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FIG. 28A

one implementation, anavigation system for a host vehicle includes at least
one processor programmed to: receive, from a camera of the host vehicle,
one or more images captured from an environment of the host vehicle; ana-
lyze the one or more images to detect an indicator of an intersection; deter—
mine, based on output received from at least one sensor of the host vehicle,
a stopping location of the host vehicle relative to the detected intersection;
analyze the one or more images to determine an indicator of whether one or
more other vehicles are in front of the host vehicle; and send the stopping
location of the host vehicle and the indicator of whether one or more other
vehicles are in front of the host vehicle to a server for use in updating a road
navigation model.
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Cross References to Related Applications

[0001] This application claims the benefit of priority of United States Provisional Application
No. 62/810,032, filed February 25, 2019, United States Provisional Application No. 62/956,993, filed
January 3, 2020, United States Provisional Application No. 62/956,997, filed January 3, 2020, United
States Provisional Application No. 62/957,017, filed January 3, 2020, United States Provisional
Application No. 62/957,019, filed January 3, 2020, and United States Provisional Application No.
62/957,028, filed January 3, 2020. The foregoing applications are incorporated herein by reference in
their entirety.

BACKGROUND

Technical Field
[0002] The present disclosure relates generally to vehicle navigation.
Background Information

[0003] Astechnology continues to advance, the goal of a fully autonomous vehicle that is
capable of navigating on roadways is on the horizon. Autonomous vehicles may need to take into
account avariety of factors and make appropriate decisions based on those factors to safely and
accurately reach an intended destination. For example, an autonomous vehicle may need to process and
interpret visual information (e.g., information captured from a camera) and may also use information
obtained from other sources (e.g., from a GPS device, a speed sensor, an accel erometer, a suspension
sensor, etc.). At the sametime, in order to navigate to a destination, an autonomous vehicle may aso
need to identify its location within a particular roadway (e.g., a specific lane within a multi-lane road),
navigate alongside other vehicles, avoid obstacles and pedestrians, observe traffic signals and signs, and
travel from one road to another road a appropriate intersections or interchanges. Flamessing and
interpreting vast volumes of information collected by an autonomous vehicle as the vehicle travels to its
destination poses a multitude of design challenges. The sheer quantity of data (e.g., captured image data,
map data, GPS data, sensor data, etc.) that an autonomous vehicle may need to analyze, access, and/or
store poses challenges that can in fact limit or even adversely affect autonomous navigation.
Furthermore, if an autonomous vehicle relies on traditional mapping technology to navigate, the sheer
volume of data needed to store and update the map poses daunting challenges.

SUMMARY

[0004] Embodiments consistent with the present disclosure provide systems and methods for
vehicle navigation. The disclosed embodiments may use cameras to provide vehicle navigation features.
For example, consistent with the disclosed embodiments, the disclosed systems may include one, two, or
more cameras that monitor the environment of avehicle. The disclosed systems may provide a
navigational response based on, for example, an analysis of images captured by one or more of the
cameras.

[0005] In an embodiment, amap management system may provide one or more map segments to
one or more vehicles. The system may include at |east one processor programmed to receive navigational
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information from avehicle, the navigational information including an indicator of a location of the

vehicle, an indicator of a speed of the vehicle, and an indicator of a direction of travel of the vehicle. The
a least one processor may also be programmed to analyze the received navigational information and
determine apotentia travel envelope for the vehicle. The at least one processor may further be
programmed to send to the vehicle one or more map segments including map information for a
geographical region at least partially overlapping with the potential travel envelope of the vehicle.

[0006] In an embodiment, a computer-implemented method may provide one or more map
segments to one or more vehicles. The method may include receiving navigationa information from a
vehicle, the navigational information including an indicator of a location of the vehicle, an indicator of a
speed of the vehicle, and an indicator of adirection of travel of the vehicle. The method may also include
analyzing the received navigational information and determine a potential travel envelope for the vehicle.
The method may further include sending to the vehicle one or more map segments including map
information for a geographical region at least partially overlapping with the potential travel envelope of
the vehicle.

[0007] In an embodiment, anon-transitory computer-readable medium may store instructions
that, when executed by at |east one processor, are configured to cause a least one processor to receive
navigational information from avehicle, the navigational information including an indicator of alocation
of the vehicle, an indicator of a speed of the vehicle, and an indicator of adirection of travel of the
vehicle. The instructions may also cause the a least one processor to analyze the received navigational
information and determine a potential travel envelope for the vehicle. The instructions may further cause
the a least one processor to send to the vehicle one or more map segments including map information for
ageographical region a least partially overlapping with the potential travel envelope of the vehicle.

[0008] In an embodiment, a system may automatically generate anavigational map relative to
one or more road segments. The system may include at least one processor programmed to cause
collection of first navigational information associated with an environment traversed by ahost vehicle.
The first navigational information may be associated with afirst density level. The a least one processor
may also be programmed to determine, based on output associated with one or more sensors of the host
vehicle, alocation of the host vehicle. The at least one processor may further be programmed to
determine whether the location of the host vehicle is a or within a predetermined distance from a
geographical region of interest. The at least one processor may aso be programmed to cause, based on
the determination that the location of the host vehicle is & or within the predetermined distance from the
geographical region of interest, collection of second navigational information associated with the
environment traversed by the host vehicle. The second navigational information may be associated with a
second density level that is higher than the first density level. The at least one processor may further be
programmed to upload from the host vehicle at |east one of the collected first navigational information or
the collected second navigational information from the host vehicle, and update the navigational map
based on the uploaded at least one of the collected first navigational information or the collected second

navigational information.
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[[0009] :In;anembodiment, :acomputer-implemented 1method imay :automatically ;generate@a

jnavigational :map relative toone.or moreroad segments. The:method ‘may iinclude causing «collection ©f
first;navigational iinformation :associated ‘with :anenvironment traversed by :alhost vehicle. Theffirst
‘navigational :information -may ‘be:associated with:afirst density level. The method may :also include
«determining, ‘based .onoutput :associated ‘with oneor more :sensors of the host vehicle, @llocation ©f the
‘host vehicle. 'The-method ‘may further iinclude determining whether the location of the lhost vehicleiisiat
or within apredetermined distance from:a.geographical region of ‘interest, «cause, based onthe
determination that the llocation of the host vehicle is:at or within the predetermined distance fromthe
geographical region of interest, collection of :second :navigational ‘information :associated with the
environment traversed by the host vehicle. The second navigational iinformation may be:associated with @
second density level that ishigher than the first density level. The method may also include uploading
from the host vehicle a least one of the collected first navigational information or the collected second
navigational information from the host vehicle, :and updating the navigational map based on the uploaded
at least one of the collected first navigational information or the collected second navigational
information.

[0010] In an embodiment, anon-transitory computer-readable medium may store instructions
that, when executed by at |east one processor, are configured to cause at least one processor to cauise
collection of first navigational information associated with an environment traversed by a host vehicle.
The first navigational information may be associated with afirst density level. The instructions may also
cause the at least one processor to determine, based on output associated with one or more sensors of the
host vehicle, alocation of the host vehicle. The instructions may further cause the at least one processor
to determine whether the location of the host vehicle is at or within a predetermined distance from a
geographical region of interest. The instructions may also cause the at least one processor to cause, based
on the determination that the location of the host vehicle is at or within the predetermined distance from
the geographical region of interest, collection of second navigational information associated with the
environment traversed by the host vehicle. The second navigational information may be associated with a
second density level that is higher than the first density level. The instructions may further cause the at
least one processor to upload from the host vehicle a least one of the collected first navigational
information or the collected second navigational information from the host: vehicle, and update the
navigational map based on the uploaded at |east one of the collected first navigational information or the
collected second navigational information..

[001 1]] Consistent:with other- disclosed. embodiments,, non-transitory - computer-readable: storage:
media may- store program instructions,, which. are executed. by at: least: one processing; device and perform
any of the methods: described. herein..

[0012]] The foregoing; general. description. and the following; detailed. description are exemplary

and explanatory- only- and. are not: restrictive: of the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The accompanying drawings, which are incorporated in and constitute a part of this

disclosure, illustrate various disclosed embodiments. In the drawings:

[0014] FIG. lisadiagrammatic representation of an exemplary system consistent with the
disclosed embodiments.

[0015] FIG. 2A isadiagrammatic side view representation of an exemplary vehicle including a
system consistent with the disclosed embodiments.

[0016] FIG. 2B isadiagrammatic top view representation of the vehicle and system shown in
FIG. 2A consistent with the disclosed embodiments.

[0017] FIG. 2C is adiagrammatic top view representation of another embodiment of avehicle
including a system consistent with the disclosed embodiments.

[0018] FIG. 2D is adiagrammatic top view representation of yet another embodiment of a
vehicle including a system consistent with the disclosed embodiments.

[0019] FIG. 2E is adiagrammatic top view representation of yet another embodiment of a
vehicle including a system consistent with the disclosed embodiments.

[0020] FIG. 2F is adiagrammatic representation of exemplary vehicle control systems consistent
with the disclosed embodiments.

[0021] FIG. 3A is adiagrammatic representation of an interior of avehicle including arearview
mirror and a user interface for avehicle imaging system consistent with the disclosed embodiments.

[0022] FIG. 3B isanillustration of an example of a camera mount that is configured to be
positioned behind arearview mirror and against a vehicle windshield consistent with the disclosed
embodiments.

[0023] FIG. 3Cisanillustration of the camera mount shown in FIG. 3B from adifferent
perspective consistent with the disclosed embodiments.

[0024] FIG. 3D isanillustration of an example of a camera mount that is configured to be
positioned behind arearview mirror and against a vehicle windshield consistent with the disclosed
embodiments.

[0025] FIG. 4 isan exemplary block diagram of amemory configured to store instructions for
performing one or more operations consistent with the disclosed embodiments.

[0026] FIG. 5A is aflowchart showing an exemplary process for causing one or more
navigational responses based on monocular image analysis consistent with disclosed embodiments.

[0027] FIG. 5B isaflowchart showing an exemplary process for detecting one or more vehicles
and/or pedestrians in a set of images consistent with the disclosed embodiments.

[0028] FIG. 5C isaflowchart showing an exemplary process for detecting road marks and/or
lane geometry information in a set of images consistent with the disclosed embodiments.

[0029] FIG. 5D is aflowchart showing an exemplary process for detecting traffic lights in a set

of images consistent with the disclosed embodiments.
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[0030] FIG. 5E isa flowchart showing an exemplary process for causing one or more

navigational responses based on avehicle path consistent with the disclosed embodiments.

[0031] FIG. 5F is aflowchart showing an exemplary process for determining whether aleading
vehicle is changing lanes consistent with the disclosed embodiments.

[0032] FIG. 6 isaflowchart showing an exemplary process for causing one or more navigational
responses based on stereo image analysis consistent with the disclosed embodiments.

[0033] FIG. 7 isaflowchart showing an exemplary process for causing one or more navigational
responses based on an analysis of three sets of images consistent with the disclosed embodiments.

[0034] FIG. 8 shows a sparse map for providing autonomous vehicle navigation, consistent with
the disclosed embodiments.

[0035] FIG. 9A illustrates apolynomial representation of aportions of aroad segment consistent
with the disclosed embodiments.

[0036] FIG. 9B illustrates acurve in three-dimensional space representing atarget trgjectory of a
vehicle, for a particular road segment, included in a sparse map consistent with the disclosed
embodiments.

[0037] FIG. 10 illustrates example landmarks that may be included in sparse map consistent with
the disclosed embodiments.

[0038] FIG. 11A shows polynomia representations of trgjectories consistent with the disclosed
embodiments.

[0039] FIGS. 1IB and 11C show target trgjectories along amulti-lane road consistent with
disclosed embodiments.

[0040] FIG. 11D shows an example road signature profile consistent with disclosed
embodiments.

[0041] FIG. 12 isaschematic illustration of a system that uses crowd sourcing data received
from aplurality of vehicles for autonomous vehicle navigation, consistent with the disclosed
embodiments.

[0042] FIG. 13 illustrates an example autonomous vehicle road navigation model represented by
aplurality of three-dimensional splines, consistent with the disclosed embodiments.

[0043] FIG. 14 shows amap skeleton generated from combining location information from
many drives, consistent with the disclosed embodiments.

[0044] FIG. 15 shows an example of alongitudinal alignment of two drives with example signs
as landmarks, consistent with the disclosed embodiments.

[0045] FIG. 16 shows an example of alongitudina alignment of many drives with an example
sign as alandmark, consistent with the disclosed embodiments.

[0046] FIG. 17 is aschematic illustration of a system for generating drive data using a camera, a
vehicle, and a server, consistent with the disclosed embodiments.

[0047] FIG. 18isaschematic illustration of a system for crowdsourcing a sparse map, consistent

with the disclosed embodiments.
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[[004539 JFIG. 119iisafflowchart showing ;anexemplary jprocess ffor ;generating :a:sparsermapfor

autonomous.vehicle;navigation ;al ong ;a;road ssegment, consi stent ‘with ithe discl osed e€mbodi ments.

l[0049] IFIG. 20;illustrates ;ajbl ock «diagram «of :a:server «consistent ‘with the «disclosed
embodiments.

[[0050] FIG. 21jillustrates aiblock diagram of :amemory «consistent with the disclosed
€mbodiments.

[[0051.‘5] FIG. 22jillustrates g process of «clustering vehicle trajectories :associated with vehicles,
consistent with the disclosed .embodiments.

[[0052] FIG.23 illustrates ;ajnavigation system for.avehicle, which-may ‘beused for :autonomous
navigation, consistent with the disclosed embodiments.

L[0053] FIGs. 24A, 24B, 24C, ;and 24D illustrate exemplary lane marks that may bedetected
consistent with the disclosed embodiments.

[0054] FIG. 24E shows exemplary mapped lane marks consistent with the disclosed
embodiments.

L[OOSS] FIG. 24F shows an exemplary :anomaly :associated with detecting :a lane mark consistent
with the disclosed embodiments.

[0056] FIG. 25A shows an exemplary image of avehicle's surrounding environment for
navigation based on the mapped lane marks consistent with the disclosed embodiments.

[0057] FIG. 25B illustrates alateral localization correction of avehicle based on mapped [ane
marks in aroad navigation model consistent with the disclosed embodiments.

[0058] FIG. 26A isaflowchart showing an exemplary process for mapping alane mark for use
in autonomous vehicle navigation consistent with disclosed embodiments.

[0059] FIG. 26B is aflowchart showing an exemplary process for autonomously navigating a
host vehicle along aroad segment using mapped lane marks consistent with disclosed embodiments.

[0060] FIG. 27 illustrates an exemplary system for providing one or more map segments to one
or more vehicles, consistent with the disclosed embodiments.

[0061] FIGs, 28A,28B, 28C, and 28D illustrate exemplary potential travel. envelopes for a
vehicle, consistent with disclosed embodiments..

[0062], FIGs, 28E, 28F, 28G, and 28H illustrates exemplary map tiles associated with potential.
travel| envelopes for avehicle, consistent: with disclosed embodiments..

[0063] FIGs, 29A and 29B;illustrate exemplary- map tiles, consistent. with disclosed
embodiments.

[0064] | FIG. 30 illustrates, an exemplary- process; for-retrieving; map tiles, consistent: with.
disclosed embodiments.,

[0065]; FIGs., 31A,3IB, 31C, and 3 1Diillustrate; an, exemplary: process for- decoding, map tiles,
consi stent- with, disclosed; embodiments.,

[0066]] FIG. 32isa flowchart: showing; an exemplary- process for- providing; one or more map

segments; tg, one or-more vehicles, consistent: with, the: disclosed embodiments..
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[[0067] JFIG. 33iillustrates:anexemplary :systemfor:automatically igenerating «amnavigational 1map

irel ativetooneorimore;road segments, «consi stent withithediscl osed «embodiments.
[[0068] FIGs. 34A, 34B, :and 34Ciillustrate:an exemplary jprocess for collecting inavigational
iinformation, «consi stent ‘with (discl osed embodiments.
[[0069] FIG. 35iis:aflowchart showing:anexemplary jorocess for :automatically ;generatinga
‘navigational-map relative tooneor more:road segments, «consistent with the disclosed embodiments.
DETAILED DESCRIPTION
[[0070] ‘The following detailed description rrefers to the:accompanying drawings. Wherever

possible, the:same reference numbers :are used in the drawings :and the following description to refer to
the same or similar parts. While several illustrative embodiments :are described herein, modifications,
«adaptations and other implementations :are possible. For example, :substitutions, :additions or
modifications may be made to the components illustrated in the drawings, and the illustrative methods
described herein may be modified by substituting, reordering, removing, or adding steps to the disclosed
methods. Accordingly, the following detailed description is not limited to the disclosed embodiments and
examples. Instead, the proper scope is defined by the appended claims.

[0071] Autonomous Vehicle Overview

[0072] Asused throughout this disclosure, the term “autonomous vehicle” refers to avehicle
capable of implementing & least one navigational change without driver input. A “navigational change”
refers to achange in one or more of steering, braking, or acceleration of the vehicle. To be autonomous, a
vehicle need not be fully automatic (e.g., fully operation without a driver or without driver input). Rather,
an autonomous vehicle includes those that can operate under driver control during certain time periods
and without driver control during other time periods. Autonomous vehicles may aso include vehicles
that control only some aspects of vehicle navigation, such as steering (e.g., to maintain a vehicle course
between vehicle lane constraints), but may leave other aspects to the driver (e.g., braking). In some cases,
autonomous vehicles may handle some or all aspects of braking, speed control, and/or steering of the
vehicle,

[0073] Ashuman driverstypically rely on visual cues and observations to control avehicle,
transportation infrastructures are built accordingly, with lane markings, traffic signs, and traffic lights are
al designed to provide visua information to drivers. In view of these design characteristics of
transportation infrastructures, an autonomous vehicle may include a camera and a processing unit that
analyzes visual| information captured. from the environment: of the vehicle. The visuall information may
include, for example, components, of the transportation infrastructure (e.g., lane markings, traffic signs,
traffic lights, etc.) that: are observable by drivers and other obstacles (e.g., other vehicles, pedestrians,
debris, etc.).. Additionally,, an autonomous vehicle may- also use stored. information,, such as information.
GPS data, sensor-data (e.g., from an accelerometer, a speed sensor, a suspension: sensor, etc.),, and/or other
map, data ta provide information, related. to its environment: while the vehicle is traveling,, and the vehicle

(as well] ag other-vehicles); may- use the informationito localize itself ‘'onthe model ..
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[[oo74] i nsomeembodiments jinthisdisclosure, :anautonomous vehicleimay wseiinformation

©Obtained while navigating ((e.g., from ;acamera, (GPSdevice, :an:accelerometer, a:speed ssensor, @
&spension «Sensor, €tc.)- JInother embodiments, :an:autonomous ‘vehicle may useiinformation «obtained
ffrom jpast jnavigations |by the-vehicle (or by other vehicles) whileinavigating. lIn:yet other embodiments,
:an.autonomous -vehicle -may use a.combination of jinformation obtained ‘while navigating :and iinformation
©obtained from past navigations. ‘The ffollowing ssections provide :an overview «of :a:system consistent with
the disclosed embodiments, ffollowed by ;anoverview (of :aiforward-facing jimaging :system :and:methods
consistent ‘with the system. The sections that follow disclose systems :and methods for constructing,
using, and updating :a:sparse map for ;autonomous vehicle navigation.

[0075] System Overview

[0076] FIG. 1lisablock diagram representation of a:system 100 consistent with the exemplary
disclosed embodiments. :System '100 may iinclude various components depending .on the requirements of
gvparticular implementation. 1n some embodiments, system 100 may include aprocessing unit 110, an
i mage ‘acquisition unit 120, aposition sensor 130, one or more memory units 140, 150, amap database
160, auser interface 170, and awireless transceiver 172. Processing unit 110 may include one or more
proc ng devices. In some embodiments, processing unit 110 may include an applications processor

180, an image processor 190, or any other suitable processing device. Similarly, image acquisition unit

120 may include any number of image acquisition devices and components depending on the

requirements of aparticular application. In some embodiments, image acquisition unit 120 may include
one or more image capture devices (e.g., cameras), such as image capture device 122, image capture
device 124, and image capture device 126. System 100 may also include a data interface 128
communicatively connecting processing device 110 to image acquisition device 120. For example, data
interface 128 may include any wired and/or wireless link or links for transmitting image data acquired by
image accusation device 120 to processing unit 110.

[0077]7 Wireless transceiver 172 may include one or more devices configured to exchange
transmissions over an air interface to one or more networks (e.g., cellular, the Internet,, etc.) by use of a
radio frequency, infrared frequency, magnetic. field, or an electric field. Wireless transceiver' 172 may use
any known standard to transmit. and/or receive data (e.g., Wi- Fi, Bluetooth®,, Bluetooth Smart, 802.15.4,
ZigBee,} etc.)., Such transmissions, can include communications. from the host: vehicle to one or more
remotely- located servers. Such transmissions; may- also include: communications; (one-way or two-way):
between the host: vehicle. and one or- more target: vehicles in an_environment : of the host: vehicle (e.g., to
facilitate coordination of ‘navigation of the host: vehicle in view of ‘or together with target: vehicles in the
environment. of the. host: vehicle),, or-even a broadcast: transmission . to unspecified: recipients; in. a vicinity’
of the transmitting: vehicle.,

[0078]] Both, applications; processor- 180 and. image: processor - 190 may- include: various; types of
proc ng; devices., For-example,, either-or-both, of ‘applications; processor- 180 and! image: processor- 190
may- include, a microprocessor, , preprocessors; (such, as an image: preprocessor), , a graphics; processing; unit:

(GPU), a central| processing; unit: (CPU),, support: circuits,, digital | signall processors, , integrated| circuits,,
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jmemory, ©r any other itypesof devices suitableforrunning @pplications @and foriimage jprocessing and

:analysis. JInsomeembodiments, :applications jprocessor 1180:and/or iimage jprocessor 11901may iincludeany
itype of «ingleorimulti-core jprocessor, :mobiledevice :microcontroller, «central jprocessing 1unit, «tc.
‘Various processing devices may lbeused, iincluding, :for€xample, jprocessors :available from manufacturers
suchas Intel®, AMD®, tc., or GPUs:available from:manufacturers «such:asNVIDIA®, ATI®, «tc. iand
‘may ‘include various :architectures ((e.g., x86 processor, ARM®, €tc.).

[[0079] In:some embodiments, :applications processor ‘180:and/or image processor ‘190 may
include:any of the EyeQ :series of processor chips:available from Mobileye®. These processor designs
each include multiple processing ‘units with local memory :and iinstruction :sets. ‘Such ‘processors may
include video inputs for receiving image «data:from multiple image sensors :and may :aso include video out
capabilities. In.oneexample, the EyeQ2® uses'90nm-micron technology operating at 332Mhz. The
EyeQ2® architecture consists of two floating point, hyper-thread 32-bit RISC CPUs (MIPS32® 34K®
cores), five Vision Computing Engines (VCE), three Vector Microcode Processors (VMP® ), Denali 64-
bit Mobile DDR Controller, 128-bit internal ‘Sonics Interconnect, dua 16-bit Video input and 18-bit
Video output controllers, 16 channels DMA and several peripherals. The MIPS34K CPU manages the
five VCEs, three VMP™ and the DMA, the second MIPS34K CPU and the multi-channel DMA as well
asthe other peripherals. The five VCEs, three VMP® and the MIPS34K CPU can perform intensive
vision computations required by multi-function bundle applications. In another example, the EyeQ3®,
which is athird generation processor and is six times more powerful that the EyeQ2®, may be used in the
disclosed embodiments. In other examples, the EyeQ4® and/or the EyeQ5® may be used in the
disclosed embodiments. Of course, any newer or future EyeQ processing devices may also be used
together with the disclosed embodiments.

[0080] Any of the processing devices disclosed herein may be configured to perform certain
functions, Configuring aprocessing device, such as any of the described EyeQ processors or other
controller or microprocessor, , to perform certain functions may include programming of computer
executable instructions and making those instructions available to the processing device for execution
during operation of the processing device. In some embodiments,. configuring a processing device may
include programming the processing. device directly with architectural. instructions.. For example,
processing devices such as field-programmable: gate arrays (FPGAS), application-specific: integrated
circuits (ASICs), and the like may be configured using, for example, one or more hardware: description
languages (HDLs)..

