rmay ybesconfigured:tocdistinguishtlanecsplit featuressfrom roadcobstacl esefc
For example,, server ;1230(maydetect: theeroadcobstacl ecbased<onrthecabruptness fof fihesdivergenceSifn
vehicle trajectories, sthecconvergence cof thedrajectoriessaftertheesplit tthectimi ngeof thedivergencetii

¥ wlLl
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yVvehicletrajectories,compared tohistorical jdata(e.g.,fif theldetected 4 anes spl ittappearstabruptly Zetc.).

Various,control ,actions,maybeyperformed-based,omaidetected>obstacle. FFor:example,3sargerl 12307y
v arnous,control,actions,may ;e
not update the.road-navigation ;model yor;may,updaterititemporarily. SServerl 1230mmay?al soitransmitia
oo e Gl eV
notification.of the,obstacle,jinclude,ar;indi catorof the-obstacleiirt ther roadinavigationrmodel eétc.
[¢[O485] 1T heydi scl osed ;.embodi mentsrmayiincludessystemsaandr methods{forrmappi ngll ane N&rgés,
a5 disclosed;herein. fFor.example, zassystemfforrmappingllaner mergesfforuusd inwehiclernavigation iy

jinclude,at; least one;processor programmed torrecel veffirstrnavigational iinformationffromeaffirstivehicle
tmqtfﬁqsrnaviugated zal oqgaa,[Qstsggment.TTherroadssegmentrmayi includezal | anemerteffeature, 2andithe
(road segment, mayjinclude,at)l eastagfirstitravel il anezandeassecondttravel llanepriorttotthell anetfigfe
t‘i%"{‘tﬂle&h?.tﬁ@?ﬁ tionjintoathirditravel 1lane:afterttheimergeffeature. “Thezétll east OSSO miay e
ifL Q[gbgrlprog]ranmed {toreceive ssecond;navigation iinformation ffromeassecond ehicl etthatthastnavi geite('j
~Aongthe road Esegmmt -andto;recei ve;at|l east oneiimage:associ ated ‘withttheiroad ssegmentt. Thetit!east
‘gpve;)rocr imay (besfurther ;programmed ttodetermine, ffromitheffirstinavigati ondl iinformation, @ffirst
2ctual trajectory of the first vehicle @ong thefirstitravel laneandithe third travel | anedftthe'road ‘segitient,
to Lt»jvej[ga_riririi ne, from the second jnavigational jinformation, :a:second actual trajectory of the'second vehicle
along the second travel {ane;and the third travel laneof the road :segment, «determine atonvergence
Lpgtwiegn the first actual trajectory ;and the second actual trajectory, :and determine, lbased on ‘andlysis of
the at |east Q‘r]ve.image, that the convergence between the first :actual trajectory :and the second ‘actual
trgjectory is indicative of a presence in the road segment of the lane merge feature. The at 1east ohe
pr;;cr may be further programmed to update a vehicle road navigation model to include a first target
‘traj ectory correspondi ng to the first travel lane prior to the lane merge feature and extending along the
thqu tj@}gll lane after the lane merge feature, and a second target trajectory that extends along the second
travel lane before the lane merge feature andjoins with the first target trajectory..

[0486] || The disclosed embodiments may also include systems and methods for navigating. & iane
merge feature. For. exampl e, asystem for-navigating; a host: vehicle along, aroad segment: miay’ include &
Igggjgpg processor . programmed| tg receive, from a server-based! system,, a vehicle road. navigation: modef’»
wherein tf:‘.e; vehicle road navigation, model | includes afirst:target:trajectory’ corresponding; fo & first travell
lang prior.tg alane, merge, feature and extending; along; a thirditravel | lane after-the lane rmerge feature; and
whgrel n,the. vehicle,road| navigation, model| alsoincludes a secondl target: trajectory that! extends along; &
secondjtravel| lane.before. the; lane merge: featuresandijoinss withithefirstttargetttrajectory .. The'atleast! 61
processor.may, be, f‘uwr‘thga_r:proqrammed {toreceivesinformatiomindicative: of ‘amenvironment t6f the: hostt
vthcl e ,d“e'te_r;mi ne, basedjorythesinformationindicativesof thesenvironmenttof thehosttveticle, whetherte
navigate,the,hostvehicle,along,thesfirstitarget ttrajectory orrthesseconditarget ttrgjectory, ,andldeterminez&
navi g;ti onal jaction,to,causesthe:hostvehiclestonavigatezal ongzthesdetermined itarget trajectory. -

) [9487]] Consistent ywith;the:di scl osed jembodiments,:,aahost tvehiclezmayybeconf iguredttPnavi gaté3
server,1230, FIG;40A,illustratessamexamplesroadisegment 140000includingzeal anecsplit ffeature,.consi stentt
with, the.discl osed-embodiments. ;. Host vehicle:4010,) whichtmayycorrespond:ttevehi ¢l ée200).a&discussed
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a1800ve, may, be,traversing ¢oad,segment} 4000ijal ongztarget traj ectory 14031, whichniaP bé&represented lid a

FRRA

,,,,,

1Jane Lspl itfeature. TTarget trgjectory 14030yand/or darget itrajectory H403 I miayhhave’beenidevel oped lusi ng'the
Jane §p| it,mapping techniquesjdi scussed:above.