[0081]; In other-embodiments,, configuring; a processing. device may include storing. executable
instructions; on a memory-that: is accessible: to the processing; device during; operation.. For example, the
processing; device may- access the memory - to obtain and execute the stored. instructions during; operation..
In either: case, the processing; device: configured.to perform.the sensing,, image analysis,, and/or
navigational . functions; disclosed: herein. represents a specialized. hardware-based - system: in control. of

multiple hardware; based. components; of ‘a host: vehicle..
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[[0082] "While]FIG. j1depicts two sseparate jprocessing «devicesiincluded iinjprocessing wnit 1110,

(device,may beused to.accomplish ithe itasks of @pplications jprocessor 1180:and iimage jprocessor 1190. IIn
©other embodiments, ithese tasks;may fbejperformed by ;more ithan two jprocessing «devices. IFurther, iinsome
embodiments, system 1100;may jinclude ©oneormore of jprocessing 1unit 1110 without iincluding «wother
«components, :such :asiimage ;acquisition junit 1120.

l[0083] ‘Processing \unit -130;may comprise various types «f devices. JFor example, jprocessing
unit 110-may iinclude various devices, such :asiacontroller, :aniimage jpreprocessor, :acentral jprocessing
circuits, memory, or any other types of devices for image processing iand analysis. The image
preprocessor may include avideo processor for capturing, digitizing and processing the imagery from the
image sensors. ‘The CPU may comprise any number of microcontrollers or microprocessors. The GPU
may @so comprise :any number of microcontrollers or microprocessors. The :support circuits may beany
number of 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 operation of
the system. The memory may include databases and image processing software. The memory may
comprise any number of random access memories, read only memories, flash memories, disk drives,
optical storage, tape storage, removable storage and other types of storage. In one instance, the memory
may be separate from the processing unit 110. In another instance, the memory may be integrated into
the processing unit 110.

[0084]_ Each memory 140, 150 may include software instructions that when executed by a
processor (e.g., applications processor 180 and/or image processor 190), may control operation of various
aspects of system 100. These memory units may include various databases and image processing
software, aswell asatrained system, such asaneura network, or adeep neural network, for example.
The memory units may include random access memory (RAM), read only memory (ROM),. flash
memory, disk drives, optical storage, tape storage, removable storage and/or any other types of storage.
In some embodiments,  memory - units 140, 150 may be separate from the applications. processor: 180
and/or- image processor - 190. In other- embodiments,  these memory units may be integrated into
applications. processor - 180 and/or-image processor- 190.
associated with at least: one component : of 'system 100. In some embodiments,, position sensor 130 may
include. a GPS receiver., Such, receivers; can determine: a user- position, and. velocity - by processing; signals
broadcasted byv globall positioning - system satellites., Position, information. from. position: sensor- 130 may’
be made. available;to applications; processor - 180 and,or-image: processor * 190..

[0086] | In some, embodiments, | system; 1000 may" include: components; such: as a speed! sensor- (e.g.,,
atachometer, a speedometer) ) for-measuring; a speed, of 'vehicle; 200 and/or - an accel erometer - (either: single:

axis or-multiaxis)  for-measuring ; acceleration of vehicle: 200..
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[0087] User interface 170 may include any device suitable for providing information to or for

receiving inputs from one or more users of system 100. In some embodiments, user interface 170 may
include user input devices, including, for example, atouchscreen, microphone, keyboard, pointer devices,
track wheels, cameras, knobs, buttons, etc. With such input devices, auser may be able to provide
information inputs or commands to system 100 by typing instructions or information, providing voice
commands, selecting menu options on a screen using buttons, pointers, or eye-tracking capabilities, or
through any other suitable techniques for communicating information to system 100.

[0088] User interface 170 may be equipped with one or more processing devices configured to
provide and receive information to or from auser and process that information for use by, for example,
applications processor 180. In some embodiments, such processing devices may execute instructions for
recognizing and tracking eye movements, receiving and interpreting voice commands, recognizing and
interpreting touches and/or gestures made on atouchscreen, responding to keyboard entries or menu
selections, etc. In some embodiments, user interface 170 may include adisplay, speaker, tactile device,
and/or any other devices for providing output information to a user.

[0089] Map database 160 may include any type of database for storing map data useful to system
100. In some 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 interest, restaurants, gas stations, etc. Map database 160 may store not only the locations of
such items, but also descriptors relating to those items, including, for example, names associated with any
of the stored features. In some embodiments, map database 160 may be physically located with other
components of system 100. Alternatively or additionally, map database 160 or a portion thereof may be
located remotely with respect to other components of system 100 (e.g., processing unit 110). In such
embodiments, information from map database 160 may be downloaded over awired or wireless data
connection to a network (e.g., over acellular network and/or the Internet, etc.). In some cases, map
database 160 may store a sparse data model including polynomial representations of certain road features
(e.g., lane markings) or target trajectories for the host vehicle. Systems and methods of generating such a
map are discussed below with references to FIGS. 8-19.

[0090] Image capture devices 122, 124, and 126 may each include any type of device suitable
for capturing & least one image from an environment. Moreover, any number of image capture devices
may be used to acquire images for input to the image processor. Some embodiments may include only a
single image capture device, while other embodiments may include two, three, or even four or more
image capture devices. Image capture devices 122, 124, and 126 will be further described with reference
to FIGS. 2B-2E, below.

[0091] System 100, or various components thereof, may be incorporated into various different
platforms. In some embodiments, system 100 may be included on avehicle 200, as shown in FIG. 2A.
For example, vehicle 200 may be equipped with a processing unit 110 and any of the other components of
system 100, as described above relative to FIG. 1. While in some embodiments vehicle 200 may be

equipped with only a single image capture device (e.g., camera), in other embodiments, such asthose
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discussed jinconnection -with JFIGS. ;2B-2E, imultiple jimage «capture «devices imay lbewsed. JFor example,

«€ither of image capture devices 122 :and 124 of vehicle 200, ias:shown iin FIG. 2A, may be part of :an
ADAS (Advanced Driver Assistance Systems) imaging :set.

[0092] ‘The image capture devices included on vehicle 200 :as part of the iimage acquisition nit
120 may be-positioned :at :any suitable location. In:someembodiments, :as:shown iin FIGS. 2A-2E :and
‘3A-3C, iimage capture device 122 may belocated iinthe vicinity «of the rearview ‘mirror. Thisposition
‘may provide @line of sight .similar to-that of the driver of vehicle 200, which may aid indetermining what
is:and:isnot visible tothe driver. Image capture device 122 may be-positioned :at iany ilocation inear the
‘rearview -mirror, ‘but -placing image capture device 122 onthe driver side of the mirror -may further aidiin
obtaining images representative of the driver’s field of view :and/or line of sight.

[0093] Other locations for the image capture devices of image acquisition unit 120 may :aso be
used. For example, image capture device 124 may be located -on or in:abumper of vehicle 200. Such a
location may be especially suitable for image capture devices having awide field of view. The line of
sight .of bumper-located image capture devices can be different from that of the driver :and, therefore, the
bumper image capture device and driver may not always see the same objects. The image capture devices
(e.g., image capture devices 122, 124, and 126) may aso be located in other locations. For example, the
image capture devices may be located on or in.one or both of the side mirrors of vehicle 200, on the roof
of vehicle 200, on the hood of vehicle 200, on the trunk of vehicle 200, on the sides of vehicle 200,
mounted on, positioned behind, or positioned in front of any of the windows of vehicle 200, and mounted
in or near light figures on the front and/or back of vehicle 200, etc.

[0094] In addition to image capture devices, vehicle 200 may include various other components
of system 100. For example, processing unit 110 may be included on vehicle 200 either integrated with
or separate from an engine control unit (ECU) of the vehicle. Vehicle 200 may also be equipped with a
position sensor 130, such as a GPS receiver and may aso include a map database 160 and memory units
140 and 150.

[0095] Asdiscussed earlier, wireless transceiver 172 may and/or receive data over one or more
networks (e.g., cellular networks,, the Internet, etc.). For example, wireless transceiver 172 may upload
data collected by system 100 to one or more servers, and download data from the one or more servers.
Viawireless transceiver 172, system 100 may receive, for example, periodic or on demand updates to
data stored in map database 160, memory 140, and/or memory 150. Similarly, wireless transceiver 172
may upload any data (e.g., images captured by image acquisition unit 120, data received by position
sensor 130 or other sensors, vehicle control systems, etc.) from by system 100 and/or any data processed
by processing unit, 110 to the one or more: servers.,

[0096]| System 100 may-upload. data to a server (e.g., to the cloud) based on aprivacy level
setting.. For example,, system 100 may' implement: privacy- level settings to regulate: or limit:the types of’
data (including: metadata) | sent: to the server-that: may uniquely- identify- avehicle: and or driver/owner ' of a
vehicle., Such settings may- be set: by user via, for example,, wireless, transceiver- 172, be initialized. by
factory- defaullt: settings, or by data received by wireless transceiver - 172.
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[0097] Insome embodiments, :system 1100:may upload data:according to@a“high” jprivacy level,

.andunder (setting ;asetting, «system '100:may transmit «datai(e.g., location information related to:aroute,
«captured images, €tc.) without :any details :about the :specific vehicle iand/or driver/owner. For example,
‘when uploading (data:according to:a*high” jprivacy :setting, :system 100 may inot ‘include avehicle
identification -number (VIN) or:aname of :adriver or owner of the vehicle, :and may iinstead of transmit
(data, .such :as captured images :and/or limited llocation iinformation related to:aroute.

[0098] Other privacy levels:arecontemplated. For example, isystem 100 may transmit datatoa
server ;according to:an “intermediate” privacy level iand include additional information not included under
a“high” privacy level, such ias:amake ;and/or model of a vehicle and/or :avehicle type (e.g., @ passenger
wvehicle, ;sport utility vehicle, truck, €tc.). In:some embodiments, :system 100 may upload data:according
toa“low” privacy level. Under a“low” privacy level setting, system 100 may upload data and include
information sufficient to uniquely identify aspecific vehicle, owner/driver, .and/or aportion or entirely of
aroute traveled by the vehicle. Such “low” privacy level data may include one or more of, for example, a
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.

[0099] FIG. 2A isadiagrammatic side view representation of an exemplary vehicle imaging
system consistent with the disclosed embodiments. FIG. 2B is a diagrammatic top view illustration of the
embodiment shown in FIG. 2A. Asillustrated in FIG. 2B, the disclosed embodiments may include a
vehicle 200 including in its body asystem 100 with a first image capture device 122 positioned in the
vicinity of the rearview mirror and/or near the driver of vehicle 200, a second image capture device 124
positioned on or in abumper region (e.g., one of bumper regions 210) of vehicle 200, and a processing
unit 110.

[0100] Asillustrated. in FIG. 2C, image capture devices 122 and 124 may both be positioned in
the vicinity of the rearview mirror and/or near the driver of vehicle 200. Additionaly, while two image
capture devices 122 and 124 are shown in FIGS. 2B and 2C, it should be understood that other
embodiments may include more than two image capture devices. For example, in the embodiments
shown in FIGS. 2D and 2E, first, second, and third image capture devices 122, 124, and 126, are included
in the system 100 of vehicle 200.,

[0101], Asillustrated in FIG. 2D, image capture device 122 may be positioned in the vicinity of
the rearview mirror and/or near-the driver of 'vehicle 200, and image capture devices 124 and 126 may be
positioned on or in abumper-region (e.g., one of bumper regions 210): of vehicle 200. And as shown in
FIG. 2E, image capture: devices, 122, 124, and 126 may' be positioned . in the vicinity of the rearview
mirror- and/or: near-the driver: seat: of 'vehicle: 200.. The disclosed embodiments: are not: limited.to any
particular- number - and. configuration . of the image: capture: devices,, and.the image capture: devices may be
positioned. in any- appropriate: location; within and/or: on. vehicle: 200..

[0102]| It:iis to be understood . that: the: disclosed. embodiments: are not: limited! to vehicles: and

could be applied in other- contexts.. It:is alsoito be understood. that: disclosed . embodiments: are not: limited!
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ttoajparticular type of vehicle:200:andimay tbe:applicableto:all types of vehiclesiincluding automoabiles,

itrucks, itrailers, ;and ©other itypes «f vehicles.

[[0103] "Theffirstimage capturedevice 1122:may iinclude:any ssuitabletype «of iimage«capture
device. Image capture device 1122;may iincludean optica @xis. Jnwoneiinstance, theiimage«capture«device
1122 may iinclude:an Aptina M9V 024 "WV GA ssensor with:aglobal shutter. Tn«ther embodiments, iimage
«capture device 1122 may provide aresol ution «of 11280x960 jpixels and:may iinclude @rolling shutter. Tmage
«capture device 122 may ‘include various optical «€lements. In:some:embodiments oneor more lenses may
Ibeiincluded, for example, to-provide :adesired focal length:and field of view for the image capture device.
'In some embodiments, iimage capture device 122 :may ‘be:associated with @a6mm lensor @ 12mmlens. In
.some embodiments, ‘image capture device 122 may be:configured ‘to capture images having adesired
field-of-view (FOV) 1202, asiillustrated iin FIG. 2D. Forexample, iimage capture device 122 may lbe
configured to have aregular FOV, :such :aswithin :arange of 40 degrees t0:56 degrees, including @46
degree FOV, 50 degree FOV, 52 degree FOV, or greater. Alternatively, image capture device 122 may
be configured to have anarrow FOV in the range of 23 to 40 degrees, such as a 28 degree FOV or 36
degree FOV. In addition, image capture device 122 may be configured to have awide FOV in the range
of 100 to 180 degrees. In:some embodiments, image capture device 122 may include awide angle
bumper camera or .one with up to a 180 degree FOV. In some embodiments, image capture device 122
may be a7.2M pixel image capture device with an aspect ratio of about 2:1 (e.g., FIxV=3800x1'900
pixels) with about 100 degree horizontal FOV. Such an image capture device may be used in place of a
three image capture device configuration. Due to significant lens distortion, the vertical FOV of such an
image capture device may be significantly less than 50 degrees in implementations in which the image
capture device uses aradially symmetric lens. For example, such alens may not be radially symmetric
which would allow for avertical FOV greater than 50 degrees with 100 degree horizontal FOV.

[0104] The first image capture device 122 may acquire aplurality of first images relative to a
scene associated Wi\th the vehicle 200. Each of the plurality of first images may be acquired as a series of
image scan lines, which may be captured using arolling shutter. Each scan line may include a plurality of
pixels.

[0105] The first image capture device 122 may have a scan rate associated with acquisition of
each of the first series of image scan lines. The scan rate may refer to arate at which an image sensor can
acquire image data associated with each pixel included in aparticular scan line.

[0106]; Image capture devices 122, 124, and 126 may contain. any suitable type and number' of
image sensors, including: CCD sensors or CMOS sensors, for example.. In one embodiment,, a CMOS
image sensor may' be employed along with arolling; shutter, such that: each pixel in arow isread one at a
time, and scanning; of the rows proceeds on arow-by-row basis until an entire image frame has been
captured., In some embodiments,, the: rows may be captured sequentially* from top to bottom relative to the
frame.,
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[[0107] jIn;some embodiments, ©neormoreof thejimagecapture devices((e.g., iimagecapture

@devices 1122, 1124, ;and 1126) disclosed hereinmay constitute @alhighiresol ution iimager :andimay Ihave@
jresolution (greater ithan :5M jpixel, 7M jpixel, 130M |pixel, or greater.

[[0108] ‘The use of arolling shutter may result jinjpixelsiin different rows lbeing «exposed @and
(ce}ptured 2t different times, -which ;may cause skew :and other iimage :artifacts iinithe captured iimage fframe.
{Onthe ,other jhand, when the jimage (capture device 1122 isconfigured tooperate ‘with :aiglobal or
gmchronous shutter, :al of the pixels;may Ibeexposed :for the same:amount «of time :and during acommon

exposure period. As:aresult, the image data‘in:a:frame collected from a:system employing ayglobal

__________

movi ng .obj ects may .appear distorted in:animage capture device having :arolling shutter. This
phenomenon will be described in greater detail below.

[0109] The second image capture device 124 :and the third image capturing device 126 may be
any type of image capture device. Like the first image capture device 122, each of image capture devices
124 and 126 may include an optical axis. 1n one embodiment, each of image capture devices 124 and 126
may include an Aptina M9V024 WVGA sensor with aglobal shutter. Alternatively, each of image
capture devices 124 and 126 may include arolling shutter. Like image capture device 122, image capture
devices 124 and 126 may be configured to include various lenses and optical elements. Tn some
embodiments, |enses associated with image capture devices 124 and 126 may provide FOV's (such as
FOVs 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 of 40
degrees, 30 degrees, 26 degrees, 23 degrees, 20 degrees, or less.

[0110] Image capture devices 124 and 126 may acquire aplurality of second and third images
relative to a scene associated with the vehicle 200. Each of the plurality of second and third images may
shutter. Each scan line or row may have aplurality of pixels. Image capture devices 124 and 126 may
have second and third scan rates associated with acquisition of each of image scan lines included in the
second and third series.

[01 11] Each image capture. device 122, 124, and 126 may be positioned. at any suitable position
and orientation relative: ta vehicle. 200., The relative: positioning; of the image: capture devices 122, 124,
and 126 may be selected ta aid in fusing; together-the: information acquired. from the image capture:
devices., For-example, in some embodiments,, a FOV (such.as FOV 204)) associated! with. image: capture:
device; 124 may- overlap, partially - or-fully-with. a FOV' (such as FOV 202) associated . with.image: capture
device. 122 and a FOV " (such_ag FOV 206), associated . with,image capture: device: 126..

[_0112] | Image; capture; devices; 122, 124, and| 126 may- be located|on vehicle: 200 at: any- suitabl e
relative; heights., In,one instance,, there: may-be a height: difference: between the: image: capture: devices;

122, 124, and| 126, which,may-provide; sufficient :parallax: information; to enable: stereor analysis.. For-
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may also be alateral displacement difference between image capture devices 122, 124, and 126, giving

additional parallax infonnation for stereo analysis by processing unit 110, for example. The difference in
the lateral displacement may be denoted by d,, as shown in FIGS. 2C and 2D. In some embodiments,
fore or aft displacement (e.g., range displacement) may exist between image capture devices 122, 124,
and 126. For example, image capture device 122 may be located 0.5 to 2 meters or more behind image
capture device 124 and/or image capture device 126. This type of displacement may enable one of the
image capture devices to cover potential blind spots of the other image capture device(s).

[0113] Image capture devices 122 may have any suitable resolution capability (e.g., number of
pixels associated with the image sensor), and the resolution of the image sensor(s) associated with the
image capture device 122 may be higher, lower, or the same as the resolution of the image sensor(s)
associated with image capture devices 124 and 126. In some embodiments, the image sensor(s)
associated with image capture device 122 and/or image capture devices 124 and 126 may have a
resolution of 640 x 480, 1024 x 768, 1280 x 960, or any other suitable resolution.

[0114] The frame rate (e.g., the rate a which an image capture device acquires a set of pixel data
of one image frame before moving on to capture pixel data associated with the next image frame) may be
controllable. The frame rate associated with image capture device 122 may be higher, lower, or the same
asthe frame rate associated with image capture devices 124 and 126. The frame rate associated with
image capture devices 122, 124, and 126 may depend on avariety of factors that may affect the timing of
the frame rate. For example, one or more of image capture devices 122, 124, and 126 may include a
selectable pixel delay period imposed before or after acquisition of image data associated with one or
more pixels of an image sensor in image capture device 122, 124, and/or 126. Generaly, image data
corresponding to each pixel may be acquired according to aclock rate for the device (e.g., one pixel per
clock cycle). Additionally, in embodiments including arolling shutter, one or more of image capture
devices 122, 124, and 126 may include a selectable horizontal blanking period imposed before or after
acquisition of image data associated with arow of pixels of an image sensor in image capture device 122,
124, and/or 126. Further, one or more of image capture devices 122, 124, and/or 126 may include a
selectable vertical blanking period imposed before or after acquisition of image data associated with an
image frame of image capture device 122, 124, and 126.

[0115] These timing controls may enable synchronization of frame rates associated with image
capture devices 122, 124, and 126, even where the line scan rates of each are different. Additionally, as
will be discussed in greater detail below, these selectable timing controls, among other factors (e.g.,
image sensor resolution, maximum line scan rates, etc.) may enable synchronization of image capture
from an area where the FOV of image capture device 122 overlaps with one or more FOV's of image
capture devices 124 and 126, even where the field of view of image capture device 122 is different from
the FOV's of image capture devices 124 and 126.

[0116] Frame rate timing in image capture device 122, 124, and 126 may depend on the
resolution of the associated image sensors. For example, assuming similar line scan rates for both

devices, if one device includes an image sensor having aresolution of 640 x 480 and another device
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includes an image sensor with aresolution of 1280 x 960, then more time will be required to acquire a

frame of image data from the sensor having the higher resolution.

[0117] Another factor that may affect the timing of image data acquisition in image capture
devices 122, 124, and 126 isthe maximum line scan rate. For example, acquisition of arow of image
data from an image sensor included in image capture device 122, 124, and 126 will require some
minimum amount of time. Assuming no pixel delay periods are added, this minimum amount of time for
acquisition of arow of image data will be related to the maximum line scan rate for a particular device.
Devices that offer higher maximum line scan rates have the potential to provide higher frame rates than
devices with lower maximum line scan rates. In some embodiments, one or more of image capture
devices 124 and 126 may have amaximum line scan rate that is higher than amaximum line scan rate
associated with image capture device 122. In some embodiments, the maximum line scan rate of image
capture device 124 and/or 126 may be 1.25, 1.5, 1.75, or 2 times or more than a maximum line scan rate
of image capture device 122.

[01 18] In another embodiment, image capture devices 122, 124, and 126 may have the same
maximum line scan rate, but image capture device 122 may be operated at a scan rate less than or equal to
its maximum scan rate. The system may be configured such that one or more of image capture devices
124 and 126 operate at aline scan rate that is equal tothe line scan rate of image capture device 122. In
other instances, the system may be configured such that the line scan rate of image capture device 124
and/or image capture device 126 may be 1.25, 1.5, 1.75, or 2 times or more than the line scan rate of
image capture device 122.

[0119] In some embodiments, image capture devices 122, 124, and 126 may be asymmetric.
That is, they may include cameras having different fields of view (FOV) and focal lengths. The fields of
view of image capture devices 122, 124, and 126 may include any desired area relative to an environment
of vehicle 200, for example. In some embodiments, one or more of image capture devices 122, 124, and
126 may be configured to acquire image data from an environment in front of vehicle 200, behind vehicle
200, to the sides of vehicle 200, or combinations thereof.

[0120] Further, the focal length associated with each image capture device 122, 124, and/or 126
may be selectable (e.g., by inclusion of appropriate lenses etc.) such that each device acquires images of
objects a adesired distance range relative to vehicle 200. For example, in some embodiments image
capture devices 122, 124, and 126 may acquire images of close-up objects within a few meters from the
vehicle. Image capture devices 122, 124, and 126 may aso be configured to acquire images of objects at
ranges more distant from the vehicle (e.g., 25 m, 50 m, 100 m, 150 m, or more). Further, the focal
lengths of image capture devices 122, 124, and 126 may be selected such that one image capture device
(e.g., image capture device 122) can acquire images of objects relatively close to the vehicle (e.g., within
10 m or within 20 m) while the other image capture devices (e.g., image capture devices 124 and 126) can
acquire images of more distant objects (e.g., greater than 20 m, 50 m, 100 m, 150 m, etc.) from vehicle
200
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[0121] According to:someembodiments, the FOV «of one:or:-more image capture devices 122,

"124, ;and 1126;may lhave awide :angle. ‘For €xample, iit:may be:advantageous itolhave @ FOV af 1140
degrees, especially forimage capture devices 122, 1124, :and '126 that ‘may lbeused to capture images of the
areaiin the vicinity of vehicle 200. ‘For example, image capture device 122 may be used tocapture images
.of the ;areatothe right or 1eft of vehicle 12200 :and, iin:such embodiments, ‘it may bedesirable for iimage
«capture device 122 to have awide FOV ((e.g., @t lleast 140 degrees).

[0122] The field of view :associated with each of image capture devices 122, 124, and 126 may
depend on the respective foca lengths. For example, s the focal length increases, the corresponding
field.of view decreases.

[0123] Image capture devices 122, 124, :and 126 may be configured to have any :suitable fields of
view. Inone particular example, image capture device 122 may have ahorizontal FOV of 46 degrees,
image capture device 124 may have ahorizontal FOV of 23 degrees, and image capture device 126 may
have ahorizontal FOV in between 23 and 46 degrees. In another instance, image capture device 122 may
have a horizontal FOV of 52 degrees, image capture device 124 may have ahorizontal FOV of 26
degrees, and image capture device 126 may have a horizontal FOV in between 26 and 52 degrees. In
some embodiments, aratio of the FOV of image capture device 122 to the FOV's of image capture device
124 and/or image capture device 126 may vary from 1.5 to 2.0. In other embodiments, this ratio may
vary between 1.25 and 2.25.

[0124] System 100 may be configured so that afield of view of image capture device 122
overlaps, at least partially or fully, with afield of view of image capture device 124 and/or image capture
device 126. In some embodiments, system 100 may be configured such that the fields of view of image
capture devices 124 and 126, for example, fall within (e.g., are narrower than) and share a common center
with the field of view of image capture device 122. In other embodiments, the image capture devices
122, 124, and 126 may capture adjacent FOV's or may have partial overlap intheir FOVs. In some
embodiments, the fields of view of image capture devices 122, 124, and 126 may be aligned such that a
center of the narrower FOV image capture devices 124 and/or 126 may be located in alower half of the
field of view of the wider FOV device 122.

[0125] FIG. 2F is adiagrammatic representation of exemplary vehicle control systems,
consistent with the disclosed embodiments., Asindicated in FIG. 2F, vehicle: 200 may include throttling
system 220, braking system 230, and steering system 240. System 100 may provide inputs (e.g., control
signals). to one or more of throttling system 220, braking: system 230, and steering. system 240 over one or
more data links (e.g., any wired. and/or wireless, link or links for transmitting . data).. For example,, based.
on analysis of images acquired. by image capture devices 122, 124, and/or’ 126, system. 100 may provide
control| signals to one or-more. of throttling: system 220, braking; system 230, and. steering; system 240 to
navigate: vehicle: 200 (e.g., by causing: an acceleration,, aturn,, alane shift, etc.). Further,, system 100 may
receive: inputs from one or-more; of ‘throttling; system 220,, braking; system. 230,, and. steering; system. 24
indicating: operating; conditions; of ‘vehicle: 200 (e.g.,, speed,, whether* vehicle: 200 i's braking; and/or-turning,,
etc.).. Further-details; are provided: in connection. with FIGS. 4-7, below..
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[[0126] Asshowniin]FIG. 3A vehicle 200imay :alsojinclude auser iinterface 1170 forii nteracting
withadriver or apassenger ©of vehicle:200. JForexample, wuser iinterface 1170iinaavehicle wapplication may
iincludeaitouch «screen :320, lknobs 1330, Ibuttons ‘340, :and:aimicrophone :350. A driver or jpassenger ©f
Wvehicle;200;may ;asousejhandles (e.g., llocated ©on o inear tthessteering «column «f vehicle 2200iincluding,
forexample, turn signal jhandles), buttons (e.g., llocated on the steering ‘wheel of vehicle 200), :and the
llike, tojinteract with system -100. jin:someembodiments, :microphone :350:may Ibejpositioned adjacent toa
rearview -mirror -:310. Similarly, jin;someembodiments, iimage capture device 122 may bellocated mear
rearview -mirror -310. 'Insomeembodiments, iuser interface '170:may :also iinclude one or more :speakers
:360/(e.g., speakers of @ vehicle ;audio :system). For example, system "100-may jprovide various
notifications (e.g., aerts) via speakers 360.

[0127] FIGS. 3B-3D areillustrations of an exemplary camera mount 370 configured to be
positioned behind arearview mirror (e.g., rearview mirror :310) :and against a vehicle windshield,
consistent with disclosed embodiments. As:shown iin FIG. 3B, camera mount 370 may :include image
capture devices 122, 124, and 126. Image capture devices 124.and 126 may be positioned behind aglare
shield 380, which may be flush against the vehicle windshield and include a composition of film and/or
anti-reflective materials. For example, glare shield 380 may be positioned such that the shield aligns

agaj nst avehicle windshield having amatching slope. In some embodiments, each of image capture
devices 122, 124, and 126 may be positioned behind glare shield 380, as depicted, for example, in FIG.
3D. The disclosed embodiments are not limited to any particular configuration of image capture devices
122, 124, and 126, camera mount 370, and glare shield 380. FIG. 3Cisanillustration of camera mount
370 shown in FIG. 3B from afront perspective.

[0128] As will be appreciated by aperson skilled in the art having the benefit of this disclosure,
numerous variations and/or modifications may be made to the foregoing disclosed embodiments. For
example, not all; components are essential for the operation of system 100. Further, any component may
be located in any appropriate. part of system 100 and the components. may be rearranged into a variety of
configurations. while providing the functionality of the disclosed embodiments.. Therefore,, the foregoing.
configurations‘ are examples and, regardless of the configurations. discussed above, system 100 can
provide awide range of functionality to analyze the surroundings. of vehicle 200 and navigate vehicle 200
in response;to the analysis.,

[0129)) Asdiscussed|below-in further-detaill and| consistent: with: various; disclosed| embodiments, ,
system 100 may- provide: a variety- of features related|to autonomous; driving; and/or- driver- assist
technology., For-example, system 100 may- analyze:image data, position. data (e.g.,, GPS location:
information), map, data,, speed| data, and/or-data from: sensors; includediinivehicle: 200.. Systemi 100 may’
collect: the data for-analysis; from,, for-example,, image: acquisitioniunit: 120, position: sensor- 130,, andl other*
sensors., Further, system, 100 may- analyzesthe; collected| data to determine: whether -or- not: vehicle: 200
shouldjtake, a certain, action, andjthen, automatically -take; the; determined | actiom without: human
intervention., For-example, when, vehicle: 200 navigates; without: humantintervention,, system: 100 may"

automatically - control jthesbraking, , acceleration, , and/or- steering; of ‘vehicle:200) (e.g.,, by sending; controll
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«ignalsitoone @rimore (of throttling :system 220, lbraking ssystem 230, :and :steering :system :240). IFurther,
System ‘100 may :analyze the collected data:and iissue warnings :and/or :aertstovehicle occupants based on
theanalysis of the collected data. Additional details regarding ‘the various embodiments that :arejprovided
by ;system 100 :are provided below.

[[0130] Forward-Facing Multi-Imaging iSystem

[0131] Asdiscussed :above, system 100 may provide drive assist functionality that uses:amulti-
camerasystem. ‘The multi-camera :system ‘may useone or more cameras facing ‘inthe forward direction
©of avehicle. In.other embodiments, the multi-camera :system may ‘include oneor:more cameras facing to
the sideof avehicle or totherear of the vehicle. 1n.one.embodiment, for example, :system 100:may use@a
two-camera imaging system, where afirst camera.and a second camera (e.g., image capture devices 122
and 124) may be positioned at the front and/or the sides of avehicle (e.g., vehicle 200). The first camera
may have afield of view that is greater than, lessthan, or partially overlapping with, the field of view of
the second camera. In addition, the first.camera may be.connected to afirst image processor to perform
monocular image analysis of images provided by the first camera, and the second camera may be
connected to.a.second image processor to-perform monocular image :analysis of images provided by the
second camera. The outputs (e.g., processed information) of the first :and :second image processors may
be combined. 1n some embodiments, the second image processor may receive images from both the first
camera and second camera to perform stereo analysis. In another embodiment, system 100 may use a
three-camera imaging system where each of the cameras has a different field of view. Such a system
may, therefore, make decisions based on information derived from objects located at varying distances
both forward and to the sides of the vehicle. References to monocular image analysis may refer to
instances where image analysis is performed based on images captured from a single point of view (e.g.,
from asingle camera). Stereo image analysis may refer to instances where image analysis is performed
based on two or more images captured with one or more variations of an image capture parameter. For
example, captured images suitable for performing stereo image analysis may include images captured:
from two or more different positions, from different fields of view, using different focal lengths, along
with parallax information, etc.

[0132] For example, in one embodiment,, system 100 may implement athree camera
configuration using image capture devices 122, 124, and 126. In such a configuration,. image capture
device 122 may provide a narrow field of view (e.g., 34 degrees, or other values selected from arange of
about 20 to 45 degrees, etc.), image capture device 124 may provide awide field of view (e.g., 150
degrees or other values selected from arange of about 100 to about 180 degrees), and image capture
device 126 may- provide: an intermediate: field of view (e.g., 46 degrees or other values: selected. from a
range of ‘about: 35 to about: 60 degrees).. In some embodiments,, image capture: device: 126 may act as a
main or primary-camera., Image capture: devices 122, 124, and 126 may' be positioned. behind. rearview
mirror- 310 and positioned substantially - side-by-side: (e.g.,, 6 cm apart).. Further,, in.some embodiments,, as

discussed above, one or more: of image capture: devices 122, 124, and. 126 may' be mounted. behind. glare
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sshield :3801that jisiflush-withthe-windshield «of vehicle 200. {Such shielding :may iact to:minimize the

iimpact of :any reflections -from iinside the car .onimage capture devices 122, 124, :and '126.
[0133] 1n:another embodiment, :asdiscussed :above inconnection with FIGS. :3B :and 3C, the

‘wide field.of view camera(e.g., image capture device 124 in the :iabove example) :may be'mounted lower

than the narrow ;and main field of view cameras(e.g., image devices 122 :and '126 ‘in the @above example).

‘This configuration may -provide a freellineof sight from the wide field of view camera. 'To:reduce
reflections, the cameras may be mounted «close to the windshield «of vehicle 200, :and -may iinclude
‘polarizers on the cameras to damp reflected light.

[[0134] A three camera:system may provide «certain performance characteristics. For example,
some embodiments may ‘include .an :ability to validate the detection of objects by one camera based on
detection results from :another .camera. Inthethree camera configuration discussed above, processing unit
110 may include, for example, three processing devices (e.g., three EyeQ :series of processor chips, as
discussed above), with each processing device dedicated to processing images captured by one or more of
image capture devices 122, 124, and 126.

[0135] Inathree camera system, afirst processing device may receive images from both the
main camera.and the narrow field of view camera, .and perform vision processing -of the narrow FOV
camerato, for example, detect other vehicles, pedestrians, lane marks, traffic signs, traffic lights, and
other road objects. Further, the first processing device may calculate a disparity of pixels between the
images from the main camera and the narrow camera and create a 3D reconstruction of the environment
of vehicle 200, The first processing device may then combine the 3D reconstruction with 3D map data or
with 3D information calculated based on information from another camera.

[0136] The second processing device may receive images from main camera and perform vision
processing to detect other vehicles, pedestrians, lane marks, traffic signs, traffic lights, and other road
objects. Additionally, the second processing device may calculate a camera displacement and, based on
the displacement, calculate a disparity of pixels between successive images and create a 3D
reconstruction of the scene (e.g., a structure from motion).. The second processing device may send the
structure from motion based 3D reconstruction to the first processing device to be combined with the
stereo 3D images.

[0137] The third processing device may receive images from the wide FOV camera and process
the images to detect vehicles, pedestrians, lane marks, traffic signs, traffic lights, and other road objects.
The third processing device may further execute additional processing instructions to analyze images to
identify objects moving in the image, such as vehicles changing lanes, pedestrians,. etc.

[0138], In some embodiments,, having, streams of image-based information captured and
processed independently - may- provide: an opportunity for providing; redundancy - in the: system.. Such
redundancy  may- include, for example,, using a first.image capture device and. the images processed. from
that; device to validate: and/or- supplement: information. obtained by capturing; and. processing; image

information from at: least: a second image capture device.
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[[0139] ‘In:some embodiments, system 1100:may usetwo iimage capture devices (e.g., image
«capture devices '122 and "124) ‘in-providing -navigation :assistance for vehicle 200 :and use athird image
capture device (e.g., image capture device 126) toprovide redundancy :and validate the :analysis of data
received from the other two image capture devices. For example, in:such :a.configuration, image capture
devices 122 and 124 may -provide images for :stereo :analysis by :system 100 for navigating vehicle 200,
while image capture device 126 may provide images for monocular :analysis by :system 100 toprovide
redundancy :and validation .of information obtained based on images ccaptured from image capture device
122 and/or image capture device 124. That is, image capture device 126 i(and :a.corresponding ‘processing
device) may be considered to-provide aredundant sub-system for providing :acheck onthe analysis
derived from image capture devices 122 and 124 (e.g., to provide an automatic emergency braking (AEB)
system). Furthermore, in some embodiments, redundancy and validation of received data may be
supplemented based on information received from one more sensors (e.g., radar, lidar, acoustic sensors,

[0140] One of skill inthe art will recognize that the above camera configurations, camera
placements, number of cameras, camera locations, etc., are examples only. These components and others
described relative to the overall system may be assembled and used in avariety of different
configurations without departing from the scope of the disclosed embodiments. Further details regarding
usage of amulti-camera system to provide driver assist and/or autonomous vehicle functionality follow
below.

[0141] FIG. 4 isan exemplary functional block diagram of memory 140 and/or 150, which may
be stored/programmed with instructions for performing one or more operations consistent with the
disclosed embodiments. Although the following refers to memory 140, one of skill in the art will
recognize that instructions may be stored in memory 140 and/or 150.

[0142] Asshown in FIG. 4, memory 140 may store amonocular image analysis module 402, a
stereo image analysis module. 404, a velocity and acceleration module: 406, and anavigational  response:
module 408. The disclosed embodiments. are not limited to any particular  configuration of memory 140.
Further, application processor- 180 and/or-image processor 190 may execute the instructions. stored. in any
of modules 402, 404, 406, and 408 included in memory 140. One of skill. in the art will understand. that
references in the following: discussions. to processing unit. 110 may refer-to application processor 180 and
image processor- 190 individually - or collectively.. Accordingly,, steps of any of the following. processes
may be perfonned by one or more processing: devices..

[0143]; In one embodiment,, monocular image analysis module 402 may store instructions (such
as computer-vision, software), which,, when executed! by processing; unit: 110, performs: monocular- image
analysis of ‘a set: of 'images; acquired by one of image capture devices 122, 124, and 126. Ih some
embodiments, processing: unit: 110 may- combine: information from a set of images with. additional . sensory
information_(e.g., information from.radar,, lidar,, etc.)ito perform the monocular-image: analysis. As
described in connection, with, FIGS., 5A-5D) below,, monocular-image analysis: module: 402 may' include

instructions; for- detecting: a set: of ‘features; within. the set of images,, such. as lane markings,, vehicles,
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pedestrians, :road signs, highway exit ramps, traffic lights, Ihazardous «objects, :and any other feature

:associated with:an environment of :avehicle. Based on the:analysis, :system 100i(e.g., viajprocessing unit
"110) may cause one or more navigational responses iin vehicle 1200, :such as:aturn, alane:shift, achangeiin
:acceleration, ;and-the Jlike, as discussed ‘bel ow in.connection ‘with inavigational response :modul e -408.

[0144] Inoneembodiment, :stereo image:analysis module 404 may store instructions i(such :as
computer vision ;software) ‘which, when executed by jprocessing unit ‘110, performs :stereo image anaysis
of first.and :second «sets of images :acquired by :aicombination «of image capture «devices :selected fromany
«©of image capture devices 122, 124, :and 126. In:someembodiments, jprocessing ‘unit :110:may «combine
information from the firstand second sets of images with additional sensory information «(e.g.,
information from radar) to perform the stereo image analysis. For example, stereo image analysis module
404 may include instructions for performing stereo image analysis based on afirst set of images acquired
by image capture device 124 and a second :set of images acquired by image capture device 126. Ass

. described in connection with FIG. 6 below, stereo i mége analysis module 404 may include instructions

for detecting .a set of features within the first and second :sets of images, :such as lane markings, vehicles,
pedestrians, road signs, highway exit ramps, traffic lights, hazardous objects, and the like. Based .on the
analysis, processing unit 110 may cause one or more navigational responses in vehicle 200, such asa
turn, a lane shift, a change in acceleration, and the like, as discussed below in connection with
navigational response module 408. Furthermore, in some embodiments, stereo image analysis module
404 may implement techniques associated with atrained system (such as a neural network or a deep
neural network) 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 captured

~and processed. In 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.

[0145] In one embodiment, velocity and acceleration module 406 may store software configured
to analyze data received from one or more computing and electromechanical devices in vehicle 200 that
are configured to cause a change in velocity and/or acceleration of vehicle 200. For example, processing
unit 110 may execute instructions associated with velocity and acceleration module 406 to calculate a
target speed for vehicle 200 based on data derived from execution of monocular image analysis module
402 and/or stereo image analysis module 404. Such data may include, for example, atarget position,.
velocity, and/or acceleration,, the position and/or speed of vehicle 200 relative to anearby vehicle,
pedestrian, or road object, position information for vehicle 200 relative to lane markings of the road, and
the like. In addition, processing unit 110 may calculate atarget speed for vehicle 200 based on sensory
input (e.g., information from radar) and input from other systems of vehicle 200, such asthrottling system
220, braking: system 230, and/or steering: system 240 of 'vehicle: 200. Based. on the calculated target:
speed, processing: unit: 110 may-transmit: electronic: signals to throttling: system 220, braking; system 230,
and/or- steering: system 240 of 'vehicle: 200 to trigger- a change iin velocity and/or' acceleration. by, for
example, physically- depressing; the brake or easing; up off the accelerator of vehicle: 200.
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[[0146] 1Inoneembodiment, inavigational sresponseimodul e«4081may sstoressoftware¢executabl etby

jprocessing unit 1310t odetermine ;adesired inavigational response based on«datacderived firomeexecufiondf
1mgnpcyj ar jimage.analysisjmodul e 402 and/or sstereoii magezanalysisimodul e «404. ‘Suchatairmay iinclude
jpositionand speed jinformation ;associated withinearby wehicles, jpedestrians, «andiroad «objects, ttarget
jpositioniinformation fforvehicle:200, andithellike. Additionally, ii nssomecembodiments, ttheinavigational
jresponse;may tbetbased (partially or fully) onimap data, :ajpredetermined jposition of vehicle 200, :aand/or @
frelative velocity (or ayrelative accel eration lbetween vehicle:200:and one«ormore objects detected ffrom
&xecution of monocular jimage ;analysis;modul e 402 ;and/or stereo iimage:anaysis imodul e -404.

‘Navi gati onal response module 408 may :a so Ibe.configured ttodetermine iadesired navi gationa response
Ibased onsensory jinput (e.g., iinformation fromsradar) :and iinputs from «other systems ©f vehicle 200, 'such
as-throttling system 220, braking system 230, :and :steering :system 240 of vehicle 200. Based on the
desired navigational response, processing unit 110 may transmit €lectronic :signals to throttling :system
220, braking system 230, ;and ;steering system :240 of vehicle 2200 to trigger adesired navigational
responseby, for example, turning the steering wheel of vehicle 200 to:achieve arotation of a

predetermi ned angle. 1n.some embodiments, processing unit 110 may use the output of navigational
response module 408 (e.g., the desired navigational response) as an input to execution -of velocity and
acceleration module 406 for calculating a change in speed of vehicle 200.

[0147] Furthermore, any of the modules (e.g., modules 402, 404, and 406) disclosed herein may
impl ement techniques associated with atrained system (such asaneural network or a deep neural
network) or an untrained system.

[0148] FIG. 5A isa flowchart showing an exemplary process 500A for causing one or 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
(such asimage capture device 122 having field of view 202) may capture aplurality of images of an area
forward of vehicle 200 (or to the sides or rear of avehicle, for example) and transmit them over adata
connection (e.g., digital, wired, USB, wireless, Bluetooth,, etc.) to processing. unit 110. Processing. unit
110 may- execute: monocular- image analysis module 402 to analyze the plurality of images at step 520, as
described in further- detail| in connection with FIGS. 5B-5D-below.. By performing; the analys's,
processing, unit; 110 may- detect: a set. of ‘features within the set of images, such: as lane markings,, vehicles,
ped&strians,, road signs, highway - exit:ramps, traffic: lights, and the like.

[0149] Processing; unit: 110 may- also execute: monocular:image analysis module: 402 to detect:
various road, hazards; a. step) 520, such, as, for-example,, parts of ‘atruck:tire, fallen.roadl signs, |oose cargo,
detection, of ‘such, hazards; more; challenging.. I'nisome embodiments,, processing; unit: 110 may’ execute:
monocular-image, analysis;module; 402 to, perform multi-frame: analysis onithe: plurality of images to
detect;road|hazards., For-example,, processing; unitt 110) may- estimate: camera.motioni between: consecutive:

image frames and cal culate;the: disparities; ini pixel s; betweenithe: frames; to constructta 3D-map of the:road..
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‘Processing unit -110:may -then use the:3D-map to detect theroad :surface, ias'well @shazards existing :above

theroad surface.

[[0150] At :step:530, processing wnit 1110:may execute navigational response imodul e 408 ftocatise
\0neor more navigational jresponses iin-vehicle 200 based on the:analysis performed at :step 520 :andthe
techniques :as described :above iin connection with FIG. 4. Navigational responses may iinclude, for
example, aturn, @lane:shift, achangein:acceleration, :and the like. ‘In:someembodiments, processing
unit -110-may use data derived from execution of velocity :and :accel eration :modul e 406 to cause the onhe or
‘more-navigational responses. Additionally, multiple navigational responses may occur :simultaneously, in
ssequence, or any combination thereof. For instance, processing unit 110 may cause vehicle 200 to:shift
one lane over :and then ;accelerate by, for example, sequentially transmitting «control :signalsto steering
system 240 and throttling :system 220 of vehicle 200. Alternatively, processing unit 110 may ‘cause
vehicle 200 to brake while a the same time shifting lanes by, for example, :simultaneously transmitting
control signals to braking system 230 and :steering system 240 of vehicle 200.

[0151] FIG. 5B is:aflowchart showing :an exemplary process 500B for detecting one or more
vehicles and/or pedestrians in a set of images, consistent with disclosed embodiments. Processing unit
110 may execute monocular image analysis module 402 to implement process 500B. At step 540,
processing unit 110 may determine a set of candidate objects representing possible vehicles and/or
pedestrians. For example, processing unit 110 may scan one or more images, compare the images to one
or more predetermined patterns, and identify within each image possible locations that may contain
objects of interest (e.g., vehicles, pedestrians, or portions thereof). The predetermined patterns may be
designed in such away 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
candidate objects as possible vehicles or pedestrians. Doing so may allow processing unit 110 to reduce
the probability of missing (e.g., not identifying) acandidate object representing avehicle or pedestrian.

[0152] At step 542, processing unit 110 may filter the set of candidate objects to exclude certain
candidates (e.g., irrelevant or less relevant objects) based on classification criteria. Such criteria may be
derived from various properties associated with object types stored in a database (e.g., a database stored
in memory 140).. Properties may include object shape, dimensions,, texture, position (e.g., relative to
vehicle 200), and the like, Thus, processing unit 110 may use one or more sets of criteriato reject false
candidates from the set of candidate objects.

[0153], At step 544, processing; unit 110 may analyze multiple frames of images to determine
whether- objects in the set of candidate: objects represent: vehicles and/or' pedestrians.. For example,
processing; unit: 110 may- track - a detected. candidate: object across consecutive: frames and accumul ate
frame-by-frame: data associated. with.the detected. object (e.g., size, position. relative:to vehicle 200, etc.).
Additionally,, processing: unit: 110 may- estimate: parameters: for the detected! object: and compare the
object’ s frame-by-frame: position data to a predicted! position..