10488] ;Ashost,vehiclej4010aapproaches thedanessplitfeature, timayddetermine’whether to
<continue,along target trajectory 44031coritoffol low:target trajectory 4030. FHostwehicl el4010Mdy receive
o9r,access information;in-order:ta:make: thisidetermination. FForzexample,ssuchinformation f‘“rﬁéyls be
.indicative-of an.envi rvqueat <of theyehicle. I1nssomezembodiments, tthelirformation iz tbefaccessed'by?a

Tiuivadsy

server, such,asserver 1 1230,,whichymay provideiinformationaaboutzarroutecof thethostivehicle, Fproperties

sV, vIN

Oqff[lqtagss%gment 14000, jpropertiescof targetttrajectori es¢40302and“4031, <orvariousCotheriinformation. fin
<Some.embodiments, thejinformation ymay tbeccapturedtbytthewehicle, fforcexample, Wwsing@shiimage captiire
Jevice, one.or;mare sensors, jinformation iinputitozawuseriinterface, cetc. "Thelinformation &y linclude
[properties of the wehidle((e.g..acurrent sspeed, accurrent fposition, zalheading irection, 2affuél llevel Yfthe
\vehicle, amaintenance condition «of the-ehicle, corwarious«ther «operating Iparameters), ®rlproperties U
{he environment (e.g., aspeed flimit, awroad condition, aweather condition, tthe presence @ ffarget 'vehicles
onthe road segment, a.speed or other jproperties of atarget vehicle, detected llandmarks, ‘obstacies it the
example, on memory 140, in map database 160, or the like, and may be:accessed by vehicle 4010,

[0489] Asshown in FIG. 40A, target trajectory 4030 may represent awidening of road Segment
4000, such asthe addition of apassing lane, etc. Host vehicle 4010 may determine whether to navigate
along target trajectory 4030 based on information indicative of the environment of host vehicle 4010. For
example, host vehicle 4010 may be traveling behind target vehicle 4021 and May determine whether {6
navigate along target trajectory 4030 based on information about target vehicle 4021 : in §0Mi&
embodiments, host vehicle 4010 may- determine: a speed of target vehicle 4021 and iy determine’
whether.to pass vehicle based on the determined! speed. For example, if target’ vehicle 4621 i§ traveling:
slower. than, host. vehidle 4010) (or- slowerthan, atarget: or desired! speed! of host:veficle 4616),, host vehicle
4010 may, determine.tatravel| along;target:trajectory - 4030l in order-to pass targetvehicle 40211 117 S6/RE
embodiments, the, determination, mayalso bebasedlonionesor'moresrules.. For’exampl &,-hosttvehicle’ 4010

maximum, acceleration, eig..
1722228 »

HIQAA LU

[0490]7 Imsomesembodiments, ,assdiscussedfabove, ;hosttvehicl e24010)ey/ determine’the®

I3 areatg o0y

informati on, basedjomi magesscaptured by, hosttvehicle:4010.. FIG..40B3illustratessailexampl € mage*4020°

VNN

consistent with,the:disclosed embodiments.;. Host tvehiclezmayydetect ttarget vehicl 240271 based dif'the®

ULIO LD L

speed, acceleration, size,, headinggdirection,  etc. . whichtmaysbesusedctosdetermineswhither titravel a ong®
target, trajectory (4030or target traj ectory y40311 . Hostivehiclec4010(may f Urther1détect ‘other féaturesSfrom?
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ylthe image,; such, as,|ane;mark4022;0r;0ther d andmarks,ywhichimay>beiused toldetermi nedproperties’of

(10491] 1/n;somesembodiments, itheinformation.usedsby hostwvehiclel400:toldeterminetwhich
qtarget trajectory torfollow ;may;be-based-omartintended-routesoridestination 6f hostvehi clel4oio. Fror

~ ke

<example, host, vehicles4010;may :determine,whether target:trajectory 44030iissconsistent with'the! target
(foute. (FIG.440C;ill ustrates,another -exampl erroadssegment 44001iincl udingadilanesspl itffeature,cconsistent
Wwith the,disclosed embodiments. 11nthiscexample,tthel lanessplitffesturernaytbesassociatedwitheahfexit

(ramp. jTargettrajectory :4030;maybe;associatedwwitheexitingttheccurrerittroadcorthighway 2andt host\vehicle
(4010, may determine,whether ttarget traj ectory «4030iiscconsistent withttheii ntendedrrotite. Frortexample,

aiw Wonae

\While,an example of anexit,rampiisyusediiniFI G. 40C, ttherroadssplit ffeaturemay tezatttinllane, 2V

Ty 1w G

junction inthe,road, (or.various other |lanessplit features, :ascdiscussed @bove Aswithtthelprevioustexample,

jhost vehicle 4010,may determine whether toffollow ttarget ftrajectory «4030 lbased @hiinformation findicative
Of jhost vehicle 4010. FIG, 40D iillustrates another example iimage-4040 that Tray beused loy @host
vehiclejin determining atarget trajectory :associated with allane:split feature, consistent with the di sclosed

embodiments, Inthis example, host vehicle may detect allandmark, such @sexit sign 4041, which Wiy
indicate that target .traj ectory 4030 is.associated with an exit lane. Various other features of road segiment
4001 may be detected, including aroad structure (e.g., the width of the road, whether the lanes diverge,
etc.), [mé markings, weather conditions, road conditions, obstacles, target vehicles, etc. Tn some

gptl);)di ments, host vehicle 4010 may analyze image 4040 to determine whether there is traffic oF other

trajectory tg follow. It isto be understood that the example information discussed above i§ provided by
Way of ‘e'xample,, and other- forms or information. may be used. in determining how to navigate the lane

[LO492] | Based; on, the. determined| target: trgjectory,, host: vehicle: 4010 may determine: & navigation'
action, consistent. with, the target trajectory., For-example, if ‘host: vehicle: 4010 determinesito follow target"
trajectory, 4030, the, navigation, action may: be: a steering; actiomto guide:vehicle: 4010 a ong: targett
navigation, action,may beto,maintain the:currenttheadingzdirection.. Varioussothertnavi gationactions' gy’
be.i n;j uded, such,asabraking;action, amacceleration, ,adecel eration, , Merges Maneuves; etc.