[0154]] At step 546, processing; unit: 110 may' construct: a set of measurements: for the detected:

objects. Suchmeasurements; may' include,, for example, position,, velocity,, andi acceleration. values
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((relative to-vehicle :200) ;associated ‘with the«detected ©bjects. 1In:someembodiments, jprocessing wnit 1110

jmay construct the;measurements Ibased on«estimation techniques 1using «asseries of time-based ©bservations
suchasKaman ffiltersor llinear quadratic «estimation (L QE), :and/or Ibased ©on:available imodeling «ataifor
«ifferent object types (e.g., «cars, trucks, jpedestrians, Ibicycles, road signs, «tc.). ‘ThelKaman ffiltersimay
lbelbased ona;measurement (of :an.object’ s sscale, whereithe sscal eimeasurement iisjproportional toatimeito
collision (e.g., the:amount «of time for vehicle 200 to:reach the object). Thus, by performing ‘steps:540-
546, processing ‘unit ‘110 may ‘identify ‘vehicles iand pedestrians :appearing within the :set of captured
images:and derive information (e.g., position, :speed, :size) iassociated with the vehicles and pedestrians.
‘Based ontheidentification :and the derived iinformation, jprocessing ‘unit 110 may «cause ©ne or ‘more
‘navigational iresponses ‘in-vehicle 200, :asdescribed iin«connection with [FIG. 5A, :above.

[0155] At step 548, processing unit ‘110 may jperform :anoptical flow ianalysis of oneor:-more
images to reduce the probabilities of detecting a*false hit” and missing a.candidate object that represents
avehicle or pedestrian. The optical flow analysis may refer to, for example, analyzing motion patterns
relative to vehicle 200 in the one or more images associated with other vehicles and pedestrians, and that
aredistinct from road surface motion. Processing unit 110 may calculate the motion of candidate objects
by observing the different positions of the objects across multiple image frames, which are captured a
different times. Processing unit 110 may use the position and time values as inputs into mathematical
models for calculating the motion of the candidate objects. Thus, optical flow analysis may provide
another method of detecting vehicles and pedestrians that are nearby vehicle 200. Processing unit 110
may perform optica flow analysis in combination with steps 540-546 to provide redundancy for detecting
vehicles and pedestrians and increase the reliability of system 100.

[0156] FIG. 5C isaflowchart showing an exemplary process 500C for detecting road marks
and/or lane geometry information in a set of images, consistent with disclosed embodiments. Processing
unit 110 may execute monocular image analysis module 402 to implement process 500C. At step 550,
processing unit 110 may detect a set of objects by scanning one or more images. To detect segments of
lane markings, lane geometry information, and other pertinent road marks, processing unit 110 may filter
the set of objects to exclude those determined to be irrelevant (e.g., minor potholes,. small rocks, etc.). At
step 552, processing unit 110 may group together the segments detected in step 550 belonging to the same
road mark or lane mark. Based on the grouping,. processing unit 110 may develop a model to represent
the detected segments, such as a mathematical model..

[0157]; At step 554, processing; unit: 110 may construct: a set of measurements: associated with the
detected segments., In some embodiments,, processing; unit: 110 may' create a projection of the detected.
segments from the image plane onto the real-world plane.. The projection may be characterized using a
3rd-degree; polynomial | having: coefficients; corresponding; to physicall properties. such as the position,,
slope, curvature, and curvature: derivative: of the: detected road.. In generating, the projection,, processing.
unit- 110 may- take into account: changes in the road surface, as well as pitch and. rolll rates associated with.

vehicle; 200., In addition,, processing: unit: 110 may- modell the road! el evation: by" analyzing; position: andl
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jmotion cuespresent ontheroad surface. JFurther, jprocessing 1unit 1120:may estimate thejpitch @andrroll

rates associated ‘with vehicle :200 by tracking @a:set of feature jpointsin-the oneor:more iimages.

[[0158] At step 556, processing unit 11110 may jperform imulti-frame @analysis loy, for e€xample,
tracking the detected :segments :across consecutive iimage fframesand :iaccumul ating iframe-by-frame «ata
:associated with detected :segments. Asjprocessing unit ‘110 performs multi-frame :analysis, the 'set of
‘measurements constructed ;at step ;554 may lbecome more reliable iand :associated ‘with :aniincreasingly
higher confidence level. ‘Thus, by performing :steps 550, :552, :554, iand 556, ‘processing unit 110 may
identify road marks appearing ‘within the set of captured images and derive lane geometry iinformation.
Based on the identification :and the derived information, processing unit 110 may «cause one-or more
navigational responses invehicle 200, asdescribed in.connection with FIG. 5A, above.

[0159] At step 558, processing unit 110 may consider :additional :sources of information to
further develop asafety model for vehicle 200 inthe context of its:surroundings. Processing unit 110
may use the safety model to define a.context in which system 100 may execute .autonomous control ‘of
vehicle 200 in asafe manner. To develop the safety model, in some embodiments, processing unit 110
may consider the position and motion of other vehicles, the detected road edges and barriers, and/or
general road shape descriptions extracted from map data (such as data from map database 160). By
considering additional sources of information, processing unit 110 may provide redundancy for detecting
road marks and lane geometry and increase the reliability of system 100.

[0160] FIG. 5D is aflowchart showing an exemplary process 500D for detecting traffic lights in
aset of images, consistent with disclosed embodiments. Processing unit 110 may execute monocular
image analysis module 402 to implement process 500D. At step 560, processing unit 110 may scan the
set of images and identify objects appearing at locations in the images likely to contain traffic lights. For
example, processing unit 110 may filter the identified objects to construct a set of candidate objects,
excluding those objects unlikely to correspond to traffic lights. The filtering may be done based on
various properties associated with traffic lights, such as shape, dimensions, texture, position (e.g., relative
to vehicle 200), and the 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 may perform
multi-frame: analysis. on the set of candidate: objects reflecting. possible traffic: lights. For example,
processing: unit 110 may track the candidate: objects across consecutive image frames, estimate the real-
world position of the candidate: objects, and filter out those objects that are moving: (which are unl ikely to
betraffic. lights).. In some embodiments,, processing; unit: 110 may perfonn. color: analysis on the candidate
objects and identify- the relative: position of the detected. colors appearing; inside possible: traffic: lights.

[0161]] At step 562, processing; unit. 110 may- analyze the geometry- of ‘ajunction.. The analysis
may- be based on any- combination of:; (i) the number- of lanes detected. on either' side of 'vehicle 200, (ii)
markings; (such as arrow- marks), detected. on the road,, and. (iii)i descriptions; of thejjunction: extracted. from
map, data (such as data from map database: 160).. Processing; unit: 110 may’ conduct:the analysis using;

information, derived. from execution_of 'monocular- analysis module: 402.. In. addition,, Processing; unit: 110
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‘may determine @acorrespondence lbetween thetraffic llights detected @ :step 560 :and the llanes :appearing

inear-vehicle:200.

[[0162] Asvehicle:200 approachesithejunction, :at sstep 564, processing unit 1110:may update'the
confidence level ;associated ‘with the:analyzed junction ;geometry :and the detected traffic lights. ‘For
iinstance, the number of traffic lights.estimated to.appear :a the junction :ascompared ‘with the:number
actually ;appearing :at-the junction ‘may impact the confidence level. Thus, based on the confidence level,
processing unit "110 may delegate control tothe driver of vehicle 200 in.order to improve safety
conditions. By performing :steps 560, 562, :and 564, processing unit 110 may identify traffic lights -
appearing within the set of captured images and analyze junction geometry information. Based onthe
identification and the :analysis, processing unit 110 may cause one-or more navigational responses in
vehicle 200, asdescribed in connection with FIG. 5A, :above.

[0163] FIG. 5E is:aflowchart showing an exemplary process 500E for causing one-or more
navigational responses in vehicle 200 based on:avehicle path, consistent with the disclosed embodiments.
At step 570, processing unit 110 may construct an initial vehicle path :associated with vehicle 200. The
vehicle path may be represented using a set of points expressed in coordinates (x, Z), and the distance d,
between two points in the set of points may fall in the range of 1to 5 meters. In one embodiment,
processing unit 110 may construct the initia vehicle path using two polynomials, such asleft and right
road polynomials. Processing unit 110 may calculate the geometric midpoint between the two
polynomials and offset each point included in the resultant vehicle path by a predetermined offset (e.g., a
smart lane offset), if any (an offset of zero may correspond totravel in the middle of alane). The offset
may bein adirection perpendicular to asegment between any two points in the vehicle path. In another
embodiment, processing unit 110 may use one polynomial and an estimated lane width to offset each
point of the vehicle path by half the estimated lane width plus a predetermined offset (e.g., a smart lane
offset).

[0164] At step 572, processing unit 110 may update the vehicle path constructed a step 570.
Processing unit 110 may reconstruct the vehicle path constructed at step 570 using a higher resolution,
such that the distance d, between two points in the set of points representing the vehicle path is less than
the distance d, described above. For example, the distance d, may fall in the range of 0.1to 0.3 meters.
Processing, unit 110 may reconstruct the vehicle path using a parabolic spline agorithm, which may yield
a cumulative distance vector S corresponding to the total length of the vehicle path (i.e., based on the set
of ‘points representing: the vehicle path).

[0165]] At step 574, processing; unit: 110 may determine: alook-ahead point: (expressed. in
coordinates as (x, zi)) based on the updated. vehicle path constructed at step 572. Processing; unit 110 may
extract: the look-ahead point: from the cumulative: distance vector S, and the look-ahead. point: may be
associated with a look-ahead| distance and look-aheaditime.. The look-ahead. distance, which. may have a
lower- bound. ranging: from. 10 to 20 meters, may- be calculated: as the product: of the speed: of 'vehicle 200
and the look-ahead time., For-example,, as the speed of 'vehicle 200 decreases,, the |0ok-ahead. distance

may- also decrease: (e.g.,, untill it: reaches the lower: bound).. The look-ahead!time,, which. may range from
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0.5 to 1.5 seconds, may be inversely proportional tothe gain of one or more control loops associated with

causing anavigational response in vehicle 200, such asthe heading error tracking control loop. For
example, the gain of the heading error tracking control loop may depend on the bandwidth of ayaw rate
loop, a steering actuator loop, car latera dynamics, and the like. Thus, the higher the gain of the heading
error tracking control loop, the lower the look-ahead time.

[0166] At step 576, processing unit 110 may determine a heading error and yaw rate command
based on the look-ahead point determined at step 574. Processing unit 110 may determine the heading
error by calculating the arctangent of the look-ahead point, e.g., arctan (xi/ zi). Processing unit 110 may
determine the yaw rate command asthe product of the headi ng error and a high-level control gain. The
high-level control gain may be equal to: (2/ look-ahead time), if the look-ahead distance isnot at the
lower bound. Otherwise, the high-level control gain may be equal to: (2 * speed of vehicle 200 / look-
ahead distance). ‘

[0167] FIG. 5F is aflowchart showing an exemplary process 500F for determining whether a
leading vehicle is changing lanes, consistent with the disclosed embodiments. At step 580, processing
unit 110 may determine navigation information associated with aleading vehicle (e.g., a vehicle traveling
ahead of 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 be configured to determine one
or more road polynomials, alook-ahead point (associated with vehicle 200), and/or a snail trail (e.g., a set
of points describing a path taken by the leading vehicle), using the techniques described in connection
with FIG. 5E, above.

[0168] At step 582, processing unit 110 may analyze the navigation information detennined at
step 580. In one embodiment, processing unit 110 may calculate the distance between asnail trail and a
road polynomial (e.g., aong 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
moderately curvy road, and 0.5 to 0.6 meters on aroad with sharp curves), processing unit 110 may
determine that the leading vehicle is likely changing lanes. Inthe case where multiple vehicles are
detected traveling ahead of vehicle 200, processing unit 110 may compare the snail trails associated with
each vehicle. Based onthe comparison, processing unit 110 may determine that avehicle whose snail
trail does not match with the snail trails of the other vehicles islikely changing lanes. Processing unit 110
may additionally compare the curvature of the snail trail (associated with the leading vehicle) with the
expected curvature of the road segment in which the leading vehicle istraveling. The expected curvature
may be extracted from map data (e.g., data from map database 160), from road polynomials, from other
vehicles' snail trails, from prior knowledge about the road, and the like. If the difference in curvature of
the snail trail and the expected curvature of the road segment exceeds a predetermined threshold,
processing unit 110 may determine that the leading vehicle is likely changing lanes.

[0169] In another embodiment, processing unit 110 may compare the leading vehicle's

instantaneous position with the look-ahead point (associated with vehicle 200) over a specific period of
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the look-ahead jpoint -varies «during the specific period «of time, :and the .cumulative sum of variation
exceeds apredetennined threshold (for example, 10.3 10'0.4 meters on:a:straight road, '0.7 t0'0.8 meters on
amoderately curvy road, and 1.3 to 1.7 meters on:aroad with sharp curves), processing unit 110 may
determine that the leading vehicle iislikely changing lanes. In.another embodiment, processing unit 110
may analyze the geometry of the snail trail by comparing the lateral distance traveled :aong the trail with
the expected curvature of the snail trail. ‘The expected radius of curvature may bedetermined :according
tothe calculation:; <(612-+ ‘6x2) ,1:1,11(6x),, where & represents the lateral distance traveled :and <6<'repr&eents
the longitudinal distance traveled. If the difference between the latera distance traveled :and the expected
curvature exceeds apredetermined threshold «(e.g., 500 to 700 meters), processing unit 110 may determine
analyze the position of the leading vehicle. If the position of the leading vehicle obscures aroad
polynomial (e.g., the leading vehicle is overlaid ontop of the road polynomial), then processing unit 110
may determine that the leading vehicle islikely changing lanes. In the case where the position of the
leading vehicle is such that, another vehicle is detected ahead of the leading vehicle and the snail trails of
the two vehicles are not parallel, processing unit 110 may determine that the (closer) leading vehicle is
likely changing lanes.

[0170] At step 584, processing unit 110 may determine whether or not leading vehicle 200 is
changing lanes based on the analysis performed at step 582. For example, processing unit 110 may make
the determination based on aweighted average of the individual analyses performed at step 582. Under
such a scheme, for example, adecision by processing unit 110 that the leading vehicle is likely changing
lanes based on a particular type of analysis may be assigned avalue of “1” (and “0” to represent a
determination that the leading vehicle isnot likely changing lanes). Different analyses performed & step
582 may be assigned different weights, and the disclosed embodiments are not limited to any particular
combination of analyses and weights..

[0171]] HIG. 6 isaflowchart showing an exemplary: process 600 for causing. one or more
navigational responses. based on stereo image analysis, consistent with disclosed embodiments.. At step
610, processing unit 110 may receive afirst and second plurality of images via data interface: 128. For
example, cameras included in image acquisition unit 120 (such. as image capture devices 122 and 124
having fields of view 202 and 204) may capture afirst and second plurality of images of an area forward
of vehicle 200 and transmit them over adigital connection (e.g., USB, wireless,, Bluetooth,, etc.) to
processing, unit 110. In some embodiments,, processing, unit. 110 may receive: the first. and second
plurality- of images via two, or more: data interfaces.. The disclosed! embodiments; are not: limited.to any
particular- data interface: configurations; or- protocols..

[0172]] At step:620,, processing; unit: 110 may execute: stereor image: analysis module: 404 to
perform stereo image: analysis; of the: first:and. second. plurality - of images to create: a 3D' map: of the road. in:
front: of the vehicle; and. detect: features; within the:images,, such. as lane markings,, vehicles,, pedestrians,,

road signs, highway exit: ramps,, traffic: lights, road. hazards, and'the: like.. Stereo image: analysis may be
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jperformediinzamanner ssimilar {totthesstepscdescribed iincconnection withIFIGS. 5A-5D, @bove. TFor

&xample, jprocessing unit 1310;may ¢execute stereoiimage:analysisimodul e <404 todetect «candi date objects
((e.g.,\vehicles, jpedestrians, jroad marks, traffic llights, roadlhazards, etc.) within theffirstzand ssecond
jplurality of jimages, ffilter cout ;assubset «of the candidate objects Ibased on-various criteria, @andjperform
jmulti-frame ;analysis, construct ;measurements, :and determine @acconfidence llevel ffor therremaining
«candidate objects. Injperforming thesteps:above, jprocessing 1unit 1130:may «consider iinformation ffrom
{both the ffirst ;and second plurality «of images, irather than iinformation ifrom one:set @f iimages:alone. JFor
example, processing wunit 1110:may :analyze the differences iin pixel-level datai(or other data:subsets from
:among the two streams of captured iimages) ffor :a.candidate object :appearing iinboth the first iand ‘second
plurdlity of images. As:another example, processing unit "110:may «estimate @position :and/or velocity of a
candidate object (e.g., relative to-vehicle:200) by observing that the object appears iin one of the pl urality
of i mages but -not the other or relative to other differences that ‘may exist relative to.objects appearing if
thetwo image streams. For example, position, velocity, :and/or acceleration relative to vehicle 200 may
be determined based on trajectories, positions, movement characteristics, etc. of features associated with
an object appearing in one or both of the image streams.

[0173] At step 630, processing unit 110 may execute navigational response module 408 to cause
one or more navigational responses in vehicle 200 based on the analysis performed at 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. Tn some
embodiments, processing unit 110 may use data derived from execution of velocity and acceleration
module 406 to cause the one or more navigational responses. Additionaly, multiple navigational
responses may occur simultaneously, in sequence, or any combination thereof.

[0174] FIG. 7 isaflowchart showing an exemplary process 700 for causing one or more
navigational responses based on an analysis of three sets of images, consistent with disclosed
embodiments. At step 710, processing unit 110 may receive afirst, second, and third plurdity of images
via data interface, 128, For instance, cameras included in image acquisition unit 120 (such as image
capture devices 122, 124, and 126 having fields of view 202, 204, and 206) may capture a first, second,
and third plurality - of images of an area forward and/orto the side of vehicle: 200 and transmit.them over a
digital connection (e.g., USB, wireless, Bluetooth, etc.) to processing. unit: 110. n some embodiments,,
proc ng; unit: 110 may receive: the first, second, and third plurality of images viathree or more data
interfaces. For-example, each of image capture: devices 122, 124, 126 may have an associated! data
interface for- communicating ; data to processing; unit: 110.. The disclosed. embodiments: are not: limited to
any: particular-data, interface; configurations; or-protocols..

[0175]} At step, 720,, processing; unit; 110 may- analyze: the: first, second,, and!third! plurality- of
images; to, detect- features; within, the images,, such as lane markings,, vehicles,, pedestrians, , roadl signs,
highway- exit:ramps, traffic; lights, road| hazards,, andithe like.. The:analysis may- be performed!ima marirer
similar -to the; steps; described| i connection withi FIGS.. 5A-5D1andl 6, above.. For-instance,, processi ng:

unit; 130)may perform,monocular -image; analysis; (e.g.,, via execution: of‘ monocular -image: analysis module:
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402 ;andbased onthe stepsdescribed jinconnection \withFIGS. ‘5A-5D, @bove) oneach of theffirst,

«second, and third pplurdity of images. Alternatively, jprocessing iunit 1110:may jperform sstereoiimage
zanalvysi s‘(e.g., Viagexecution (of stereo jimage @analysisimodul e 404 :and Ibased ontthe ssteps«described iin
«connection with |FIG. 6, above) ©ontheffirst :andsecond jplurality «of images, thesecond :and third jplurality
«of images, ;and/or the first ;and third jplurality of images. Thejprocessed iinformation «corresponding tothe
analysis of the first, second, ;and/or third plurality «of images:may lbe«combined. lIn:some embodiments,
lproc ng unit 1130-may |perform :accombination «of monocular :and :stereo iimage @analyses. For example,
processing -unit 110 may -perform monocular :image analysis (e.g., viaexecution of monocular image
analysis module 402) onthe first plurality of images:and stereo image :analysis i(e.g., viaexecution of
stereo vimage analysis module 404) on-the second ;and third plurality «of images. The configuration of
image capture devices 122, 1124, and 126—including their respective locations :and fields of view 202,
204, ;and 206—may influence the types of analyses conducted on the first, second, :and third plurality of
images. The disclosed embodiments .are not limited to.aparticular configuration of image capture devices
122, 124, and 126, or the types of analyses conducted .on the first, second, and third plurality of images.

L[01761 In some embodiments, processing unit 110 may perform testing on system 100 based -on
the images acquired and analyzed at steps 710 and 720. Such testing may provide an indicator of the
overall performance of system 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., cases where system
100 incorrectly determined the presence of avehicle or pedestrian) and “misses.”

[0177] At step 730, processing unit 110 may cause one or more navigational responses in vehicle
200 based on information derived from two of the first, second, and third plurality of images. Selection
of two of the first, second, and third plurality of images may depend on various factors, such as, for
example, the number, types, and sizes of objects detected in each of the plurality of images. Processing
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 or more objects of interest
actually appear in the frames (e.g., the percentage of frames in which an object appears, the proportion of

[0178]J In some embodiments, processing unit 110 may select information. derived from two of
the first, second, and third plurality of images by determining the extent to which information derived
from one image, source: is consistent with information derived from other-image sources.. For-example,,
processing: unit: 110 may combine: the processed information derived. from each of image: capture: devices -
determine; visual| indicators; (e.g.,, lane markings,, a detected vehicle: and.its location and/or’ path,, a detected.
traffic. light, etc.) that: are consistent: across the: images capturedi from each of image: capture: devices: 122,
124, and 126. Processing; unit: 110 may- also exclude: information that: is inconsistent : across the: captured:
imageq (e.g., avehicle,changing: lanes, a lanesmodel | indicating; a vehicle:that: i's too close: to vehicle: 200,
etc.)., Thus, processing; unit: 110 may- select: information, derived! from:twor of the first,, second,, andlthirdl

plural ityr of images; based| on, the: determinations; of ‘consistent; andl inconsi stent : information. .
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[[0179] ‘Navigational jresponsesimay iinclude, :for e€xample, aturn, @llane:shift, iachangeiin

:acceleration, :andthelike. 1Processing wnit 1110:may causettheoneor:moreinavigational iresponsesibased
onthe:analysisperformed :at sstep 720 :and the techniques ias«described :@boveiin connection with FIG. 4.
‘Processingunit 1130:may :al so usedataderived -from execution «f vel ocity :and iaccel eration :module-406 to
«causethe oneor more navigationa :responses. In:someembodiments, processing unit 110 may cause the
0neor more-navigational jresponses Ibased on:arelative position, irelative velocity, :and/or rrelative
:accel eration Ibetween vehicle:200 :and:an object detected within any «of the first, :second, :and third plurality
of images. Multiple navigational responses may occur :simultaneously, in:sequence, or any combination
thereof.

[0180] :Sparse Road Model for Autonomous Vehicle Navigation

[0181] In:some embodiments, the disclosed :systems:and methods may use a:sparse map for
autonomous vehicle navigation. In particular, the sparse map may be for :autonomous vehicle navigation
along aroad segment. For example, the sparse map may provide sufficient information for navigating an
autonomous vehicle without storing and/or updating a large quantity of data. As-discussed below in
further detail, an autonomous vehicle may use the sparse map to navigate one or more roads based on one
or more stored trgjectories.

[0182] Sparse Map for Autonomous Vehicle Navigation

[0183] 1n some embodiments, the disclosed systems and methods may generate a sparse map for
autonomous vehicle navigation. For example, the sparse map may provide sufficient information for
navigation without requiring excessive data storage or data transfer rates. As discussed below in further
detail, a vehicle (which may be an autonomous vehicle) may use the sparse map to navigate one or more
roads. For example, in some embodiments, the sparse map may include data related to aroad and
potentially landmarks aong the road that may be sufficient for vehicle navigation, but which also exhibit
small data footprints. For example, the sparse data maps described in detail below may require
significantly less storage space and datatransfer bandwidth as compared with digital maps including
detailed map information, such as image data collected along a road.

[0184] For example, rather than storing detailed representations of aroad segment, the sparse
data map may store three-dimensional . polynomial representations of preferred vehicle paths along aroad.
These paths may require very little data storage space. Further, in the described sparse data maps,
landmarks may be identified and included in the sparse map road model to aid in navigation. These
landmarks may be located at any spacing suitable for enabling vehicle navigation,, but. in some cases, such
landmarks need not: be identified. and included in the modell a high densities and short: spacings. Rather,
in some cases, navigation may- be possible based on landmarks that. are spaced. apart by & least 50 meters,
at least 100 meters, at: least: 500 meters, a least 1 kilometer, or at least 2 kilometers.. Aswill. be discussed
in more detail in other: sections, the: sparse map may be generated. based! oni data collected. or measured! by
vehicles eguipped. with.various sensors and devices, such as image capture devices, Globall Positioning;
System sensors, motion sensors, etc., asthe vehiclestravel along roadways. In some cases, the sparse

map, may- be generated. based, on, data collected! during multiple: drives of ‘'one or more vehicles along a
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jparticular roadway. (Generating :a:sparse:map wsing:multiple drives.of oneor:more vehicles may lbe
referred to.as* crowdsourcing” :a:sparse map.