[0493]) FIG. 414 isayflowchart tdepictingzamexemplary/processs4100)ormappinglanespl itssfort
use,in,vehicle:navigation, consistent twithithe=disclosediembodiments. . Processs414 megy s performed by’
a | east Qne-processing ;devi cexincl uded jomaserver,-,suchassserverr1230.. Processs4100%i Sexempl aryYonly."
One.of jordi n:’;\ry),slg[ Il jin thesartihavingthe:benefit tof ithissdi scl osurezmayyunderstand-ithiat fprocesss41000
may,include.additional, steps; excludeccertain:steps;; orimayybesotherwisesmodifiedinveeraine iconsi stentt

with this.disclosure.,
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[[0494] At step, 4 410, process, 4100rmayrincludesreceivingfirstinavi gational Tinformation'from' a
gfirst vehiclejthat has navigated, along aroadisegment whereinlthetroadisegmentfincl tides! lanelspiit

cJeature.7The road,segment,may rincludexatd eash ifirstitravel d anepprior toltheéd aneisplittfeaturelthat

yiransitions,into, atdeastyaseconditravel daneanchalthirditravel danexafter lthed ane split feature. Fror
eexamplethe road; segment;may;correspond torroads segmens36001and thusthes second lane’df itravel Tz
ccorrespond tojnew, | ane;3610,and thethird d anedf travel 1may-correspond-td4 ane’361 1.11n35Me
cembodiments,; the;lane;split:feature:may-correspond:toaawidenings6f the'roadssegmeérit. ZAccordingly,tihe
second.travel|laneyand;the:third:travelldane:mayzextend:parallel [teconeranother iafter-thel anesplitifeature.

Rivterirétvui vy

Accordingly,¢thessecond;travel | anezand:thirditravell! anermayccontinuettotberpartcdf thesaanier road

&itramp, oritheylike. ,Accordingly, tthesseconditravelllanezandithetthirdtravel I aneiay divergeffrom®Biie

another aftertheylanecsplitifeature. 1Foreexample,tthessecondttravel llanetiiay tetassociated ‘with?a'sqparafe

ALUueer Giuvws Ay

road,segment after the.split. 11nssomecembodiments, ttheffirstitravel llandéandtihetthirdttravel laneffifay fform

acontinuouslane of travel. A sdiscussed, @bove, ttheffirstinavigational finformation iy be'upl oaded B

LALLIEUU W

ARIOLLILLLNAL

{ransmitted to gerver 112301y theffirst-vehicle. Theffirstinavigational ii nformation rm'éiy<compfise1I06éfi6h
identifiersrrecorded iby the first vehicle whiletraversing theiroad ssegment.

[0495] At step 4111, process 4100 may iincl ude receiving ssecond navigation finformation from
Second vehicle that has navigated :along theiroad :segment. ‘Similar to the first‘navigation information, the
second navigation information may be uploaded or transmitted to server 1230 by the 'second vehicle. The
second [lqvigational information may comprise location identifiers recorded by the second vehicle while
traversing the road segment. In some embodiments the first vehicle and second vehicie May be the $3Mé
vehicle, for example, traversing the road segment at different times. Alternativefy, the first vehicie and

second vehicle may be different vehicles

[0496]| At step 4112, process 4100 may include receiving; & least onié image associated with the
road segment. |n some embodiments, the image may' be captured by a host vehidie traversing: the road

1vau - o2 T T i Uy

segment. For.example, the at: least: one image may' be captured by an image capfiire device 6f the first

-~

vehicle or.the second| vehicle.. The at: least: one image may' depict: features of the environment 6f the host

vehicle,and may, include, a representation of the: lane split: feature: or-other-associated! features. In'S6%é
embodiments, the,at;|easttoneimage:may, beretrievedifromiaserver;, forexample,»from & strage device
of:server 123Q..
[0497]1 Atystep,4113, processs4100)may;includesdetermini ng, -fromithexfirsttnavigational |
lane,of the.roadysegment... Foryexample, step41133mayycomprisezanalyzingzthesl ocationtidentifierss
recorded;by, the;first vehicle:to,determinecthecfirstiactual ltrgjectory. Thesfitstiactual trajectoiy /g be®
[0498] ] At istep 4114, process:4100(mayyincludecdetermi ning, s fromrthecsecondnavigational'l
information, a,second:actual; trajectory yof thecsecond:vehiclecalongsthesfirstitravel:l anecanciihiesthi rdftraver’!

lane,of theroad segment.¢. Similar tocstepy4113; stepr4114“mayycomprisecanalyzinggthesl ocati onfidentitiers®

Py S arsvi
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rJecorded, byjthe second,vehicle doldetermineithesecondvactual trajectory. TThesecondvactualtrajectory
nmgprq,‘r‘epresented ,pylajlspl ingyhavingiaplurality»6finodes, byiadpl urality>6fpoi ntsoftii various’ other
fEormats.

[(0499] /At;steps4 115 process|4100:mayiincludeidetermining 1aldivergencebetweenthefirst
a80tual_trajectory ;andithe secondaactual strajectory. ZA sidi scussed:above/theldivergence gy beldetermined

pbased,on,a/ ateralsspacingbetween: theffirshiactualt trajectory aand: thes secondactual‘ trajectory. Frurther the

usvu

(divergence.maybe:determined -based:oma:comparison:6f thellateralsspaing‘tod threshol .
) [[0500] ,Atssteps4 116 processi4100rmayiincl udecdetermining, thased conanalysi sCof thetétll east®Shie
;image,that; the divergencetbetweentheffirstaactualttrajectory aandtthessecondzactudl ttrgjectorylidindicative
Oqfd;;preﬁenceij nithe;roadssegment of thellanessplitfeature. Il nssomesembodiments, tthecdeterminationtthat
{the divergenceybetweensthefirstzactual ttrajectory zandithessecondzactual ttrgj ectory liislindicai ve®tihe
lpreeenceuﬂlrlt;[1e1rpwa“d «segment (of thejlanessplittfeatureii sifurther tbased<oneacdetermined !l ateral Sspacing

between thefirst actual itrajectory ;andithessecond:actual ttrajectory. JForcexample, ssaver 112308y
¢ thefirstactual trajecton

LYY VLR

3
[ GR—

whether the divergence jisssignificant enough to.correspond tozllanessplit feature. Server 1230y ‘el so

anayzethe at |lgast onejimage o determineiif the divergence isiindicative ©f the Janesplit feature. For
example, determining that the divergence between the firstiactual trajectory iand the 'second ‘actual
trajectory isiindicative of the presence in the road segment of the lane:split feature iy 'be further based
g‘r; arepresentation of alane mark, a structure of the road, or other features detected in the & |east Of@
image.

[0501]  |n some embodiments, process 4100 may include analyzing muitiple actual trajectories.

axa UNraia

Accordingly, process 4 100 may include clustering and other techniques discussed above: For exampl'e;

process 4199 may further include receiving athird actual trajectory that has navigated aiong the road
‘g@gment._ Process 4100 may. further- comprise clustering, the third actuall trajectory” with & least 68 6f the
ﬂ[;. actual, tral ectory or the second actual trajectory at aplurality of locations along the road segmeérit.
The first actual) trajectory - andjthe second| actuall trajectory’ may” be clustered! together i & least: 66 first

L 11w BELOL

location, before the lane split: feature andimay- be clustered! separately- it & [east: 6fié second! [ocation! after

1Tuvatiull Ueatav vard ateaas

the lane, split, feature, similar-to the clusters showniinFIG.. 37B.. As discussed!above,the plurality’ 6f

LS YN S

|l ocations, may, be separated|by: a predetermined|longitudinall distance,, whichi rigy” depend! 61t computati on!

power, complexity, of thesroute, size;of the;vehicle:navigatiomi nformation, .etc.- Any’other'features’ G
éspect%qflzt[]‘eecl ustering,techniquessdi scussediabove:mayal soapplytoprocesss4100. -

‘ [0502]] Atysten,4117, processs4100)may/includesupdatingzavehicl e*roadinavigation'model t&
include.afirsttarget trajectory yandiaaseconditarget trajectory.”. Theef irstttarget ttrajectory /iy correspondi
tojthe.firsitravellanesprior tothesroadisplitifeaturesandimayvextendial ongzthesseconditravel llaneafterthe’
lane.split feature., The.secondtarget trajectoryymayybranchifromithesfirstitarget ttrajectory yandirigYextend?
a!,QUggt‘fjltggtbjlr‘g;tr‘g\w/'elv.ll ane-after thelaneesplitifeature.. Foriexample, thessecond’target ttrajectory beginat e

branch;point adjacent to:or;contiguousstocthecfirst target:trajectory.’. | ncembodimentsswhere,’cl Usteri hgg
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gthe clustering, asdi scussed, aboveswithirespect ¢ FI G 337C. il iisomesernbodiments, processta160Hay
ffurther, compriseydistributing the,updated;vehicleroachnavigatiommodel tovaplurality>6f 'vehicles s
adiscussedabove.

((0503] FProcessj4100,may include,varioussother:techniguesoon stepstasidi scussedabove'with
respect {OrFigs337A-39C. FFor:exampleprocessi4100:maytfurtheriiincl ude réfiningiarpositionté’which the
Sgglggrldetarg;tttrfaj ectorybranchestfromtheffirst:target:trajectorytbyaanalyzingaatdiistancetbéetween' thefirst
L2ctual ttraj‘;actory -and thessecond;actualj trajectoryzataarpl urality oSf | ocationsssurroundiingtthetbranchfpoint-fo
(determi r;e\y\_/n(:er'et;neﬂj rst,actual ¢traj ectory sandithessecondeactualttrgjectorytbeginttocdiverge. “Accordingly,

R vEeL

theybranch;point,may he,adij usteditarbetter ccorrespondwithitheffirstzactualttrgjectory cand/orttheSsecond

wrivas

[actualtrgjectory. {ingsomecembodiments, pprocess:4100imayincluderrefini ngeagposifionzat’whichtthe

a D aaa

«seconditargettrajectory oranchestfromitheffirsittargetttrajectory toased coneatthirdeactual ttrajectory tthatthas

\navigated alongithe,road segment. JForcexample, ttheithirdzactual ttrajectory may provi dezadditional
nformation;for adjustingthe(branchposition.