[0185] Consistent with disclosed embodiments, :an autonomous vehicle:system may useaisparse
map for navigation. For example, the disclosed :systems:and methods may distribute :a:sparse map for
generating aroad navigation mode! for:an:autonomous vehicle:and may navigate :an autonomous vehicle
:aong a-road.segment using :a;sparse map :and/or .a.generated road navigation model. ‘Sparse maps
consistent with the present disclosure may include one.or more three-dimensional «contours that may
represent predetermined trajectories that :autonomous vehicles may traverse iasthey move:aong
:associated road segments.

[0186] Sparse maps consistent with the present disclosure may aso include data representing
one or more road features. Such road features may include recognized landmarks, road signature profiles,
and any other road-related features useful in navigating avehicle. Sparse maps consistent with the
present disclosure may enable autonomous navigation of avehicle based on relatively small amounts of
data included in the sparse map. For example, rather than including detailed representations of aroad,
such as road edges, road curvature, images associated with road segments, or data detailing other physical
features associated with aroad segment, the disclosed embodiments of the sparse map may require
relatively little storage space (and relatively little bandwidth when portions of the sparse map are
transferred to avehicle) but may still adequately provide for autonomous vehicle navigation. The small
data footprint of the disclosed sparse maps, discussed in further detail below, may be achieved in some
embodiments by storing representations of road-related elements that require small amounts of data but
still enable autonomous navigation.

[0187] For example, rather than storing detailed representations of various aspects of aroad, the
disclosed sparse maps may store polynomial representations of one or more trgjectories that a vehicle may
follow along the road. Thus, rather than storing (or having to transfer) details regarding the physical
nature of the road to enable navigation along the road, using the disclosed sparse maps, a vehicle may be
navigated along a particular road segment without, in some cases, having to interpret physical aspects of
the road, but rather, by aligning its path of travel with atrgjectory (e.g., a polynomial. spline) along the
particular road segment.. In this way, the vehicle may be navigated based mainly upon the stored
tragjectory (e.g., apolynomi‘al spline) that may require much less storage space than an approach involving
storage of roadway images, road parameters, road layout, etc.

[0188] In addition tothe stored polynomial representations of trajectories along aroad segment,
the disclosed sparse maps may aso include small. data objects that may represent aroad feature. In some
embodiments, the small data objects may include digital: signatures, which. are derivedi from a digitall
image (or-adigital. signal)ithat: was obtained by a sensor (e.g.,, a camera or other sensor, such. as a
suspension sensor), onboard: g vehicle traveling, along the road segment.. The digitall signature may have a
reduced size relative to the signal that: was acquired by the sensor. In some embodiments, the digitall
signature may- be created to be compatible with a classifier function that: is configured: to detect and to
identify-the road, feature from the signall that: is acquired by the sensor,, for- example, during; a subsequent
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drive. Inssomeembodiments, :adigital :signatureimay lbeccreated ssuchtthat thedigital signaturelhasa
footprint that iis:as;small ;aspossible, whileretaining the:ability to«correlate or match theroad feature with
the stored signature Ibased on;animage(or :adigital ssignal ;generated lby :a:sensor, if the stored signatureiis
inot based onanjimage:and/or iincludes other data) of theiroad featurethat i sccaptured by @mcameraonboard
avehicletraveling :along the .same:road :segment :at :a:subsequent time.

[[0189] In.some embodiments, :a:sizeof the data.objects may be further associated witha
uniqueness of the road feature. For example, for:aroad feature that isdetectable by :a.cameraonboarda
vehicle, and where the camera system onboard the vehicle is coupled to aclassifier that iscapable of
distinguishing the image data corresponding to that road feature as being associated with @ particular type
of road feature, for example, aroad sign, :and where:such:aroad signiislocally unique inthat areale.g.,
therejisno identical road sign orroad :sign of the :same type nearby), it may be:sufficient to store data
indicating the type of the road feature and its location. ‘

[0190] Aswill be discussed in further detail below, road features(e.g., landmarks along aroad
segment) may be stored :as.small data objects that may represent aroad feature in relatively few bytes,
while a the same time providing sufficient information for recognizing and using such a feature for
navigation. In one example, aroad sign may be identified as arecognized landmark on which navigation
of avehicle may be based. A representation of the road sign may be stored in the sparse map to include,
e.g., afew bytes of data indicating atype of landmark (e.g., astop sign) and a few bytes of data indicating
alocation of the landmark (e.g., coordinates). Navigating based on such data-light representations of the
landmarks (e.g., using representations sufficient for locating, recognizing, and navigating based upon the
landmarks) may provide a desired level of navigational functionality associated with sparse maps without
significantly increasing the data overhead associated with the sparse maps. This lean representation of
landmarks (and other road features) may take advantage of the sensors and processors included onboard
such vehicles that are configured to detect, identify, and/or classify certain road features.

[0191] When, for example, asign or even aparticular type of asign is localy unique (e.g., when
there isno other sign or no other sign of the sametype) in a given area, the sparse map may use data
indicating atype of alandmark (asign or a specific type of sign), and during navigation (e.g.,
autonomous navigation). when acamera onboard an autonomous vehicle captures an image of the area
including a sign (or of a specific type of sign), the processor may process the image, detect the sign (if
indeed present in the image),, classify the image as a sign (or as a specific type of sign), and correlate the
location of the image with the location of the sign as stored in the sparse map.

[0192]] Generating: a Sparse Map:

[0193] In some embodiments,, a sparse map may- include at least one line representation of aroad
surface feature extending: along a road segment: and a plurality - of landmarks associated. with.the road
segment., In, certain aspects, the sparse: map may' be generatedi via “crowdsourcing,”’ for example, through:
image analysis of ‘a plurality- of images acquired as one or- more vehicles traverse: the road segment.

[0194]] FIG. 8 shows asparse map 800 that: one or- more vehicles, e.g., vehicle: 200 (which. may

be an autonomous vehicle), may- access for providing; autonomous vehicle navigation.. Sparse map 800

35



10

15

20

25

30

35

WO 2020/174279 PCT/1IB2020/000152
imay bestored jin;amemory, ssuch asimemory 1140.0r 1150. (Suchimemory «devicesimay iincl ude any ttypesof

jnon-transitory storage devices or computer-readable imedia. JFor «example, iinssomeembodiments, :memory
1140 0r 1150,may jinclude jhard drives, compact discs, iflash;memory, imagnetic Ibased imemory «evices,
coptical jbased,;memory devices, €tc. JInsomeembodiments, «sparseimap :800:1may lbesstored iinadatabase
((e.g.,map database 1160) that ;may (be stored jim;memory 1140 .or 1150, or other ttypes «f sstorage devices.

[[0195] jIn:some ©embodiments, :sparse;map 800 -may be:stored on astorage device or a
non-transi tory computer-readable jmedium jprovided onboard -vehicle 200 (e.g., a:storage «eviceiincluded
in @mavigation system ;onboard vehicle 200). A jprocessor (e.g., processing unit 110) provided onvehicle
200 may ;access :sparse map 800 stored ‘in the storage device or computer-readable ‘medium provi ded
onboard vehicle 200 in order to generate navigational ‘instructions for guiding the :autonomous vehicle
200 asthe vehicle traverses ;aroad segment.

[0196] :Sparse map 800 need not be:stored locally ‘with respect to:avehicle, however. 1n:some
embodiments, sparse map :800 may be stored on a:storage device or computer-readable medium provided
on aremote server that communicates with vehicle 200 or adevice associated with vehicle 200. A
processor (e.g., processing unit 110) provided .on vehicle 200 may receive data included in sparse map
800 from the remote server and may execute the data for guiding the autonomous driving of vehicle 200.
In such embodiments, the remote server may store all of sparse map 800 or only aportion thereof.
Accordingly, the storage device or computer-readable medium provided onboard vehicle 200 and/or
onboard one or more additional vehicles may store the remaining portion(s) of sparse map 800.

[0197] Furthermore, in such embodiments, sparse map 800 may be made accessible to aplurality
of vehicles traversing various road segments (e.g., tens, hundreds, thousands, or millions of vehicles,
etc.). It should be noted also that sparse map 800 may include multiple sub-maps. For example, in some
embodiments, sparse map 800 may include hundreds, thousands, millions, or more, of sub-maps that may
be used in navigating avehicle., Such sub-maps may be referred to as local maps, and avehicle traveling
along aroadway may access any number of local maps relevant to a location in which the vehicle is
traveling. The local map sections of sparse map 800 may be stored with a Global Navigation Satellite
System (GNSS) key as an index tothe database of sparse map 800. Thus, while computation of steering
angles for navigating ahost vehicle in the present system may be performed. without reliance upon a
GNSS position of the host vehicle, road features, or landmarks,, such GNSS information. may be used for
retrieval_of relevant: local| maps.,

[0198] In general, sparse map, 800 may' be generated based on data collected. from one or more
vehicles asthey travel along; roadways.. For-example, using; sensors aboard.the: one or more: vehicles (e.g..,
cameras, speedometers,, GPS, accelerometers,, etc.),, the trgjectories that: the one or- more vehicles: travell
anng; aroadway- may-be recorded,, and;the polynomial . representation. of ‘a preferred| tragjectory- for- vehicles
making; subsequent: trips; along; the; roadway - may- be determined| based! onithe: collectedltrajectories;
travelled| by-the one or-more, vehicles.. Similarly,, data collected| by-the one or-more: vehicles may- ai din
identifyi ng; potenti allandmarks; along; a particular-roadway.. Data, collected| fromitraversing; vehicles may’

also be useditg identify-road| profilesinformation,, such as road| width: profiles,, road| roughness; profiles,,
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traffic line.spacing jprofiles, road conditions, etc. ‘Using the collected iinformation, :sparseimap 800 may be

generated ;and distributed ((e.g., for llocal storage or viaon-the-fly datatransmission) foruseiininavigating
onear more ;autonomous -vehicles. However, iin someembodiments, :map jgeneration :may inot endupon
initial generation of the map. Aswill lbediscussed iingreater detail el ow, :sparse map {800 may be
continuously (or jperiodically updated based on data«collected from vehicles asthose vehicles continue to
traverse roadways included ‘in sparse map 800.

[0399] Datarecorded jin:sparse map 800 may ‘include position information based on'Global
Positioning System (GPS) data. For example, location information may beincluded in:sparse map 800
for various map €elements, including, for example, landmark llocations, road profile locations, etc.
Locations for map € ements iincluded ‘in:sparse map :800 may beobtained using ‘GPS data collected from
vehicles traversing aroadway. For example, avehicle passing :anidentified landmark may determine a
location of the identified landmark using GPS position information .associated with the vehicle and a
determination of alocation of the identified landmark relative to the vehicle (e.g., based on 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 as additional
vehicles pass the location of the identified landmark. Some or al of the additional location
determinations may be used to refine the location information stored in sparse map 800 relative to the
identified landmark. For example, in some embodiments, multiple position measurements relative to a
particular feature stored in sparse map 800 may be averaged together. Any other mathematical
operations, however, may also be used to refine a stored location of amap element based on aplurality of
determined locations for the map element.

[0200] The sparse map of the disclosed embodiments may enable autonomous navigation of a
data density (e.g., including data representing the target trajectories, landmarks, and any other stored road
features) of lessthan 2 MB per kilometer of roads, lessthan 1MB per kilometer of roads, less than 500
kB per kilometer of roads, or lessthan 100 kB per kilometer of roads. In some embodiments,. the data
density of sparse map 800 may be less than 10 kB per kilometer of roads or even less than 2 kB per
kilometer of roads (e.g., 1.6 kB per kilometer),, or no more than |OkB: per kilometer of roads, or no more
than 20 kB. per kilometer of roads.. In some embodiments, most, if not all, of the roadways. of the United
data density values may represent  an average over an entire sparse map 800, over alocal map within
sparse map, 800, and/or- over- a particular road segment within sparse map 800.

[0201]; Asnoted, sparse map 800 may include representations: of ‘a plurality of target trajectories
810 for guiding: autonomous. driving; or navigation. along aroad segment.. Such target: trgjectories may be
stored. ag three-dimensional [ splines.. The target trajectories; stored. in sparse: map 800 may’ be determined.
based on two or- more reconstructed | trgjectories; of prior-traversals: of 'vehicles along; a particular road
segment,, for-example., A road! segment: may-be associated| with: a single target:trajectory - or multiple target:

trgjectories., For-example,, on atwo, lane road,, a first.target:trajectory - may be stored! to represent: an
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intended path of travel aong the road in afirst direction, and a second target trgjectory may be stored to

represent an intended path of travel along the road in another direction (e.g., opposite to the first
direction). Additional target trajectories may be stored with respect to a particular road segment. For
example, on amulti-lane road one or more target trajectories may be stored representing intended paths of
travel for vehicles in one or more lanes associated with the multi-lane road. In some embodiments, each
lane of amulti-lane road may be associated with its own target trgjectory. In other embodiments, there
may be fewer target trajectories stored than lanes present on amulti-lane road. In such cases, avehicle
navigating the multi-lane road may use any of the stored target trajectories to guides its navigation by
taking into account an amount of lane offset from alane for which atarget trgjectory is stored (e.g., if a
vehicle istraveling in the left most lane of athree lane highway, and atarget trgjectory is stored only for
the middle lane of the highway, the vehicle may navigate using the target trgjectory of the middie lane by
accounting for the amount of lane offset between the middle lane and the left-most lane when generating
navigational instructions).

[0202] In some embodiments, the target trajectory may represent an ideal path that avehicle
should take asthe vehicle travels. Thetarget trgjectory may be located, for example, at an approximate
center of alane of travel. In other cases, the target trgjectory may be located elsewhere relative to aroad
segment. For example, atarget trgjectory may approximately coincide with a center of aroad, an edge of
aroad, or an edge of alane, etc. In such cases, navigation based on the target trgjectory may include a
determined amount of offset to be maintained relative to the location of the target trajectory. Moreover,
in some embodiments, the determined amount of offset to be maintained relative to the location of the
target trajectory may differ based on atype of vehicle (e.g., apassenger vehicle including two axles may
have a different offset from atruck including more than two axles along a least a portion of the target
trgjectory).

[0203] Sparse map 800 may also include datarelating to aplurality of predetermined landmarks
820 associated with particular road segments, local maps, etc. Asdiscussed in greater detail below, these
landmarks may be used in navigation of the autonomous vehicle. For example, in some embodiments, the
landmarks may be used to determine a current position of the vehicle relative to a stored target trajectory.
With this position information, the autonomous vehicle may be able to adjust aheading direction to match
adirection of the target trgjectory at the determined location.

[0204] The plurality of landmarks 820 may be identified and stored in sparse map 800 a any
suitable spacing. In some embodiments, landmarks may be stored at relatively high densities (e.g., every
few meters or more). In some embodiments, however, significantly larger landmark spacing values may
be employed. For example, in sparse map 800, identified (or recognized) landmarks may be spaced apart
by 10 meters, 20 meters, 50 meters, 100 meters, 1kilometer, or 2 kilometers. In some cases, the
identified landmarks may be located at distances of even more than 2 kilometers apart.

[0205] Between landmarks, and therefore between determinations of vehicle position relative to
atarget trgjectory, the vehicle may navigate based on dead reckoning in which the vehicle uses sensors to

determine its ego motion and estimate its position relative to the target trgjectory. Because errors may
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@accumul ate during snavigation Iby «dead reckoning, over timethejposition determinations irel ativeto'the
target trajectory ‘may Ibecomejincreasingly lless:accurate. ‘The vehiclemay wsellandmarksoccurringin
«sparse map 800 (and their lknown llocations) to:remove the dead reckoning-induced errorsiiniposition
«determination. 'Inithis-way, theiidentified landmarksiincluded iin:sparse:map {800 :may Serve:as
‘navigational ;anchors from which :an.accurate jposition of thevehicle relative to:atarget trajectory may be
determined. Because :acertain :amount of error may be:acceptable in position location, an identified
landmark -need inot :always be:avail able to:an:autonomous vehicle. Rather, :suitable navigation may lbe
possible even lbased on landmark :spacings, ias noted :above, of 10 meters, 20 meters, 50 meters, 100
meters, 500 meters, 1kilometer, 2 kilometers, or more. 1n:someembodiments, adensity of lidentified
landmark every 1km of road may besufficient to maintain alongitudina position determination :accuracy
within 1m. ‘Thus, not every potential landmark appearing :along aroad :segment need be:stored iin sparse
map 800.

[0206] Moreover, in some.embodiments, lane markings may be used for localization of the
vehicle during landmark spacings. By using lane markings during landmark spacings, the accumulation
of during navigation by dead reckoning may be minimized.

[0207] In addition to target trajectories and identified landmarks, sparse map 800 may include
information relating to various other road features. For example, FIG. 9A illustrates arepresentation of
curves along a particular road segment that may be stored in sparse map 800. In some embodiments, a
single lane of aroad may be modeled by athree-dimensional polynomial description of left and right
sides of the road. Such polynomials representing left and right sides of a single lane are shown in FIG.
9A. Regardless of how many lanes aroad may have, the road may be represented using polynomials in a
represented by polynomials similar to those shown in FIG. 9A, and intermediate lane markings included
on amulti-lane road (e.g., dashed markings representing lane boundaries, solid yellow lines representing
boundaries between lanes traveling in different directions, etc.) may aso be represented using
polynomials such asthose shown in FIG. 9A.

[0208] Asshown in FIG. 9A, alane 900 may be represented using polynomials (e.g., afirst
order, second order, third order, or any suitable order polynomials).. For illustration, lane 900 is shown as
atwo-dimensional lane and the polynomials are shown astwo-dimensional. polynomials.. As depicted in
FIG. 9A, lane 900 includes aleft side 910 and aright side 920. In some embodiments, more than one
polynomial may be used to represent. a location of each side of the road or lane boundary.. For example,
each of left side 910 and right: side 920 may be represented. by a plurality of polynomials: of any suitable
length., In some cases, the polynomials; may have alength of about: 100 m, although other lengths greater
than or less than 100 m may also be used.. Additionally, the polynomials: can overlap with one another in
order ta facilitate seamless transitions; in navigating: based. on subsequently” encountered: polynomials as a
host vehicle travels along aroadway., For-example, each of left side 910 and right: side 920 may be
represented by a plurality- of third order- polynomials separated.into segments of ‘about: 100 meters in
length, (an example of the first: predeterminedirange),, and overl apping; each other by about 50 meters. The
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jpolynomials;representing tthelleft:si de«9j10:andtherright :side‘920:1may «orimay inotlhavethe ssameorder.

[For example, in:some embodiments, :some;polynomials may Ibe:second order jpolynomials, someimay lbe
third order polynomials, :and:some:may Ibesfourthorder jpolynomials.

[[0209] 'Initheexample showniin'FIG. 9A, lleft side'910 of lane'900 iisrepresented by two groups
«of third order polynomials. The first group iincludesjpolynomial :segments ‘911, 912, :and 913. Thesecond
groupiincludes polynomial :segments 914,915, :and'916. Thetwo ;groups, while:substantially jparallel to
914, 915, .and 916 have alength of :about 100 meters:and overlap :adjacent :segments iin the series by iabout
50 meters. Asnoted previously, however, polynomials of different llengths :and different overlap amounts
may also beused. For example, the polynomials may have lengths of 500 m, 1km, or more, and the
overlap amount may vary from0to 50 m, 50 mto 100 m, or greater than 100 m.. Additionally, while
FIG. 9A isshown asrepresenting polynomials extending in:2D :space (e.g., on the surface of the paper), it
isto be understood that these polynomials may represent curves extending in three dimensions (e.g.,
including a height component) to represent elevation changes in aroad segment in addition to X-Y
curvature. Inthe example shown in FIG. 9A, right side 920 of lane 900 is further represented by a first
group having polynomial segments 921, 922, and 923 and a second group having polynomial segments
924, 925, and 926.

[0210] Returning to the target trajectories of sparse map 800, FIG. 9B shows athree-dimensional
polynomial representing atarget trajectory for avehicle traveling along aparticular road segment. The
target trajectory represents not only the X-Y path that a host vehicle should travel along a particular road
segment, but also the elevation change that the host vehicle will experience when traveling along the road
segment. Thus, each target trajectory in sparse map 800 may be represented by one or more three-
dimensional polynomials, like the three-dimensional polynomial 950 shown in FIG. 9B. Sparse map 800
may include aplurality of trajectories (e.g., millions or billions or more to represent trajectories of
vehicles along various road segments along roadways throughout the world).. In some embodiments, each
target trajectory may correspond to a spline connecting, three-dimensional polynomial segments.

[0211]; Regarding the data footprint of polynomial curves stored in sparse map 800, in some
embodiments, each third degree polynomia may be represented by four parameters,. each requiring. four
bytes of data, Suitable representations. may be obtained with third degree polynomials requiring. about
192 bytes of ‘data for-every: 100m, This may translate:to approximately’ 200 kB per hour: in data
usage/transfer- requirements; for-a host: vehicle traveling; approximately - 100 km/hr..

[0212]] Sparse map 800 may- describe the lanes network: using; a combination: of geometry’
descriptors and meta-data.. The geometry- may be described! by polynomials: or splines as described: above.
The meta-data may- describe the number- of ‘lanes, speciali characteristics (such: as a car' pooll [ane),, and:
possibly- other- sparse labels.. The total. footprint: of 'such indicators may be negligible..

[0213]] Accordingly,, a sparse:map according;to embodiments: of the present: disclosure: may”
include at: |east: one line representation, of ‘a roadl surface feature extending; al ong; the roadl sesgment,, eachi

line representation, representing:; a pathi al ong; the road! segment: substantially’ corresponding; withithe road!
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surfacefeature. JIn.some embodiments, as«iscussed :above, ithe:atleast onelline representation of theiroad

surface feature may jinclude :a:spline, ;ajpolynomial rrepresentation, «or:acurve. ‘Furthermore, iin<some
embodiments, theroad surface feature may iinclude :at least one of :arroad «edge or :allane:marking.
‘Moreover, asdiscussed Ibelow ‘with respect to* crowdsourcing,” theroad :surface feature may lbeiidentified
through :image analysis of :aplurality «of images :acquired :as.oneor - more vehicles traverse the road
:segment.

[[0214] As-previously inoted, :sparse-map 800 may iincludeajplurality of predetermined landmarks
associated with aroad segment. Rather than :storing :actual images of the landmarks :and relying, for
example, on image recognition analysis based on captured images :and stored images, each landmark in
sparse map 800 may be represented ;and recognized using less data than a:stored, actual image would
require. Data representing landmarks may till include sufficient information for describing «or
identifying the landmarks along aroad. Storing data describing characteristics of ,Iandmérks, rather than
the actual images of landmarks, may reduce the size of sparse map :800.

[0215] FIG. 10 illustrates examples of types of landmarks that may be represented in sparse map
800. The landmarks may include any visible and identifiable objects along aroad segment. The
landmarks may be selected such that they are fixed and do not change often with respect to their locations
and/or content. The landmarks included in sparse map 800 may be useful in determining alocation of
vehicle 200 with respect to atarget trajectory asthe vehicle traverses a particular road segment.

Examples of landmarks may include traffic signs, directional signs, general signs (e.g., rectangular signs),
roadside fixtures (e.g., lampposts, reflectors, etc.), and any other suitable category. In some
embodiments, lane marks on the road, may also be included as landmarks in sparse map 800.

[0216] Examples of landmarks shown in FIG. 10 include traffic signs, directional signs, roadside
fixtures, and general signs. Traffic signs may include, for example, speed limit signs (e.g., speed limit
sign 1000), yield signs (e.g., yield sign 1005), route number signs (e.g., route number sign 1010), traffic
light signs (e.g., traffic light sign 1015), stop signs (e.g., stop sign 1020). Directional signs may include a
directional signs may include ahighway sign 1025 having arrows for directing vehicles to different roads
or places, an exit sign 1030 having an arrow directing, vehicles off aroad, etc. Accordingly,, a least one
of the plurality of landmarks. may include aroad sign.