H|
L Ulnaehavin

+

POV

least one of the first target trajectory (or the:second target trajectory, asdiscussed iabove with Fespeet ffo

vaor Ui

ot

Figs. 39A-39C. ‘For example, the at |east one:anomaly :may iincludeadivergence between the firsttarg
.tr;j ectory and-the second target trajectory that isnot indicative of the lane:split feature. Removing the
}anuomalvy' may include removing, adjusting, :and/or combining oneor more nodes associated with the first
target trajectory and/or the second target trajectory.

) [0505] FIG, 42 is aflowchart depicting an exemplary process 4200 for mapping lane splits for
navigating ahost vehicle along aroad segment, consistent with the disclosed embodiments. Process 4200
mayugg p;rformed by at least one processing device of a vehicle, such as processing unit 110, described
ggé\(g._ ﬁggg@g 4200 is exemplary only, One of ordinary skill. in the art having the benefit of this
disclosure may understand that: process 4200 may- include additional steps, exclude certain &&ps, 6f May
be otherwise modified in @ manner- consistent: withithis disclosure..

[0506]) At step, 4210, process 4200:may-include receiving, from a server-based systeri, vehicle
roag navigation, mode!, wherein, the vehicle; roadi navigationimodellincludes a first target trajectory’ that:
corresponds, with, a first;lane of travel| al ong;thes roadi segment: prior-to a lane split: features associated with!
the, r.Q?:Ql segment; andj extendssalong; a secondl lane:of travel Lof ‘the:road! segment! subsequentttothe’ lane
split;feature. Thevehicle:roadinavigationymodellmay-al soinclude aseconditargetttraj ectorythattbranches
f‘r:qmlt[]gf‘i Ishtargettrajectory, andiextendssal ongzathirdilanesof travel lof thesroad!segmiefittsubsequent @
the,lane.splitifeature, ThewvehiclesroadinavigatiommodelImay-corresponditothevehicleinavi gation'model!
updatedjaccordi ngo,tg,grocesss4200,»,agdescri bedjabove..

1 [0507]1 Atystepy4211, processs4200)mayyincludesrecei vingzinformeati onindicativesof (2
environmentof the:host vehicle.,. Thesinformation:mayybesanyyformoffinformation‘relévant fttPnavigating?
the,Jane.split feature,, and:-may,includezanyyof thesinformation:oli scussedlaboveswithrespect téeFigss-
40A-40D, For,example, thezinformation-mayycomprisesat fl east fonexi magescapturedoyyer magecapilire®

device,of the hostvehicle., Thed magecapturecdevicemayscorrespondctodi magesacquisitiontunit 11200
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Jdescribed, above. 1 n;somesembodiments, idetermining whether tonavigate thethostvehicletalongthe first
ttarget-trajectory ,or thessecond;target itraj ectory \mayscompri selddentifying, tbased6rt thetat | east8iéimage,

aatarget,vehicle to-be;passed:by:theshostivehicle. Frorzexampl e,hhostwehi clet40107myIdetermine?whether
tlopass target,vehicles4021 aascdiscussedaabove. FFurther, cdetermi ning\whether ‘tornavigatetthelhost'ehicle
adlong therfirstitarget: trajectory cor:thessecond:targetttrajectory rmayffurther:comprisedapplying GAeCo More
rrulesorgguidelines. TThejinformationymaytfurtherccompri seeasspeedcdf thettarget ehiclefrel ativettctthe
thost,vehicle, cor\variouscotherypropertiescf thettargetwehicle. Ii nssomecembodi ments, tthelinformation iy
(comprise;gplanned routecof thethostehicle. “Thedinformation 1miay thieccaptured thy2as§81&5r B other
device of thethostvehicle, ;accessed ffromil ocal sstoragecassociated withtthethost Wehicle, ritay the

etrieved from asserver, ssuchzassserver 11230.

y R

[[0508J Alstep 4212, jprocess:42001may iincl udecdetermining, tbased Ghitheli nformation lindicative

1tra}j ectory or {the second target trajectory. lineembodiments 'wherettheiinformation ‘comprises ?a]pil anned

PN

trajectory isconsistent with the planned route. In:some embodiments, determining ‘whether ‘tb?navigate
thehost vehicle along the first target trajectory or the:second target trajectory ‘comprises 'determining that
at least one of the first target trajectory or the second target trajectory is associated with 2t lane, 2
exit ramp, @ passing lane, or the like.

[0509] At step 4213, process 4200 may include determining anavigational action to ¢3U& the
host vehicle to navigate along the determined target trajectory. For example, where the determined farget
traj;ectory is along the second target trgjectory,. the navigational action may comprise aheadi'ng direction
change of the host vehicle such that the host vehicle follows the second target trajectory following the
lane split feature. In other embodiments,, the navigational . action may comprise mai'ntai'ni'ng‘ a headi'ng‘
direction, of the host. vehicle such that:the host: vehicle follows the first target'trajectory following: the lane
split-feature., Various other:navigational . actions may also be performed,, such: 88 & braking: MaNEV &, &
Pa&d ng, maneuver, an acceleration,,a merging; maneuver,, orthe like.