[0217]] Genera signs may be unrelated to traffic.. For example, general signs may include
billboards, used for advertisement,  or a welcome: board adjacent. a border between two countries, states,
counties, cities, ortowns., FIG. 10 shows a general sign 1040 (“Joe's Restaurant”).. Although. generall
sign 1040 may- have a rectangular- shape, as shown in FIG. 10, general sign 1040 may have other shapes,
such as square, circle, triangle,, etc.,

[0218]; Landmarks; may- also include: roadside: fixtures.. Roadside: fixtures may' be objects that are
not: signs, and may- not: be related. to traffic: or directions.. For-example,, roadside: fixtures may-include:

lampposts; (e.g., lamppost: 1035), power- line posts, traffic: light posts, etc.
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[[0219] JLandmarks ;may :alsoiincludelbeacons that imay lbe:specifically «esigned forusageiinan
:autonomous vehicle navigation system. JFor example, suchlbeaconsimay iinclude sstand-al one structures
[placed :at jpredetermined iintervals to:aidiin:navigating :alhost vehicle. !Suchbeacons may :asoiinclude
visual/graphical information ;added to.existing iroad signsi(e.g., iicons, emblems, lbar «codes, «tc.) that imay
beidentified or recognized by ;avehicle traveling :along :arroad ssegment. !Such‘beacons may :aso'include
e ectronic.components. In:such embodiments, €lectronic lbeacons (e.g., RFID tags, etc.) may beused to
transmit -non-visual information to.ahost vehicle. ‘Suchiinfonnation may include, forexample, landmark
identification and/or landmark location iinformation that :a host vehicle may ‘use indetermining itsposition
along atarget trajectory.

[0220] In:some embodiments, the landmarks iincluded in:sparse map :800 may be represented by
adataobject of apredetermined size. The data representing alandmark may include any :suitable
parameters for identifying aparticular landmark. For example, in some embodiments, landmarks stored
in sparse map 800 may include parameters ;such as aphysical size of the landmark (e.g., to :support
estimation of distance to the landmark based on a known size/scale), adistance to a previous landmark,
lateral offset, height, atype code (e.g., alandmark type—what type of directional sign, traffic sign, etc.),
a GPS coordinate (e.g., to support global localization), and any other suitable parameters. Each parameter
may be associated with adata size. For example, alandmark size may be stored using 8 bytes of data. A
distance to a previous landmark, alateral offset, and height may be specified using 12 bytes of data. A
type code associated with alandmark such as a directional sign or atraffic sign may require about 2 bytes
of data. For general signs, an image signature enabling identification of the general sign may be stored
using 50 bytes of data storage. The landmark GPS position may be associated with 16 bytes of data
storage. These data sizes for each parameter are examples only, and other data sizes may also be used.

[0221] Representing landmarks in sparse map 800 in this manner may offer alean solution for
efficiently representing landmarks in the database. In some embodiments, signs may be referred to as
semantic signs and non-semantic signs. A semantic sign may include any class of signs for which there's
astandardized meaning (e.g., speed limit signs, warning signs, directional signs, etc.). A non-semantic
sign may include any sign that is not associated with a standardized meaning (e.g., general advertising
signs, signs identifying: business establishments, etc.). For example, each semantic sign may be
represented with 38 bytes of data (e.g., 8 bytes for size; 12 bytes for distance to previous landmark, |ateral
offset, and height;; 2 bytes for atype code; and 16 bytes for GPS coordinates).. Sparse map 800 may use a
tag system to represent: landmark types.. In some cases, each traffic sign or directional! sign may be
For- example, the database may include on the order of 1000 different tags to represent: various traffic
signs and on the order- of ‘about. 10000 different tags to represent: directionall signs.. Of ‘course, any suitable
number- of tags may-be used, and. additional: tags may- be created as needed.. Generall purpose signs may’
be represented; in some embodiments; using; less than. about: 100 bytes (e.g.,, about: 86 bytes including; 8
bytes for size;; 12 bytes for distance to previous landmark,, laterall offset, and height;; 50 bytes for-ari image
signature;; and| 16, bytes, for GPS coordinates)..
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[[0222] ‘Thus, ;for semantic road ssignsinot irequiring :aniimage signature, the datadensity impact to
«sparsemap 1800, even :at relatively thigh llandmark densities «of :about 1jper :50:m, imay lbewon the order of
:about 760 bytes per kilometer ((e.g., ;20]landmarks jper km:x :38lbytesper landmark =760 bytes). [Even for
general -purpose signsiincluding :an image :signature component, the datadensity impact iisiabout '1.72 kB
per km(e.g., 20 llandmarks per km x 86 Ibytes per landmark = ‘1,720 bytes). ‘For :semantic road signs, this
€quates to:about 76 kB jper hour «of datausage for :avehicle traveling 100 km/hr. For general jpurpose
signs, this equates to:about 170 kB per hour for avehicle traveling 1010 km/hr..

[[0223] In:some embodiments, agenerally rectangular object, such as:arectangular :sign, may-be
represented in sparse map 800 by no more than 100 bytes of data. The representation «of the generally
rectangular object (e.g., genera sign 1040) in sparse map 800 may include a.condensed image signature
(e.9., condensed image signature 1045) :associated with the generally rectangular object. This condensed
image signature may be used, for example, to aid in identification of .ageneral purpose sign, for example,
as.arecognized landmark. ;Such a.condensed image signature (e.g., image information derived from
actual image data representing an object) may avoid aneed for storage of an actual image of an object or
aneed for comparative image analysis performed on actual images in order to recognize landmarks.

[0224] Referring to FIG. 10, sparse map 800 may include or store a condensed image signature
1045 associated with a general sign 1040, rather than an actual image of general sign 1040. For example,
after an image capture device (e.g., image capture device 122, 124, or 126) captures an image of general
sign 1040, aprocessor (e.g., image processor 190 or any other processor that can process images either
aboard or remotely located relative to ahost vehicle) may perform an image analysis to extract/creste
condensed image signature 1045 that includes a unique signature or pattern associated with general sign
1040. In one embodiment, condensed image signature 1045 may include a shape, color pattern, a
brightness pattern, or any other feature that may be extracted from the image of general sign 1040 for
describing genera sign 1040.

[0225] For example, in FIG. 10, the circles, triangles, and stars shown in condensed image
signature 1045 may represent areas of different colors. The pattern represented by the circles, triangles,
and stars may be stored in sparse map 800, e.g., within the 50 bytes designated to include an image
signature. Notably, the circles, triangles, and stars are not necessarily meant to indicate that such shapes
are stored as part of the image signature.. Rather, these shapes are meant: to conceptually represent
recognizable: areas having discernible: color differencé,, textual areas, graphical shapes, or other variations
in characteristics, that may be associated with ageneral purpose sign. Such condensed. image signatures
can be used to identify a landmark in the form of ‘a generall sign.. For example, the condensed. image
signature: can be used to perfonn a same-not-same: analysis based on a comparison of ‘a stored. condensed
image signature with image data captured,, for example,, using; a camera onboard. an autonomous vehicle.

[0226]| Accordingly,,the plurality of landmarks: may be identified! through: image analysis of the
plurality- of images; acquired. as one or- more: vehicles traverse: the: road segment.. As explained. below' with.
respect:to “ crowdsourcing,” ' in some embodiments,, the image analysis to identify’ the plurality of’

landmarks may-include: accepting; potential | landmarks when aratio of images iniwhich.the landmark: does
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«appear ttojimagesiimwhich tthellandmark «doesinotzappear cexceedszatthreshold. IFurthermore, iinssonte

¢embodiments, {theiimageanalysisttoiidentify ttheyplurality «of llandmarks 1may iincludetrejecting jpotential
landmarksswhen ;ayrati o (of i magesin\whichthellandmark doesinot zappear ttoiimagesiin'whichtthe
llandmark doesappear exceeds zathreshol d.

[[0227] JReturning {toitheitarget trajectories @lhostvehicle imay wsettoinavigate jparticular road
«segment, |FIG. 131A showspolynomial jrepresentations ftrajectories «capturing «during @ajprocess df lbuilding
©rymaintaining sparse;map 800. A jpolynomial representation «of attarget ftrajectory iincluded iinssparseiiiap
800 may {bedetermined tbased ©ntwo ©r;morereconstructed ttrajectories of pprior traversals of vehicles
A ohg tthe same road segment. JIngsomeembodiments, the jpolynomial representation @f thetarget
1trq’ ectory jincluded iinsparse ;map 800;may lbe:an:aggregation «of itwo «orimore ireconstructed ttrajectories ©f
lprior traversals ©of vehicles ;along the sameroad :segment. 1In:some cembodiments, thepolynomial
]rgpresentation ©of the target trgjectory iincluded in:sparse map 800 -may be.an average of thetwo ©r Tnore

reconstructed trajectories of prior traversals of vehicles ialong the :same road :segment. ‘Other

reconstructed trajectories «collected from vehicles traversing :along :aroad :segment.
[0228] Asshown in FIG. 11A, aroad segment 1100 may betravelled by @number of vehicles
200 a different times. Each vehicle 200 may collect data relating to apath that the vehicle took aong the

=25 e

road segment. The path traveled by aparticular vehicle may be determined based on camera data,

accelerometer information, speed sensor information, and/or GPS information, :among other potential
sources, Such data may be used to reconstruct trajectories of vehicles traveling along the road segment,
and based on these reconstructed trajectories, atarget trajectory (or multiple target trajectories) may be
determined for the particular road segment. Such target trajectories may represent apreferred path of a
host vehicle (e.g., guided by an autonomous navigation system) as the vehicle travels along the road
segment.

[0229] In the example shown in FIG. 11A, afirst reconstructed trajectory 1101 may be
determined based on data received from afirst vehicle traversing road segment 1100 at afirst time period
(e.g.,) day 1), a second reconstructed trajectory 1102 may be obtained from a second vehicle traversing
road segment: 1100 at a second. time period (e.g., day 2), and. a third. reconstructed trajectory 1103 may be
obtained from athird vehicle.traversing: road segment: 1100 at a third time: period. (e.g., day 3). Each
trgjectory- 1101, 1102, and 1103 may be represented by a polynomial,, such. as athree-di mensional |
polynomial .. It should| be noted. that: in some: embodiments, , any of the reconstructed - trajectories: may be
assembled| onboard| the: vehicles;traversing ;roadl segment: 1100..

[0230]} Additionally, , or-alternatively,, suchireconstructed | trgjectories: may' be determined! on a
server-side based| on information  received| from vehicles; traversing; roadl segment:: 1100.. For:example,, it
some, embodiments, | vehicles; 200) may- transmit : data to ones or-more: servers relating; to their' motiontalong;
roadjsegment; 1100 (e.g.,, steering; angle,, heading, ,time,, position, , speed,, sensed! road| geometry, , and/or

received|data.. The server-mayalso generate: atargetttrajectory ' for-guiding; navigation 1 of ‘autonomouss
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wehicleithat will travel ;alongthe ssame;road ssegment 11100:at zall ater ttimethased contiheffirst, ssecond, cand

{traversal of ;jroad segment, jinsomeembodiments, eachttarget ttrajectory iincluded iinssparseinap {8001y
{bedetermined {based onitwo (or;more reconstructed ttrajectories «f vehicles traversing tthe sameiroad
segment. INJFIG. [11A thettarget trajectory iisirepresented Toy 112110. )i nssome embodiments, thettarget
frajectory 11330,may jbegenerated Ibased on:an:average of theffirst, :second, and tthird ttrajectories 11101,
:aggregation (e.g., aweighted combination) «of two (ormore reconstructed trgj ectories.

[[0231] FIGS. ‘1IB :and '11C further iillustrate the concept of target trajectories iassociated with
road segments jpresent within ;a,geographic region '1111. Asshown inlFIG. 1IB, @first road :segment
1120 within geographic region ‘1111 may include amultilane road, which includes two lanes 1122
designated for vehicle travel in;afirst direction :and two :additional lanes 1124 designated for vehicle
travel in a:second direction opposite tothe first direction. Lanes 1122 :and lanes 1124 may be separated
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 may aso include -other road
features, such asastop line 1132, astop sign 1134, aspeed limit sign 1136, and ahazard sign 1138.

[0232] Asshown in FIG. 11C, sparse map 800 may include alocal map 1140 including aroad
model for assisting with autonomous navigation of vehicles within geographic region 1111. For exampie,
local map 1140 may include target trajectories for one or more lanes associated with road segments 1120
and/or 1130 within geographic region 1111. For example, local map 1140 may include target trajectories
1141 and/or 1142 that an autonomous vehicle may access or rely upon when traversing lanes 1122.
Similarly, local map 1140 may include target trajectories 1143 and/or 1144 that an autonomous vehicle
may access or rely upon when traversing lanes 1124. Further, local map 1140 may include target
trajectories 1145 and/or 1146 that an autonomous vehicle may access or rely upon when traversing road
segment 1130, Target trgjectory 1147 represents. a preferred path an autonomous. vehicle: should follow
when transitioning from lanes 1120 (and specifically,, relative to target trajectory 1141 associated with a
right-most lane of lanes, 1120),to road segment: 1130 (and specifically,, relative: to atarget' trajectory’ 1145
associated with afirst:side of road segment: 1130, Similarly,, target trajectory - 1148 represents. a preferred.
path an autonomous; vehicle: should. follow when, transitioning ; from road! segment: 1130 (and! specifically,
relative, to target: trajectory - 1146)to aportion. of roadi segment: 1124 (and. specifi cally, , as shown,, relative:
to atarget:trajectory - 1143 associated . with, a left: lane of lanes 1124.

[0233]| Sparse; map, 800 may- also include: representations; of ‘other: road-related | features; associ ated!
with, geographi c.region, 1111, For-example,, sparse: map, 8000 may- alsor include: representati ons; of orie or
more, landmarks; identified| in ,geographic:region; 1111.. Suchilandmarks; may-include: afirst:landmark: 1150
associated| with, stop, line; 1132, a second| landmark : 1152! associated| withi stop signi 1134, athird!landmark :
associ atedjwith, speedj limit;sign, 1154, and| a fourth; landmark: 1156 associated |withi hazardisigni 1138..

Such, landmarks; may - be, used,, for-example, , to assisttaniautonomouss vehicle: i determining s its currentt
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llocationjrel ative1t‘,o;any «f theshown ttarget itrgjectories, :suchithat the vehicleimay @adjustiitslheadingtto
:match adirection of the target trajectory :at the determined llocation.

[[0234] "Insome embodiments, :sparse:map :800:may :a soiinclude road :signature jprofiles. {Such
jroad signature jprofiles:may lbe:associated with :any discernible/measurable variation iin:t |l east one
jparameter ;associated ‘with ;aroad. [For example, iinssomecases, ssuchprofiles:may lbeiassociated with
variations:in:road surface information such:asvariations ‘in:surface :roughness «©of ajparticular :road
:segment, -variations inroad width over :ajparticular road :segment, variations iin distances between «dashed
lines painted :along @ particular road :segment, variations iiniroad curvature iaong @ particular road
ssegment, etc. FIG. 11 D 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 may represent a
measure of road :surface roughness, :as.obtained, for example, by monitoring oneor more 'sensors
providing outputs indicative of an.amount of suspension displacement ‘as a vehicle travels aparticular
road :segment.

[0235] Alternatively or concurrently, profile 1160 may represent variation in road width, as
determined based on image data obtained via a camera onboard a vehicle traveling a particular road
segment.  Such profiles may be useful, for example, in determining a particular location of an
autonomous vehicle relative to a particular target trgjectory. That is, asit traverses aroad segment, an
autonomous vehicle may measure a profile associated with one or more parameters associated with the
road segment. |If the measured profile can be correlated/matched with a predetermined profile that plots
the parameter variation with respect to position along the road segment, then the measured and
predetermined profiles may be used (e.g., by overlaying corresponding sections of the measured and
predetermined profiles) in order to determine acurrent position along the road segment and, therefore, a
current position relative to atarget trgjectory for the road segment.

[0236] In some embodiments, sparse map 800 may include different trajectories based on
different characteristics associated with a user of autonomous vehicles, environmental conditions, and/or
other parameters relating to driving. For example, in some embodiments, different trajectories may be
generated based on different user preferences and/or profiles. Sparse map 800 including such different
trajectories may be provided to different autonomous vehicles of different users. For example, some
users may prefer-to avoid toll roads, while others may prefer to take the shortest: or fastest routes,
regardless of whether there is atoll road on the route. The disclosed systems may generate different
sparse maps with different trajectories: based on such different: user preferences. orprofiles.. Asanother
example, some users may- prefer-to travel in afast moving; lane, while others may prefer to maintain. a
position in the central| lane at: al times..

[0237]; Different:trajectories; may be generated. and.included. in sparse map 800 based on
different: environmental | conditions,, such as day- and night,, snow,, rain,, fog, etc. Autonomous:vehicles
driving; under- different: environmental . conditions may- be provided! with sparse map 800 generated. based
on such different: environmental | conditions.. |n some embodiments,, cameras provided. on. autonomous

vehicles may- detect: the: environmental [ conditions,, and may' provide: suchi information.back:to a server-that:
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generates and provides sparse maps. For example, the server may generate or update an aready

generated sparse map 800 to include trajectories that may be more suitable or safer for autonomous
driving under the detected environmental conditions. The update of sparse map 800 based on
environmental conditions may be performed dynamically asthe autonomous vehicles are traveling along
roads.

[0238] Other different parameters relating to driving may also be used as a basis for generating
and providing different sparse maps to different autonomous vehicles. For example, when an
autonomous vehicle is traveling at a high speed, turns may betighter. Trajectories associated with
specific lanes, rather than roads, may be included in sparse map 800 such that the autonomous vehicle
may maintain within a specific lane as the vehicle follows a specific trgjectory. When an image captured
by a camera onboard the autonomous vehicle indicates that the vehicle has drifted outside of the lane
(e.g., crossed the lane mark), an action may betriggered within the vehicle to bring the vehicle back tothe
designated lane according to the specific trajectory.

[0239] Crowdsourcing a Sparse Map

[0240] In some embodiments, the disclosed systems and methods may generate a sparse map for
autonomous vehicle navigation. For example, disclosed systems and methods may use crowdsourced
data for generation of a sparse that one or more autonomous vehicles may use to navigate along asystem
of roads. Asused herein, “crowdsourcing” means that data are received from various vehicles (e.g.,
autonomous vehicles) travelling on aroad segment at different times, and such data are used to generate
and/or update the road model. The model may, in turn, be transmitted to the vehicles or other vehicles
later travelling along the road segment for assisting autonomous vehicle navigation. The road model may
include aplurality of target trajectories representing preferred trgjectories that autonomous vehicles
should follow asthey traverse aroad segment. The target trgjectories may bethe same as areconstructed
actual trgjectory collected from avehicle traversing aroad segment, which may be transmitted from the
vehicleto aserver. In some embodiments, the target trajectories may be different from actual trgjectories
that one or more vehicles previously took when traversing aroad segment. The target trajectories may be
generated based on actua trgjectories (e.g., through averaging or any other suitable operation).

[0241] The vehicle trgjectory datathat avehicle may upload to a server may correspond with the
actual reconstructed tragjectory for the vehicle or may correspond to a recommended tragjectory, which may
be based on or related to the actua reconstructed trgjectory of the vehicle, but may differ from the actual
reconstructed tragjectory. For example, vehicles may modify their actual, reconstructed tragjectories and
submit (e.g., recommend) to the server the modified actual trgjectories. The road model may usethe
recommended, modified trgjectories astarget trajectories for autonomous navigation of other vehicles.

[0242] In addition totrgjectory information, other information for potential use in building a
sparse data map 800 may include information relating to potential landmark candidates. For example,
through crowd sourcing of information, the disclosed systems and methods may identify potentia

landmarks in an environment and refine landmark positions. The landmarks may be used by a navigation
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Systemof ;autonomous.vehicl esttocdeterminezand/or :adj ust thejposition «df thewehiclezal ongtthettarget

itrajectories.

[[0243] “Theyreconstructed ttraj ectoriestthatzawvehi cleimay sgeneratezasttheehiclettravel sial onga
Irggd,ma}y {beobtained by ;any ssuitableimethod. 1inssome«embodiments, theireconstructed ttraj ectoriesiiay
Ibedevel oped by stitching ftogether ssegments of imotion ffor the vehicle, wsing, e.g., egoimotion «estimation
((e._gj.,tt,hrgeQQ[mgnﬁsi onal ttransl ation ;andtthree dimensi onal irotation «of ithe«camera, :andhencetthelbody @f
thewvehicle). “Therotationandtranslation stimationimay lbe«determi ned lbased on:analysisof iimages
‘cqptured by ©ne or morejimage capture devices:along withiinformation from «other sensors or «devices,
such asiinertial sensors;and speed sensors. For example, theiinertial ssensors:may jinclude @n
.accelerometer (or other suitable sensors configured to:measure changesiintrang ation :and/or rrotation of the
vehicleibody. ‘The vehicle:may iincludea:speed sensor that:measures asspeed ©f the vehicle.

[0244] 1n.some embodiments, the ego motion of the camera(and hence the vehicle body) triay
be estimated based on an optical flow analysis.of the captured images. Anoptical flow anaysisof a
sequence of images identifies movement of pixels from the sequence of images, :and based on the
and along the road segment to reconstruct atrajectory associated with the road segment that the vehicle
has followed.

[0245] Data (e.g., reconstructed trajectories) collected by multiple vehicles in multiple drives
along aroad segment at different times may be used to construct the road model (e.g., including the target
trajectories, etc.) included in sparse data map 800. Data collected by multiple vehicles in multiple drives
along aroad segment a different times may also be averaged to increase an accuracy of the model. in
vehicles that travel through the common road segment at different times. Such data received from
different vehicles may be combined to generate the road model and/or to update the road model.

[0246] The geometry of ‘areconstructed trajectory (and also atarget trajectory) along aroad
segment may be represented by a curve in three dimensional space, which may be a spline connecting
three dimensional; polynomials., The reconstructed. trajectory curve may be determined. from analysis of a
video stream or-a plurality: of images captured by a camera installed. on the vehicle. In some
embodiments, a location isidentified.in each frame or imagethat:is a few meters ahead. of the current
positi on of the vehicle. This location is where the vehicle is expectedto travel . to in. a predetermined. time
period., This operation,may- be repeated| frame by frame, and at-the same time,, the: vehicle may’ compute
the camera s ego, motion, (rotation,anditrandation).. At:eachiframe or-image, a short:range: modell for'the
range. models may- be stitched|together-to obtain athree: dimensional l modell of the:roadlini sorme coordinate
frame, which,may, be an arbitrary-or-predeterminedi coordinate: frame.. The:three:dimensionallmodell of the

roadjmaythen, be fitted| by- a spline,,whichimay-include or-connecttone or:mores pol ynomi asof ‘suitable
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[[0247] -Toconcludethesshortrangesroadimodel :at achiframe, coneorimoredetecti onimodules

imay toeused. JFor example, :atbottom-up il anedetectionimodul eimay tbewsed. "Thelbottom-upliane
(detection;modul e;may beyuseful when]laneimarks:are«drawnonitherroad. "Thisimodul emmay llook fforcedges
iinthejimage;andassembles them ttogether toiform thellaneimarks. A ssecondimoduleimay Ibewsed
ttogether with thejbottom-up jlanedetection module. "The:secondmodule iis:anend-to-end «deepineural
jnetwork, which,may (bestrained itojpredict thecorrect shortirangepath from:aniinputiimage. lintboth
jmodules, the;road ;model ;may Ibedetected iinithejimagecoordinate frame:and transformed tozathree
«dimensional spacetthat;may lbe-virtually ;attached totthe.camera. ,

[[0248]  Although the reconstructed trajectory modeling method may ‘introduce @n :accumulation
of errors duetotheiintegration of ego motion over :along period of time, which may iincludeanoise
«component, :such errors may beiinconsequential :asthe generated -model ‘may jprovide :sufficient :iaccuracy
for navigation over ajlocal scale. Inaddition, iitiis possible to.cancel the integrated error by using external
sources of jinformation, ;such :as;satellite images.or geodetic measurements. For example, the disclosed
systems and methods may use a GNSS receiver to cancel accumulated errors. However, the GNSS
positioning signals may not be always available and accurate. The disclosed systems and methods may
enable asteering application that depends weakly on the availability and accuracy of GNSS positioning.
In such systems, the usage of the GNSS signals may be limited. For example, in some embodiments, the
disclosed systems may use the GNSS signals for database indexing purposes only.