[05;10]] The foregoing; description: has beenipresented! for-purposes of illustration.- It Act

adaptations;will] be apparentto those; skilledlinithearttfromi consideration1 of the specification 1andlpractice’
of the,discl osedjembodiments. . Additionally, ,althoughaspectss of thesdiscl osed!embodimentss & described!
asbeing, storedjimymemory, one:skillediimthe:arttwilllappreci atexthattthese*aspects @imal sobE stored Gt
other types;of computer readabl e:media, ,suchhassecondary /storagezdevices,forrexampl &,shardldisksS i
CD)ROM, arather formssofRAM 10rfROM ,,USB3media,,.DV D, ,Blu-ray, 4K UltraH D Blu-ray, “ditothert
optical jdrive:media,.

[05111]] Computer jprogramsshasediomthezwrittenidescription andidiscl osed Imethodssateewithin®
theeskill 1of jan-experienced ;devel oper. : Thesvarioussprogramssorprogran” modul ésscannbescreatedusing2afiyy

of the:techni ques known:to-oneeskill ed:irrthesarttorican biesdesi gneddifrconnectionwithbiexi sting2software
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FEgreexaanI e,pprogram ssectionsyorsprogram modul es:carbbeldesi gned'.lirndor‘lbyﬁﬁéaﬁsﬁﬁﬂ.i\lét'»:Framewo'rk,
1NetzCompact eEramewark /(and-related danguages, ssuchiasVisual EBasic, (C getc.) ) Java,(C++,lObj ective'C,
FFITML (F1ITML/AJAX:combinations, XML, 00t HTML vwithiincluded ] Javatapplets.

([0512] yMoreover, \whileiill ustrativezembodimentsthavetbeen<descri bedtheréin, ttheS&55eCof 1y
adNd,all.embodiments thavingzequival ent :el ements, rmodifications, comissions, ccombinations ((e.g.,CSf’é%ééfs
L2CT0SS\variouscembodiments), zadaptationsaand/or zal terationszas\woul dtbesappreciated tytthosesskill ediin
tthearthased onytheypresent disclosure. TThellimitationsiintthecclaimsearettotblinterpreted tbroadly thasedBh
theylanguagecemployed jintthecclaimszandnotilimitedttocexampl esdescribed iintthelpreserit Sspecification Gr
(duri ng tgnerprosecuti on (of thezapplication. "Thecexampl eszarettotbecconstrued ast non-exclusive.

1qu[hermorez ﬁh_esstqpsgqf tthe disclosed imethods 1may tbermodified iincany mianmes, iincludi ng lbylreoraer'i ng

axwar bues
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WHATII SCLAIMEDIS:

1. Assystemiforymappingilanessplitstforuseiinwehiclemnavigati on,tthessystemccomprising:

<]l eastconeyprocessor pprogrammeditto:
ireceivetfirstynavigational iinformationffromeatfirstivehicl etthatthastnavigatedzal ongear road
ssegment,wherei nitherroadssegmentiincl udeszall anesspl itffeature, cand'whereintthetroad
«segmentjincludescat 1l easteaffirstitravel llanejpriorttotthell anessplitffeaturetihat ttransitions
iintozat]least:asseconditravel llanezandzatthirdttravel llanezaftertthellanessplitffeature;
Ssegment;
receive;at]l east oneiimage:associated withitheiroadssegment;
(determine, fromithe first;navigational iinformation, :afirst:actual trajectory ©f the first vehicle
aonghe first travel lane:and the:secondtravel laneof the iroad segment;
(determine, from the:second navigational information, «atsecond actual trajectory ©f the ‘second
vehicle along the first travel lane:and the third travel lane of the road 'segment;
determine adivergence between the first actual trajectory :and the:second actual trajectory;
determine, based on analysis of theat least one image, that the divergence between the firstiactual
trajectory and the second actual trajectory isindicative of apresence in the road segment
of the lane split feature; and
update avehicle road navigation model to include:
afirst target trajectory corresponding to the first travel lane prior to the road spiit feature
and extending along the second travel lane after the lane split feature; and
a second target trajectory that branches from the first target trajectory and extends along
the third travel lane after the lane split feature.
2, The system of claim 1, wherein the determination that the divergence between the first actual trajectory
and the second actual trajectory is indicative of the presence in the road segment of the iane spiit feature
iis further. based on a determined lateral spacing between the first actual. trajectory’ and the second actuall
trai ectory.,
3, The system of ‘claim 1, wherein the second travel: Iane and.the third travell [ane extend! parallefl to 67ié
another-after-the lane split:feature..
4. The system, of claim, 1, wherein the: seconditravell lane and the third travell lane diverge from! 6rie
another-after-the lane split:feature..
5, The system, of ‘claim, 1, whereinithe: firsttnavigati onallinformation comprises locationtidentifiers
recorded; by the firstrvehicle whiletraversing;the:roadi segmentt andithes second!navigationallinformationt
compri ses; | ocationyidentifiers recorded! by the: secondlvehi cle whiletraversing;the roadt segment -
& Thesystemyof :claim, 1, whereimthes attl easttonesimagesi s.capturediby armimages captures devices of the?
firstivehicle-arthe:secondivehicle..