[0249] In some embodiments, the range scale (e.g., local scale) that may be relevant for an
autonomous vehicle navigation steering application may be on the order of 50 meters, 100 meters, 200
meters, 300 meters, etc. Such distances may be used, as the geometrical road model is mainly used for
two purposes: planning the trajectory ahead and localizing the vehicle on the road model. In some
embodiments, the planning task may use the model over atypical range of 40 meters ahead (or any other
suitable distance ahead, such as 20 meters, 30 meters, 50 meters), when the control algorithm steers the
vehicle according to atarget point located 1.3 seconds ahead (or any other time such as 1.5 seconds, 1.7
seconds, 2 seconds, etc.). The localization task usesthe road model over atypical range of 60 meters
behind the car (or any other suitable distances, such as 50 meters, 100 meters, 150 meters, etc.), according
to amethod called “tail alignment” described in more detail in another section. The disclosed systems
and methods may- generate: a geometrical model that has sufficient: accuracy over particular range, such as
100 meters, such that: a planned trajectory- will not deviate by more than, for example, 30 cm from the
lane center.,

[0250]] Asexplained above, athree dimensional road model may be constructed. from detecting
short range sections and stitching them together.. The stitching may- be enabled. by computing; a six degree
ego, motion, model,, using;the: videos; and/or-images captured by the camera, data from:the inertiall sensors
that: refl ect.the motions; of the vehicle, and the host: vehicle velocity  signal.. The accumulated|error may' be

in asingle drive over-a particular-road| ssgment..
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[[0251] jIngomeembodiments, ;multipledrivesimay Ibeiused to:averagetheiresultedimodel , andfto

jincreasejits;accuracy ffurther. "Thesame carimaytravel thessameirouteimultiplettimes, orimultiple«cars
jmay send their collected;model datatto.acentral server. JIn:any «case, amatching jproceduremay lbe
jperformedtoiidentify overlapping,;models:anditoenable:averaging iin order to;generatertarget trajectories.
‘The constructed - model (e.g., iincluding theitarget itraj ectories) :may Ibeiused ffor ssteering once@
‘convergence‘criteri oniismet. Subsequent drives:may Ibesed ifor furtherimodel iimprovements iandiin
.order-to,accommodate jinfrastructure changes.

[[0252] ;Sharing of driving experience (such:as:sensed data) between multiple cars becomes
feasibleiif they are.connected toacentral :server. Each vehicleclient may store:apartial copy of a
universal road model, which may berelevant foriits.current position. A bidirectional ‘update procedure
‘between the vehicles .and the server may be performed by the vehicles:and the:server. ‘The:small footprint
cconcept discussed ;above enables the disclosed systems;and methods to-perform the bidirecti onal ‘updates

[0253] Information relating to potential landmarks may also be determined and forwarded toa
central server. For example, the disclosed systems.and methods may determine one or more physical
properties of a potential landmark based on one or more images that include the landmark. The physical
properties may include a physical size (e.g., height, width) of the landmark, a distance from avehicle toa
landmark, adistance between the landmark to a previous landmark, the lateral position of the landmark
(e.g., the position of the landmark relative to the lane of travel), the GPS coordinates of the landmark, a
type of landmark, identification of text onthe landmark, etc. For example, avehicle may analyze one or
more images captured by a camera to detect a potential landmark, such as a speed limit sign.

[0254] The vehicle may determine adistance from the vehicle to the landmark based on the
analysis of the one or more images. In some embodiments, the distance may be determined based on
analysis of images of the landmark using a suitable image analysis method, such as a scaling method
and/or an optical flow method. In some embodiments, the disclosed systems and methods may be
configured to determine atype or classification of a potential landmark. In casethe vehicle determines
that a certain potential landmark corresponds to a predetermined type or classification stored in a sparse
map, it may be sufficient for the vehicle ta communicate to the server an indication of the type or
classification of the landmark, along with its location.. The server may store such indications. At alater
time, other vehicles may- capture an image of the landmark, process the image (e.g., using a classifier),
and compare the result- from processing: the image to the indication stored in the server with regard to the
type of landmark., There may- be various types of landmarks, and different:types of landmarks may be
associated with different: types of ‘data to be uploadedto and. stored in the server, different: processing;
onboard the vehicle may- detects the landmark: and communicate information: about: the landmark:to the
server, and the system onboard, the vehicle may- receive the landmark: data from the: server- andl use the
landmark: data for-identifying: a landmark: in autonomous navigation..

[0255]} I some embodiments, multiple: autonomous vehicles travelling; on a road segment: may*

communicate with g server.. The vehicles; (or-clients)ymay generate a curve describing;its drive (e.g.,,
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through ego:motion iintegration) iin:an:arbitrary coordinate frame. ‘The vehicles:may detect landmarks:and
llocatetheminthe same frame. "The vehicles:may upload the«curve:andithe landmarksitothe server. The
server;may (collect dataifrom vehicles over multiple drives, :and generate::aunified road:model. IFor
example, asdiscussed below with respect to FIG. 19, the:server may \generate :a:sparse map having the
unified road -model using-the uploaded curves:and landmarks.

[0256] The:server may @ so distribute the:model toclientsi(e.g., vehicles). Forexample, the
server may distribute the :sparse map to.one.or more vehicles. The:server may :continuously or
periodically update the model when receiving new data from the vehicles. For example, the server may
process the new datato evaluate whether the data includes information that :should trigger an updated, ‘or
creation of new data.onthe:server. The server may distribute the updated model or the updatesto the
vehicles for providing :autonomous vehicle navigation.

[0257] The server may use one or more criteria for determining whether new data received from
the vehicles should trigger an update to the model or trigger creation of new data. For example, when the
new data indicates that apreviously recognized landmark a a specific location no longer exists, or is
replaced by another landmark, the server may determine that the new data should trigger an update to the
model. Asanother example, when the new data indicates that aroad segment has been closed, and when
data should trigger an update to the model.

[0258] The server may distribute the updated model (or the updated portion of the model) to one
or more vehicles that are traveling on the road segment, with which the updates to the model are
associated. The server may also distribute the updated model to vehicles that are about to travel on the
road segment, or vehicles whose planned trip includes the road segment, with which the updates to the
model are associated. For example, while an autonomous vehicle istraveling along another road segment
before reaching the road segment with which an update is associated, the server may distribute the
updates or updated mode! to the autonomous vehicle before the vehicle reaches the road segment.

[0259] In some embodiments, the remote server may collect trajectories and landmarks from
multiple clients (e.g., vehicles that travel along a common road segment). The server may match curves
using landmarks and create an average road model based on the trgjectories collected from the multiple
vehicles. The server may aso compute agraph of roads and the most probable path at each node or
conjunction of the road segment., For example, the remote server may align the trgjectories to generate a
crowdsourced sparse map from the collected trajectories..

[0260]] The server may average landmark. properties received. from multiple vehicles that:
travelled along the common road segment, such as the distances between one landmark to another (e.g., &
previous one along; the road segment): as measured by multiple vehicles, to determine an arc-length.
parameter- and support: localization aong the path. and speed calibration for each client vehicle. The
server- may average the physical’ dimensions of ‘a landmark: measured! by multiple vehicles travelled along;
the common, road. segment: and recognized: the same landmark.. The averaged! physicall dimensions may be

used to support: distance estimation,, such as the distance from the vehicleto the landmark.. The server
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jmay ;average|lateral jpositions (of :ajlandmark ((e.g.,jposition ffromithellaneiin'which wehicles @rettravelling
iinttothejlandmark) ymeasured tbysmultiple-wvehiclesttravell ed zal ongttheccommon roadssegment zand
irecognized thessamejlandmark. "The:averagedllateral jpoti onimay tbewsedttossupport llanezassignment. The
«server may ;averagethe(GPS coordinates «f ithellandmark imeasured tbyimultiple vehiclesttravelled @along
tthe same;road ssegment :and;recognized ithessamellandmark. "The:averaged (GPS coordinates @f the
Jlandmark ;may (beused tto<support global llocalization «orjpositioning «f thellandmark iinttherroadimodel.

[[0261] 1Inssome embodiments, tthe:server imay iidentify imodel «changes, ssuch asiconstructions,
(detours, new signs, removal of signs, €tc., based on dataireceived from the vehicles. The Server Ty
continuously orperiodicaly or iinstantaneously update the:-model upon rreceiving new data fromthe
vehicles, ‘Theserver may distribute updates tothe model or the updated model to'vehicles for providing
autonomous jnavigation. For example, :asdiscussed further lbelow, theserver :may use «crowdsourced ‘data
to fdter out “ghost” landmarks detected by vehicles.

[0262] 1n.some embodiments, the server may :analyze driver iinterventions during the

where intervention occurs, ;and/or data received prior to the time the intervention occurred. The z&rver
may identify certain portions of the data that caused or are closely related to the intervention, for example,
dataindicating atemporary lane closure setup, data indicating a pedestrian in the road. The server may
update the model based onthe identified data. For example, the server may modify one or more
trajectories stored in the model.

[02631 FIG. 12 isaschematic illustration of a system that uses crowdsourcing to generate a
sparse map (as well as distribute and navigate using a crowdsourced sparse map). FIG. 12 shows aroad
segment 1200 that includes one or more lanes. A plurality of vehicles 1205, 1210, 1215, 1220, and 1225
may travel onroad segment 1200 at the same time or at different times (although shown as appearing oR
road segment 1200 at the same time in FIG. 12). At least one of vehicles 1205, 1210, 1215, 1220, and
1225 may be an autonomous. vehicle.. For simplicity of the present example, all of the vehicles 1205,
1210, 1215, 1220, and 1225 are presumed to be autonomous. vehicles..

[0264]] Each vehicle: may-be similar-to vehicles disclosed. in other- embodiments: (e.g.. vehicle
200), and may- include: components; or devices included!in or associated. with: vehicles disclosed!in other'
embodiments., Each vehicle; may- be equipped! with. an image capture: device: or camera (e.g.,, image
capture, device 122 or-camera 122).. Each, vehicle: may' communicate: with. aremote: server 1230 via 6né 6r
more networks; (e.g.,, aver-acellular-network: and/or-the: Internet,, etc.)) throughi wirel essi communicati on!
paths; 1235, ag indicated| by-the; dashed| lines.. Eachivehicle:may-transmit:datato server 1230 andlreceive:
data from, server- 1230., For-example,, server- 1230) may- collectt data fromumultiple: vehicles travelling; ort
the road) segment: 1200 at: different:times,, andimay- process; the: collected| datarto generate: arm autonomouss
vehicle.roadjnavigation,model,, or-anupdatestothesmodel.. Server- 1230/may’transmittthe autonomouss
vehicle road| navigation,model| or-the: update: to thesmodel ltorthe: vehiclessthatttransmitted | dataito server
1230.. Server- 1230)may transmit ithe: autonomous; vehi cl e roadl navigationimodel L or thes update: torthe:
model |t other-vehicles;thatttravel | on roadi segmentt 1200) att | ater-times..
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[[0265] .Asvehicles 11205, 11210, 11215, 11220, @and 11225 ttravel ©niroad ssegment 11200, navigation
/may betransmitted toserver 11230. ‘In:some embodiments, thenavigation iinformation smay beiassociated
with the common road ssegment "1200. ‘The navigation iinformation ‘may iinclude :a‘trajectory ‘associated
‘with each of the vehicles 11205, 1210, :1215, 11220, :and 11225 :as«each vehicle travels over iroad segment
11200. 1Insome embodiments, ithetrajectory imay berreconstructed based ©on data :sensed by ‘various Sensors
and devices -provided on-vehicle 1205. For example, the trajectory may Tbereconstructed 'based on ‘et least
one of accelerometer data, speed data, landmarks data, road geometry or profile data, vehicle positioning
data, and ego motion data. In.some embodiments, the trajectory may bereconstructed based on data
from inertial :sensors, :such :as:accelerometer, :and the velocity of vehicle 1205 sensed by auspeed Sensor.
In addition, iin.some embodiments, the trajectory may be determined (e.g., by :a processor onboard ‘each of
vehicles 1205, 1210, 1215, 1220, :and '1225) based on sensed €go motion of the camera, which may
indicate three dimensional trandation and/or three dimensional rotations (or rotational motions). The ego
motion of the camera (and hence the vehicle body) may be determined from analysis of one or more
images captured by the camera.

[0266] In some embodiments, the trajectory of vehicle 1205 may be determined by a processor
provided aboard vehicle 1205 and transmitted to server 1230. In other embodiments, server 1230 may
receive data sensed by the various sensors and devices provided in vehicle 1205, and determine the
trajectory based on the data received from vehicle 1205.

[0267] In some embodiments, the navigation information transmitted from vehicles 1205, 1210,
1215, 1220, and 1225 to server 1230 may include data regarding the road surface, the road geometry, or
the road profile. The geometry of road segment 1200 may include lane structure and/or landmarks. The
lane structure may include the total number of lanes of road segment 1200, the type of lanes (e.g., ofie-
way lane, two-way lane, driving lane, passing lane, etc.), markings. on lanes, width of lanes, efc. In some
embodiments,  the navigation information may include: a lane assignment, . e.g., which lane of a plurality of
lanes a vehicle istraveling in. For example,, the lane assignment may be associated  with a numerical
value “3" indicating that: the vehicle: istraveling on the third lane from the left or right.. A's another’
example, the lane assignment may be associated with atext value “center' lane” indicating. the vehicle is
traveling - on the center- lane.,

[0268]| Server- 1230 may- store the: navigation | information 1 on. a non-transitory "computer-readable
medium,, such, as a hard drive, a compact . disc,, atape,, a memory,, etc. Server’ 1230' may’ generate: (e.g..,
through  a processor -included |in server- 1230); at: least: a portion . of ‘an autonomous:: vehicle: road- navigation :
model | for the: common  road| segment ; 1200 based| on.the: navigation information (received . from.the:
plurdity - of 'vehicles; 1205, 1210, 1215, 1220, and. 1225 and. may" store: the: model - as aportion.of a sparse
map., Server- 1230 may - determine: a trajectory - associated | with: each: lane: based . on. crowdsourced I data.
(e.g.,, navigation |information) ) received | fromimultiple: vehicles; (e.g.,, 1205, 1210, 1215, 1220, and! 1225))
that:travel | on a lane: of 'road| segment ; att different :times.. Server- 1230) may’ generate :the: autonomous

vehicle: road| navigation | model [ or-a portion of the:model | (e.g.,, aniupdated | portion) ) based! o a plurality * of
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1tr§1j ectories (determined tbased onithecrowd ssourcedinavigation data. $Server 112301may ttransmit tthetrmodel
«@ritheyupdated portion (of the;model ttoconecorimore(df :autonomous wehicles 11205, 11210, 11215, 11220, :and
11225traveling @nyroad ssegment 112000rzany (other ;autonomous wehiclestthat ttravel coniroad ssegmerit cétea
1later time ffor updating anexisting ;autonomous vehicleroad navigation 1mode! jprovided iinsamavigation
«system ¢f the-vehicles. “The:autonomous vehicleroadnavigation imodel imay lbetused by the @litonomous
\ehicles;jin:autonomously jnavigating @l ong tthe«common road ssegment 11200.

[[0269] Ascexplained :above, the:autonomous vehicle road inavigation :imodel imay Ibeiincludediinza
sparse;map ((e.g., sparse:map 800 depicted iin'FIG. i8). ‘Sparseimap 800:may iinclude ssparse recording ©f
datarelated toroad geometry :and/or llandmarks :along:aroad, which may jprovide :sufficient iinformation
for gui di ng ;autonomous navigation «f ;an;autonomous vehicle, yet «doesinot require excessive data:storage.
1N some embodiments, the ;autonomous ‘vehicle road inavigation :model :may Ibe:stored :separately from
sparse map 800, and may use map data from :sparse map :800 when the model isiexecuted for navigation.
1n some embodiments, the autonomous vehicle road navigation model ‘may use map dataiincluded in
sparse map 800 for determining target trgjectories aong road segment 1200 for guiding ‘autonomous
navigation of ;autonomous vehicles 1205, 1210, 1215, 1220, and 1225 or other vehicles that later travel
anng road segment 1200. For example, when the autonomous vehicle road navigation model is executed
by aprocessor included in anavigation system of vehicle 1205, the model may cause the processor to
compare the trgjectories determined based on the navigation information received from vehicle 1205 with
predetermined trgjectories included in sparse map 800 to vaidate and/or correct the current traveling
course of vehicle 1205.

[0270] In the autonomous vehicle road navigation model, the geometry of aroad feature or
target trajectory may be encoded by a curve in athree-dimensional space. In one embodiment, the curve
may be athree dimensional  spline including. one or more connecting three dimensional polynomials.. As
one of skill in the art would understand, a spline may be a numerical. function that is piece-wise: defined
by a series of polynomials, for fitting data. A spline for fitting the three dimensional geometry data of the
road may include alinear spline (first order), a quadratic spline (second order), a cubic spline (third
order), or-any- other- splines; (other- orders),, or-a combination. thereof.. The spline may' include: one or mare
three dimensional | polynomials; of different: orders connecting; (e.g.,, fitting): data. points of the three:
dimensional| geometry- data of the road.. In some embodiments,, the autonomous: vehicle: road. navigation:
model. may- include. a three; dimensional . spline corresponding: to atarget trajectory * along; a cormirtiort road.
segment: (e.g.,, road| segment; 1200)) or-a lane of the: road| segment: 1200..

[0271]] Asexplained|above, the; autonomous; vehicle: road! navigation:modell included! it the:
sparse,map, may- include other-information,, suchi as identification of ‘a:least: orie landmark - al ong; road!
segment; 1200., The landmark - may- be visible:within,a fieldl of view' of ‘a camera (e.g.,, cameral 122))
installed o each, of 'vehicles; 1205, 1210,, 1215, 1220,,andl 1225.. I'vsome embodiments, , canrerar 122 r1iay’
capture,an,image; of ‘alandmark.. A, processor -(e.g.,, processor - 180,, 190,,0r-processingunitt 110)) provided!
onvehicle, 1205 may. process; therimage: of ther landmark:to extracttidentificationiinformationifor-the:

landmark. . Thelandmark identification information, ,rather thamanactuallimage: of ‘the: landmark,  rmiay’ be
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«torediinesparse;map (800. ‘Thellandmark jidentification jinformation imay requireimuch llesssstoragesspace
than.anactual image. (Other sensors or systems(e.g., (GPS system) imay @ so jprovide «certainiidentification
iinformation of the landmark ((e.g., jposition of landmark). "Thellandmark imay iinclude :t Il east oneof @
traffic sign, ;an.arrow marking, ajlane;marking, adashed llane;marking, atraffic llight, astoplline, @
directiona sign((e.g., ahighway exit sign-with:an:arrow iindicating :adirection, ahighway :sign'with
arrows pointing to different directions orplaces), :allandmark lbeacon, «or @llamppost. A llandmark lbeacon
to.areceiver :installed on.avehicle, such that when the vehicle passes by the device, the beacon received
by the vehicle and the Jocation of the device (e.g., determined from GPS location «of the device) may be
.used .as.alandmark to jbe-included jin the autonomous ‘vehicle road navigation model .and/or the sparse -
map .800.

[0272] ‘The identification of a least one landmark may iinclude :a position ©of the i least one
landmark. The position .of the landmark may be determined based on position measurements performed
usi ng sensor systems (e.g., Global Positioning :Systems, inertial based positioning systems, landmark
beacon, etc.) associated with the plurality of vehicles 1205, 1210, 1215, 1220, and 1225. In.some
embodiments, the position of the landmark may be determined by averaging the position measurements
detected, collected, or received by sensor systems on different vehicles 1205, 1210, 1215, 1220, and 1225
through multiple drives. For example, vehicles 1205, 1210, 1215, 1220, and 1225 may transmit position
measurements data to server 1230, which may average the position measurements and use the averaged
position measurement as the position of the landmark. The position of the landmark may be continuously
refined by measurements received from vehicles in subsequent drives.

[0273] The identification of the landmark may include a size of the landmark. The processor
provided on avehicle (e.g., 1205) may estimate the physical size of the landmark based on the analysis of
the images.  Server 1230 may receive multiple estimates of the physical size of the same landmark from
different vehicles over different drives, Server 1230 may average the different estimates to arrive & a
physical size for the landmark, and store that landmark size in the road model.. The physical size estimate
may be used to further determine. or estimate a distance from the vehicle to the landmark.. The distance to
the landmark- may be estimated based on the current speed of the vehicle and a scale of expansion based
on the position of the landmark appearing, in the images relative: to the focus of expansion of the camera.
For-example, the distance.ta landmark may- be estimated by Z=V*dt*R/D,, where V is the speed. of
vehicle, R isthe distance; in the.image from the landmark: at:time t! to the focus of expansion,, and D-iisthe
change; in distance. for-the: landmark  in the image: from tl tot2. dt represents;the (t2-tl ). For example, the
distance tg landmark - may- be estimated| by- Z=VV*dt*:R/D, where: V iis the speed. of 'vehicle,, R iis the
distance, in the image, between the landmark - and the: focus of ‘expansion,, dt.isatime interval,, and. D' isthe
imaga displ acement - of the, landmark : along; the epipolar-line.. Other-equations; equivalent :to the: above:
equation, such asZ,=V"* w/Aw , may- be used for-estimating; the distance: to the: landmark.. Here, V'isthe
vehicle speed, w i aniimage; length, (like the: object: width),, andl Aw iis the: change: of that:image: lengthtin a

unit-of time.,
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[[0274] "When ithephysical «sizeof thellandmark iislknown, the distance ttotthe llandmark 1may @l so

{bedetermined {based onithefollowing equation: Z-=1f * "W/w, where ffiisthe ffocal llength, 'Wiistthessizedf
thejlandmark ((e.g., Iheight orwidth), (wiji stheinumber «f pixels when tthellandmark lleaves theiimage.
JFromthe above equation, :achange jin distance :Zimay Ibecal culated wsing AZ = f* "W * A/ P+
AW/, where AW decays to zero lby :averaging, :and where Awiisthe inumber «of jpixels representing @
lbounding jbox ;accuracy jintheiimage. A value estimating thephysical :sizewof the llandmark may Tbe
calculated by ;averaging ;multiple observations :at theserver iside. Theiresulting error iin«distance
£stimation ;may bevery small. ‘There ;areitwo sources «of error that :may occur ‘when using the:formula
above, namely AW ;and Aw. ‘Their contribution tothe distance error iisgiven by AZ=1* W * Aw/ >+t
* AW/, However, AW decays to zero by averaging, hence AZ isdetermined by Aw(e.g., the inaccuracy
©of the bounding "box in the image).

L[02751 For landmarks of unknown dimensions, the distance tothe landmark may be estimated by
tracki ng feature points on the landmark between :successive frames. For example, certain features
;qppearing on aspeed limit sign may betracked between two or more image frames. Based onthese
tracked features, adistance distribution per feature point may be generated. The distance estimate may be
extracted from the distance distribution. For example, the most frequent distance appearing in the
distance distribution may be used asthe distance estimate. As another example, the average of the
distance distribution may be used asthe distance estimate.

[0276] FIG. 13 illustrates an example autonomous vehicle road navigation model represented by
aplurality of three dimensional splines 1301, 1302, and 1303. The curves 1301, 1302, and 1303 shown in
FIG.

3 are for illustration purpose only. Each spline may include one or more three dimensional

polynomials connecting aplurality of data points 1310. Each polynomial may be afirst order
polynomials‘ having different orders., Each data point 1310 may be associated with the navigation
information received from vehicles. 1205, 1210, 1215, 1220, and 1225. In some embodiments, , each data
point 1310 may- be associated with data related to landmarks. (e.g.,, size, location,, and identification
information of landmarks) and/or road signature. profiles. (e.g., road geometry,, road  roughness. profile,,
road, curvature; profile,, road width profile).. In.some embodiments, , some data points. 1310 may be
associated with data related;ta landmarks,, and| others, may- be associated | with. data. related - to road. signature:
profiles._

[0277]) FIG., 14.illustrates;rawlocation data 1410 (e.g.,, GPS data)) received! from five separate:
drives.. One drive, may- be separate; from another - drive if it was traversed by separate: vehicles; at the sartie
time, byr the, same, vehicle. at: separate. times, , or-by- separate: vehicles; at: separate: times.. To account:for:
errors;inthe location, data, 1410) and; for-differing: locations; of ‘vehicles; withini the: same: lane: (e.g.,, orre
vehicle, may-drive; closer-to the: | ft; of ‘a lane;than, another),, server - 12301 may- generate: a map skeleton: 1420
using; one or-more; statistical | techniques; to determine: whether - variations; inithe: rawlocation: data 1410
represent: actual| divergences; or-statistical [ errors.. Each path withini skeletoni 1420/ may- be | inkedlback:to
the,raw, data, 1410)thattformedthe: path., For-example, ,the;path)betweenA. andiB}withiniskeletoni 1420)i's
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llinked {to;raw (data 114101from drives:2,:3,4,:and ‘5lbutinot ffromdrive 11. {Skeleton 11420mmay ot the
(etailed enough tolbeused tonavigate avehicle ((e.g., because iit«ccombines «rives firomimultiple llanesn
ithe same road unlike {the splines (described :above) Ibutimay jprovide wseful ttopological iinformation @and
jmay lbewsed todefine jintersections.