71 Thesystem,of :claim, 3, whereimthesattl easttonesimagesi sretrievedifromaserver.
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8. Thegsystemcof .claim11.,whereinthezat]| eastconeyprocessori istfurthergprogrammedttorrefinecagpositioneét
whichythecseconditargetitraj ectory tbranchestfromttheffirstttargetttraj ectory thasedwnzatthi rdeactual
itrajectoryithatthas;navigated:al ongtthesroadssegment.
9 The.systemof claim,whereinithe:atll eastconejprocessoriistfurther cconfigureditoccl uster tthetthird
[actual itrajectory withqat|| eastonedf itheffirsteactual ttrajectory cortthessecondzactual ttraj ectory «ataiplurality
@f llocations;al ongithe,road:segment.
19.-Thesystem of claim, wherein theffirst:actual ftrajectory @andtthessecond «actual ttrajectory arecclustered
1together iin.at least oneffirstjlocationbeforetthellanessplit ffeature:and:areccl ustered sseparatel y iin<t ll east
©onesecondjlocation :after thellane:split feature.
111 Thesystem of claim:8, whereinitheplurality «of locati ons:aresseparated oy @jpredetermined
1l ongi tudinal distance.
12, Thesystem of claim 8, wherein the first target trajectory :andthe :second target trgjectory @re
determined based on the clustering.
13. The system of claim 1, wherein the at |l east one-processor is further programmed torefine aposition i
which the second target trajectory branches from the first target trajectory by ianalyzing adistance
between the first actual trajectory ;and the second actual trajectory at aplurality of locations surrounding
the branch point to determine where the first actua trajectory and the second actual trajectory beginto
diverge.
14, The system of claim 1, wherein the at least one processor is further programmed to distribute the
updated vehicle road navigation model to a plurality of vehicles.
15. The system of claim 1, wherein the at least one processor is further programmed to remove at [east
one anomaly from at least one of the first target trgjectory or the second targe trgjectory.
target trgjectory and the second target trajectory that is not indicative of the lane split feature.
17. The system of claim 1, wherein determining that the divergence between the first actual trajectory and
the second actual trajectory is indicative of the presence in the road segment of the [ane split feature i3
further. based on arepresentation of ‘alane mark detected in the at least one image.
the second actual; trajectory- iis indi cative of the presence in the road segment: of the lane spiit feature is
further-based on, a representation, of ‘a structure of ‘the road detectedl inithe at: [east one image.
19. A method for-mapping: lane splits for- use in vehicle navigation, the method comprising:
receiving; first: navigational| information from a first vehicle that: has navigated! along; aroad
segment, wherein the road segment:includes alane split feature, and whereinithe roadl
segment;includes atleastafirstitravell lane prior-tothe lane split:featurethatttransitions
into, at;|east; a secondj travell lane andl athirditravell |lane after the: lane splittfeature;;
recei ving; secondjnavigationinformation fromia secondl vehiclethatthas navi gatedlalongsthe road!
segment;;
receivi ng;e;tleasttqneimage: associated]withithesroadl segment;;
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(determining, ffrometheffirstravigational iinformation,eaffirsteactualttrajectory <f theffirstvehicle
calongtthetfirstitravel 1l anezandtthessecondttravel ll anecdf therroadssegmenit;
(determining, ffrom¢thecsecondrnavigational iinformati on,eassecondzactual ttrajectory ot thessecond
wehiclezalongttheffirstitravel llanezandtthetthirdttravel llanecdf ithetroadssegmerit;
(determining :adivergencetbetweenttheffirsteactual ttraj ectory candtthessecondzactual ttrajectory;
(determining, thased onzanalysi scof thezat 1l eastconeiimage, tthat 1the<divergencelbetween1theﬁ‘i rst
[actual {trajectory ;andithessecondzactual ttrajectory iisiindi cativedf ajpresriceiintthetroad
ssegment of thellanessplitifeature; and
]L{pdati ng @wvehicleroadinavigationimodel ttoiinclude:
affirsttarget trajectory corresponding tottheffirstitravel llanejprior ttottheiroad splitffeature
:and extending :al ongthessecond travel llane:after thellanessplit feature; @and
asecond target trajectory that lbranches fromthe first target trajectory iand «extendsialong
thethird travel llane:after thellane:split feature.
20, A system for navigating @ host vehiclealong :arroad :segment, the 'system «comprising:
&t least oneprocessor programmed to:
receive, from aserver-based system, :avehicle road navigation model, wherein the vehi cleroad
navigation model includes.afirst target trajectory that corresponds with a first Jane of
travel along the road segment prior to a lane split feature associated with the road
segment and extends along a second lane of travel of the road segment subsequent to the
lane split feature, and wherein the vehicle road navigation model also includes asecond
target trajectory that branches from the first target trajectory and extends along athird
lane of travel of the road segment subsequent to the lane split feature;
receive information indicative of an environment of the host vehicle;
determine, based on the information indicative of the environment of the host vehicie, whether to
navigate the host vehicle aong the first target trgjectory or the second targef trajectory;
and
determine anavigational action to cause the host. vehicle to navigate along the determined target
trajectory.,
21. The system, gf ‘claim 20, wherein; the information: comprises at: least one image captured by &t image

capture device of the host vehicle..

22. The system, of ‘claim, 21, wherein, determining; whetherto navigate: the host: vehicle along;the first
target;trajectory: or-they secondjtarget:trajectory- comprises identifying,, based onthe at: [east! orie image,» &
target;vehicleto be passed| by-the:hostt vehicle..

23. The system, of ‘claim, 22, whereimthesinformatiom further-comprises a speed! of thertargettvehicle
relativetothehosttvehicle.,

24, The systemof ‘claim, 20, whereindeterminingywhetherrto navigate:thes hosttvehiclesalongithesfirstt
targettrajectory, arrthe:seconditargetitrajectory ,comprises determiningzthattattl easttores of thesfirstitargett

traj pctory,qrrthgaep_qndjtargetttraj ectory;isassociatedlwithvaiturmlane..
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ttarget;trajectory or;thessecondk targettraj ectoryzcomprisesidetermining: thataétl| eastconecdt theffirsttargét

ttrfaj ecto'rycgrt_tnesgggqudtta[getttrgaj ectoryii ssassoci atedswithaanzexitrramp.

726 T hessystemQf .claim;20,whereinttheiinformati onccompriseszapl annedrroutecdt thefhostivehicle.

:271Thessystemof .¢laim;26,,whereincdeterminingswhetherttaravigatetthethost\ehicl eealongftheffirst

ttarvgetttrgj ecto[ycgrtgh_essgqondttar_getttraj ectoryiistbasedcomwhetherttheffirstitargétttrajectory cortthessecond

ttarvgetttrgj ecto[yihscgqn,s‘i,st;ent withttheyplannedrroute.

128.-Thesystem0f claim;20,\whereintthernavigational zactionccomprisestmai ntai ningatheadingdirecti on<df

{thefhostvehiglessuchithat thethostwehicleffol lowsttheffirstitarget trajectory ffollowingtthell anesspiit

29. 'Ihgfgystem of ¢laim:20,-wherein themnavigational :action«compri sestalheading irection <éhange‘t§f khe

jhost.vehiclesuchithat thejhost wehicleifol lowsithessecond target irajectory ffollowing thellanetspiit feature.

30. A method for navigating aihost vehicle:al ong arroad segment, theimethod «compri sing:

receiving, from @a:server-based system, avehiclerroad navigation:model, wherein ‘the vehiclelroad

navigation model iincludes:affirst target trajectory that corresponds with@firstlane®f
travel ;along the road segment prior to:alane:split feature associated with the road
segment and extends @l ong :a.second laneof travel of the road 'segment 'subsequent to the

lane split feature, and wherein the vehicle road navigation model aso includes & second

lane of travel of the road segment subsequent to the lane split feature;

receivi ng information indicative of an environment of the host vehicle;

determining, based on the information indicative of the environment of the host vehicle, whether
to navigate the host vehicle along the first target trajectory or the second fargef trajectory;
and

determining a navigational| actionto cause the host vehicle to navigate along the determined
target:trgjectory ..,

3 1. A, system for-mapping; |ane merges for-use inivehicle navigation, the system comprising::
ot least; one processor- programmed| to::

receive first; navigational|informationi fromafirst:vehicle that:has navigated! along aroad
segmmt,,whqd nithesroadi segmenttincludes alane merge feature,, andlwherei nithe road!
segment;includes attleastt afirstitravelllane:and! aseconditravell [ane prior'tothe lane
maqe,fgajurgth@tﬂransi tiomintoyathirditravelllanesafterrthemergefeature;;

receivessecondinavigatiominformatiomfrommasecondivehiclesthatthassnavi 'gatted1albngztﬁev‘road1
segment;;;

recel vesattl eastione:i magezassoci atediwitthesroadisegment;;

determine, fromthesfirstinavigational infonnation, afirsttactualdtrajectoryyof thesfirstivehicle
alongythe-firstitravel lanezandithesthirditravelllanesof {thesroadlsegment;
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determine, ffromthessecondcnavigationaliinformai on,zassecondeactual ttrajectorycdf thessecond
\vehicle:al ongtthessecondtravelllanezandithetthirdttravel 1l anecdf thetroadssegmerit;

(determinezaconvergencetbetweenttheffirsteactual ttrajectory zandtthessecondzactual ttrajectory;

(determine, thasedconzanal ysi scof thezatll eastconeiimage, tthattthecconvergencetbetweenttheffirst
cactualtrajectory ;andithessecondzactual ttraj ectory iisii ndi cativeddt zajpresericeiinttherroad
ssegment of thellanesmergetfeature; :and

1quateaa‘,\/_evhigl,e1rpad1navi gationymodel ttoiinclude:
affirstitarget trajectory «correspondingttottheffirstitravel llanejprior ttotthell anermerge
{feature;andextending al ongtthethird travel llane:afterthellaneimergeffeature; @and
-asecond target ttraj ectory that extends:al ongtthe:secondttravel llanelbeforetthellanerigrge
ffeature;and joins withitheffirstitarget trajectory.

; 2. A system fornavigating :ahost vehicle:a ong:airoad:segment, the system compri sing:
& 1least one processor programmed to:

receive, from aserver-based :system, :avehicleroad navigation model, wherein the vehi cleiroad
navigation model includes;afirst target trajectory corresponding to afirst travel lane prior
to alane merge feature and extending along athird travel lane after the lane merge
feature, and wherein the vehicle road navigation model aso includesasecond target
trgjectory that extends along a second travel lane before the lane merge feature and joins
with the first target trajectory;

receive information indicative of an environment of the host vehicle;

determine, based on the information indicative of the environment of the host vehicle, whether to
navigate the host vehicle along the first target trajectory or the second target trajectory;
and

determine anavigational action to cause the host vehicle to navigate along the determined target

trajectory.,
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