[[0278] |FIG j15iillustrates :anexample by which additional «detail 1may lbejgenerated ffor asparse
ymap within ;asegment of :ymap sskeleton ((e.g., :segment A t0]B within sskeleton 11420). .Asdepi cted imIFIG.
115, the data((e.g. €go-motion (data, sroad ;markings data, :and the llike) ;may Ibesshown asaifunction of
jposition S((or Si or,S)@ong the drive. Server 11230:may iidentify llandmarks ffor the sparse map lby
jidentifying junique matches lbetween landmarks 1501, :1503, :and 11505 «of @rive '1510:and landmarks 1507
.and 11509 of drive 11520. Such :amatching :algorithm :may result iiniidentification wf landmarks 1511, ‘1513,
and -1515. One skilled iinthe :art would recognize, however, that other -matching :@gorithms may be'used.
For example, probability optimization ‘may be-used in lieu of or iin.combination ‘with 'unique ‘matching.
Server 1230 may longitudinally align the drives to:align the matched landmarks. For example, server
1230 may select one drive (e.g., drive 1520) as:areference drive and then :shift and/or elasticaly stretch
the other drive(s) (e.g., drive 1510) for alignment.

[0279] FIG. 16 shows anexample of aligned landmark data for use inasparse map. Tn the
from aplurality of drives 1601, 1603, 1605, 1607, 1609, 1611, and 1613. In the example of FIG. 16, the
data from drive 1613 consists of a“ghost” landmark, and the server 1230 may identify it as such because
none of drives 1601, 1603, 1605, 1607, 1609, and 1611 include an identification of alandmark in the
vicinity of the identified landmark in drive 1613. Accordingly, server 1230 may accept potential
landmarks when aratio of images in which the landmark does appear to images in which the landmark
does not appear exceeds athreshold and/or may reject potential landmarks when aratio of images in
which the landmark does not appear to images in which the landmark does appear exceeds athreshold..

[0280] FIG. 17 depicts a system 1700 for generating drive data, which may be used to
crowdsource a sparse map., Asdepicted in FIG.. 17, system 1700 may include a camera 1701 and a
locating device 1703 (e.g., a GPS locator)., Camera 1701 and locating, device 1703 may be mounted on a
vehicle, (e.g., one of vehicles, 1205, 1210, 1215, 1220, and 1225). Camera. 1701 may produce: a plurality’
of ‘data of multiple: types,, e.g., ego motion data, traffic: sign data, road data, or the: like. The camera data
and location; data may- be segmented . into drive: segments; 1705.. For example,, drive: segments; 1705 rmay’

[0281]} In, some; embodiments, , system; 1700y may' remove: redundancies im drive: segments; 1705..
For-example, iff-a landmark -appears; in:multiple:images; from: camera. 1701, system: 1700 may" striprthe:
redundant - data, such, that:the drive; segments; 1705; only-contain: one copy- of ‘the: locationt of andl any’
metadata, relating; to the; landmark. . By-way- of further-example,, iif alane:marking ; appears inimultiple:
images; from, camera, 1701, system, 1700y may- striprthe: redundant : data suchithat :the: drive: segments; 1705

only, contain, one copy- of the: location; of ‘and| any metadatairelating sto the: lane:marking. .
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[[0282] :System 11700:alsoiincludes a:server ((e.g., server :1230). ‘Server 1230'may receive drive
:segments :1705 sfrom the vehicle :and recombine the drive :segments 11705 iinto a:single drive 1707. {Such
:an arrangement -may :allow -for reduce lbandwidth rrequirements ‘when transferring «datalbetween the vehicle
.andthe server while:also :alowing for theserver to:storedatarelating to:an«entire drive.

[[0283] FIG. 18 depicts system :1700.of FIG. ‘17 further «configured -for crowdsourcing asparse
map. AsiinFIG. 117, system 11700 iincludes vehicle 11810, which captures drivedatausing, for example, @
camera (which -produces, e.g., €go motion data, traffic sign data, road data, or the like) :and alocating
device (e.g., @GPS locator). Asin FIG. 17, vehicle 1810 :segments the collected data into drive 'segments
(depicted as“DS1 1,”“DS2 1,” “DSN 1" in FIG. 18). ‘Server 1230 then receives the drive :segments and
reconstructs adrive (depicted as“Drive 1" in FIG. '18) from the received :segments.

[0284] Asfurther depicted in FIG. 18, system 1700 ialso receives data from :additional vehicles.
For example, vehicle 1820 also captures drive data using, for example, acamera (which produces, &..,
ego motion data, traffic sign data, road data, or the like) and a locating device (e.g., a GPS locator).
Similar to vehicle 1810, vehicle 1820 segments the collected data into drive segments (depicted as “DS1
2" “DS22,” “DSN 2" in FIG. 18). Server 1230 then receives the drive segments and reconstructs adrive
(depicted as “Drive 2" in FIG. 18) from the received segments. Any number of additional vehicles may
be used. For example, FIG. 18 also includes “CAR N” that captures drive data, segments it into drive
segments (depicted as “DS1 N,” “DS2 N,” “DSN N” in FIG. 18), and sends it to server 1230 for
reconstruction into a drive (depicted as“Drive N” in FIG. 18).

[0285] Asdepicted in FIG. 18, server 1230 may construct a sparse map (depicted as “MAP")
using the reconstructed drives (e.g., “Drive 1,” “Drive 2,” and “Drive N”) collected from a plurality of
vehicles (e.g., “CAR 1" (also labeled vehicle 1810), “CAR 2" (also labeled vehicle 1820), and “CAR N”).

[0286] FIG. 19 isaflowchart showing an example process 1900 for generating a sparse map for
autonomaus vehicle navigation along aroad segment.. Process. 1900 may be performed. by one or more
processing devices. included in server: 1230.

[0287]; Process, 1900 may include receiving, aplurality of images acquired as one or more
vehicles traverse the road segment (step- 1905). Server 1230 may receive images from cameras included
one or more images of the environment - surrounding. vehicle: 1205 as vehicle 1205 travels along road
segment: 1200.. In some: embodiments,, server: 1230 may also receive: stripped! down. image: data that: has
had. redundancies; removed | by- a processor- on vehicle: 1205, as discussed! above with respect:to FIG. 17.

[0288]| Process; 1900 may: further-include identifying,, based. on the plurality - of images,, at [east:
one line representation of ‘a road| surface: feature extending: along; the road! segment: (stepr 1910).. Each line
representation, may represent - a path along; the road. segment: substantially - corresponding ; with: the: road.
surface feature., For example,, server- 1230 may' analyze: the environmental .images received. from camera
122 toidentify- aroad| edge or-alane: marking; andl determine: atragjectory - of ‘travel | along; roadl segment:
1200 associated| with; the; road| edge or-lane marking.. Inisome: embodiments, , thertrgjectory " (or line

representation) ) may-include: a spline,, a polynomial [representation, ,or-acurve.. Server: 1230 may’ determine?
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1{he1trq' ectory of travel (of vehicle 11205 (based oncameraegoimotions(e.g., threedimensi onal trangdation
«and/orthree dimensional jrotational jmotions) jreceived :at sstep 11905.

[[0289] 1Process 11900;may :alsojincludeiidentifying, Ibased onitheplurality «of iimages, @jplurality of
landmarks associated \with the road ssegment ((step 11910). 1For eexample, sserver 112301may :anayzetthe
Environmental jimages received sfrom camera 1122 tojidentify oneorimorellandmarks, :suchasiroadsign
along road segment 1200. ‘Server 1230 may iidentify thellandmarks using :analysis of the plurality of
images;acquired asone ormore vehicles traverse theroad :segment. Toenable «crowdsourcing, the
analysis.may jinclude rules regarding :accepting :and rejecting jpossible llandmarks :associated with itheiroad
segment. For example, theanalysis;may iinclude:accepting jpotential landmarks whenaratio of imagesiin
which the landmark does ;appear tojimages in which the landmark .does not :appear exceeds athreshold
and/or rejecting potential landmarks when aratio of imagesiin which the landmark does not @ppear to

images in which the landmark does appear exceeds athreshold.

vehicles travelling on the road segment and determining the target trajectory based on the cl ustered
vehicle trgjectories, asdiscussed in further detail below. Clustering vehicle trajectories may include
clustering, by server 1230, the multiple trajectories related to the vehicles travelling on the road segment
into a pI urality of clusters based on at |east one of the absolute heading of vehicles or lane assignment of
the vehicles. Generating the target trajectory may include averaging, by server 1230, the clustered
trgjectories. By way of further example, process 1900 may include aligning data received in step 1905.
Other processes or steps performed by server 1230, as described above, may also be included in process
1900.

[0291], The disclosed systems and methods may include other features.. For example, the
disclosed systems may use local coordinates, rather than global coordinates.. For autonomous driving,
some systems may- present data in world coordinates. For example, longitude and latitude coordinates on
the earth surface may be used. In order- to use the map for steering,, the host vehicle may determine its
position» and orientation relative: to the map.. It seems natural . to use a GPS device: on board,, in order to
positi on the vehicle, on the map, and.in order-ta find the rotation. transformation . between. the body’
reference, frame and the world reference; frame (e.g., North,, East: and Down).. Once the body-reference:
frame ig aligned, with, the. map, reference: frame, then; the desired  route: may- be expressed. in the body
reference, frame and the, steering: commands, may- be computed. or generated..

[0292]) The; disclosed| systems, andimethods; may- enable: autonomous; vehicle: navigation: (e.g..,
steering; control)) with, low- footprint:models,, which: may- be collected! by the: autonomous; vehicles:
themselves; without-the aid| of ‘expensive; surveying: equipment.. To support:the autonomous; navigationt
(e.g.,’ steering; applications), ;the. road| model | may-include: a sparse: map» having; the: geometry- of the: road,, its

......

trgjectory -includediinithe:model.. As discussediabove, generationiof ‘the: sparse:mapmay’ be performediby’
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aremote server that communicates -with-vehiclesitravelling onitheiroad :and ithat ireceives dataifromtthe

wehicles. “Thedataymay jinclude <sensed (data, trajectories ireconstructed lbased onithe ssensed «data, :and/or
irecommended itrajectories ithat ymay jrepresent imodified ireconstructed ttrgjectories. .A s«discussed Ibelow,
ttheserver may transmit the;mode! lback ttoithe vehicles or other vehicles that llater travel onitheroadto:aid
iinautonomous jnavigation.

[[0293] FIG. 20ijillustrates ;alblock diagram of server "1230. ‘Server 11230:may iinclude @
.communication ;unit :2005, -‘which ;may jinclude both thardware «components ((e.g., communication «control
«circuits, switches, ;and ;antenna), ;and software components ((e.g., communication jprotocols, «computer
ccodes). For example, communication -unit:2005 may iinclude : least one network ‘interface. Server 1230
‘may communicate with vehicles 11205, 1210, '1215, 1220, and ‘1225 through communication 'unit2005.
For example, server 1230 may receive, through communication unit 22005, navigation information
transmitted from vehicles 1205, 1210, 1215, 1220, and 1225. ‘Server 1230 may distribute, through
communication unit 2005, the ;autonomous vehicle road navigation model to one.or more :autonomous
vehicles.

[0294] Server 1230 may include @ |east one non-transitory storage medium 2010, such asahard
drive, a compact disc, atape, etc. ‘Storage device 1410 may be configured to store data, such as
navigation information received from vehicles 1205, 1210, 1215, 1220, and 1225 and/or the autonomous
vehicle road navigation model that server 1230 generates based on the navigation information. Storage
device 2010 may be configured to store any other information, such as a sparse map (e.g., sparse map 800
discussed above with respect to FIG. 8).

[0295] In addition to or in place of storage device 2010, server 1230 may include a memory
2015. Memory 2015 may be similar to or different from memory 140 or 150. Memory 2015 may bea
non-transitory memory, such as a flash memory, arandom access memory, etc. Memory 2015 may be
2020), map data (e.g., data of sparse map 800), the autonomous vehicle road navigation model, and/or
navigation information received from vehicles 1205, 1210, 1215, 1220, and 1225.

[0296] Server- 1230 may include at |east one processing device 2020 configured to execute
computer codes or instructions, stored in memory 2015 to perform various functions.. For example,
processing; device, 2020 may- analyze: the navigation. information received. from vehicles: 1205, 1210, 1215,
1220, and 1225, and generate; the autonomous; vehicle road navigation. model based on the analysis.
Processing: device 2020 may control communication unit: 1405 to distribute: the autonomous. vehicle road
navigation model| ta one: or- more; autonomous; vehicles; (e.g.,, one or-more: of 'vehicles: 1205, 1210, 1215,
1220, and 1225; or-any- vehicle; that: travels; on road. segment: 1200 at: a later-time).. Processing; device 2020
may-be similar-to or-different : from, processor - 180, 190, or-processing; unit: 110..

[0297]] FIG. 21 illustrates; ablock:diagram. of memory- 2015,, whichimay store: computer- code: or
instructions; for-performing ; one or-more; operations; for-generating; a road! navigation:model | for use in
autonomous; vehicle, navigation. , A shown,in FIG., 21, memory’ 2015 may store: one or-more:modules; for

performing;the, operations; for- processing; vehicle: navigationiinformation.. For-example,, memory’ 2015
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imay jinclude iaymode! generating smodule 2105 :and:aimode! «distributing imodule2110. IProcessor 2020
:may execute thejinstructions stored iin:any of imodul es 2105 :and '2:140 iincluded iin memory :2015.

[0298] Model generating :module 2105 imay sstoreiinstructions ‘which, ‘when executed by
jprocessor :2020, :may generate :at least :ajportion «of :an:autonomous vehicle road inavigation :model fora
,common road segment ((e.g., road segment :1200) lbased onnavigation iinformation received fromvehicles
1205, 1210, "1215, 11220, :and 11225. For «example, iingenerating the :autonomous 'vehicle rroad navigation
different clusters. Processor 2020 may determine :atarget trgjectory :along the common road 'segment
1200 based on the clustered vehicle trajectories for each of the different clusters. Such @n operation may
include finding :amean or average trajectory of the clustered vehicle trajectories (e.g., by averaging data
representing the clustered vehicle trajectories) ineach cluster. In:someembodiments, the target trajectory
may be associated with a:single lane of the common road :segment 1200.

[0299] The road model and/or sparse map may store trajectories associated with aroad segment.
These trajectories may be referred to astarget trajectories, which are provided to autonomous vehicles for
autonomous navigation. The target trajectories may be received from multiple vehicles, or may be
generated based on actual trgjectories or recommended trajectories (actual trajectories with some
modifications) received from multiple vehicles. The target trajectories included in the road model or
sparse map may be continuously updated (e.g., averaged) with new trajectories received from other
vehicles.

[0300] Vehicles travelling on aroad segment may collect data by various sensors. The data may
include landmarks, road signature profile, vehicle motion (e.g., accelerometer data, speed data), vehicle
position (e.g., GPS data), and may either reconstruct the actual trajectories themselves, or transmit the
datato a server, which will reconstruct the actual trgjectories for the vehicles. In some embodiments, the
vehicles may transmit data relating to atrajectory (e.g., acurve in an arbitrary reference: frame),
landmarks data, and lane assignment: along traveling, path to server 1230. Various. vehicles travelling.
along the same road segment at multiple drives may have different trajectories.. Server 1230 may identify
routes or trajectories associated with each lane from the trajectories received from vehicles through a
clustering process..

[0301]] FIG. 22 illustrates a process of clustering vehicle trajectories. associated with vehicles
1205, 1210, 1215, 1220, and. 1225 for determining; atarget: trajectory for the: common. road segment: (e.g.,,
road segment: 1200).. The target:trajectory - or a plurality: of target:trajectories; determined! from the
clustering; process; may- be included| in the autonomous: vehicle: road: navigation. model | or sparse: map 800.
In some embodiments,, vehicles; 1205, 1210, 1215, 1220, and 1225 traveling; along; road: segment: 1200
may-transmit: a plurality of trajectories; 2200 to server: 1230.. In some embodiments,, server- 1230 rmay
generate, trajectories; based| on landmark,, road. geometry,, and. vehicle: motion. information received. from.
vehicles; 1205, 1210, 1215, 1220, and| 1225.. To generate:the: autonomous: vehicle: roadlnavigation! model,,

2225, and| 2230,, as showniin FIG., 22..
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[0302] (Clustering may bejperformed using variouscriteria. In:someembodiments, @l drivesiina
«cluster may besimilar with respect tothe:absol ute Iheading :along the road :segment 11200. The:absolute
Jheading ;may Ibeobtained from GPS signal sireceived by vehicles 11205, 11210, 11215, 1220, :and '1225. Inh
some embodiments, ‘the ;absolute heading :may 'beobtained using dead reckoning. Dead :reckoning, @sone
of skill iinthe art would understand, may lbe used to determine the current position :and hence heading of
‘vehicles 1205, 11210, 1215, 11220, :and 1225 by wsing previously determined ;position, «estimated :speed, etc.
‘Trajectories clustered by :absolute ‘heading may be-useful for identifying routes:along the roadways.

[[0303] 1nsomeembodiments, @l the drives in:acluster may be:similar with respect tothe lane
assignment (e.g., in the same lane before and after ajunction) :along the drive on road segment 1200.
Trajectories clustered by lane:assignment may beuseful for identifying lanes:along the roadways. In
some embodiments, both criteria (e.g., :absolute heading .and lane assignment) may be used for clustering.

[0304] In each cluster 2205, 2210, 2215, 2220, 2225, and 2230, trajectories may beaveraged to
obtain atarget trajectory associated with the specific cluster. For example, the trgjectories from multiple
drives associated with the same lane cluster may be averaged. The averaged trgjectory may beatarget
trajectory associate with a specific lane. To average acluster of trajectories, server 1230 may select a
reference frame of an arbitrary trajectory co. For all other trajectories (Cl, ..., Cn), server 1230 may find
arigid transformation that maps Ci to CO, wherei = 1, 2, ..., n, where n is apositive integer number,
corresponding to the total number of trajectories included in the cluster. Server 1230 may compute a
mean curve or trajectory in the coreference frame.

[0305] In some embodiments, the landmarks may define an arc length matching between
different drives, which may be used for alignment of tragjectories with lanes. In some embodiments, lane
marks before and after ajunction may be used for alignment of trgjectories with lanes.

[0306] To assemble lanes from the trgjectories, server 1230 may select areference frame of an
arbitrary lane. Server 1230 may map partialy overlapping lanes to the selected reference frame. Server
1230 may continue mapping until all lanes are in the same reference frame. Lanes that are next to each
other may be aligned as if they were the same lane, and later they may be shifted laterally.

[0307] Landmarks recognized along the road segment may be mapped to the common reference
frame, first at the lane level, then at thejunction level. For example, the same landmarks may be
recognized multiple times by multiple vehicles in multiple drives. The data regarding. the same
landmarks received in different drives may be dightly different. Such data may be averaged and mapped
tothe same reference: frame, such asthe coreference frame. Additionally or aternatively,, the variance
of the data of 'the same landmark: received. in multiple: drives may be calcul ated..

[0308]| In some embodiments,, each lane of road segment: 120 may be associated. with atarget:
trajectory and certain landmarks., The target:trajectory- or aplurality’ of 'such target: trajectories may be
included. iin the autonomous; vehicle: road navigation. model ,, which: may' be used! |ater' by’ other' autonomous:
vehicles travelling: along; the same road. segment: 1200.. Landmarks: identified. by vehicles; 1205, 1210,
1215, 1220, and 1225 while the vehicles; travell along; road. segment: 1200 may' be recorded!in association.
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withthetarget trajectory. -The dataof thettarget trajectories :andllandmarks imay lbe«continuously or
1peri odica Iy ]u_pdated withjnew (datajreceived sfrom other -vehicles jin:subsequent «drives.

[[0309] JFor llocalization (af ;an autonomous -vehicle, tthe (disclosed :systems :and imethods imay use
anExtended "Kaman JFilter. ‘Thejlocation (of the vehicle ;may Ibedetermined Tbased ©onthree «imensional
jposition data.and/or three dimensional (orientation «data, jprediction «of future llocation @ahead of vehicle's
current location by jintegration of .ego;motion. "Thellocalization «©of vehicle imay lbe«corrected wr :adjusted by
image observations (of landmarks. "For example, when vehicle detects allandmark ‘within @niimage
captured by the camera, the landmark may Ibe.compared to.aknown landmark :stored ‘within the road
model or sparse map :800. ‘The known landmark may have :aknown Jlocation ((e.g., GPS data) :along a
target trgjectory ;stored iin the road model :and/or :sparse:map 800. Based on the current :speed :and images
of the landmark, the distance from the vehicle tothe landmark may beestimated. The location of the
vehicle aong atarget trgjectory may be:adjusted based on the distance to the landmark :and the
landmark’s known location (stored in the road model .or :sparse map :800). The landmark’s
position/locaiion data (e.g., mean values from multiple drives) stored inthe road model :and/or :sparse map
800 may be presumed to be accurate.

_[03101 In some embodiments, the disclosed system may form aclosed loop subsystem, in which
estimation of the vehicle six degrees of freedom location (e.g., three dimensional position data plus three
dimensional orientation data) may be used for navigating (e.g., steering the wheel of) the autonomous
vehicle to reach adesired point (e.g., 1.3 second ahead in the stored). In turn, data measured from the
steering and actual navigation may be used to estimate the six degrees of freedom location.

[0311] Insome embodiments, poles along aroad, such aslampposts and power or cable line
poles may be used as landmarks for localizing the vehicles. Other landmarks such astraffic signs, traffic
lights, arrows on the road, stop lines, as well as static features or signatures of an object along the road
segment may also be used as landmarks for localizing the vehicle. When poles are used for localization,,
the x observation of the poles (i.e., the viewing angle from the vehicle) may be used, rather than the y
observation (i.e., the distance to the pole) since the bottoms of the poles may be occluded and sometimes
they are not on the road plane.,

[0312]) FIG. 23 illustrates anavigation system for a vehicle, which may be used for autonomous.
navigationvusing’acrowdsourced,sparse», map., For illustration,, the vehicle: is referenced as vehicle 1205.
The vehicle shown in FIG. 23 may- be any other vehicle: disclosed . herein,, including,, for example,, vehicles
1210, 1215, 1220, and 1225, aswell as vehicle. 2001 shown in other-embodiments.. Asshown.in FIG. 12,
vehicle. 1205 may- communicate: with, server- 1230., Vehicle: 1205 may- include: an.image: capture: 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 may
also, include; other- sensors, such, ag a speed| sensor- 23201 and| an, accelerometer - 2325.. Speed|sensor: 2320
may- be configured] to detect: the, speed; of 'vehicle: 1205., Accelerometer - 2325 may' be configured|to detect:
an, acceleration, or-deceleration , of 'vehicle; 1205.. Vehicle: 1205 showniin FIG.. 23 may- be an autonomouss

vehicle, andjthe navigation, system, 2300y may- be used| for-providing; navigation: guidance: for- autonomous;
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driving. Alternatively, \vehicle 11205;may :alsolbe:ainon-autonomous, Thuman-controlled vehicle, @and

jnavigation ;system:2300,may «till ibeused ifor jproviding inavigation guidance.

([0313] ‘Navigation system ;2300;may iinclude ;accommunication wnit :22305 «configured to
communicate with server 11230 through communication jpath 11235. ‘Navigation :system :2300:may :al so
iinclude aGPSunit 2310 configured toyreceive :and process (GPS:signals. "Navigation ssystem 2300 may
further jinclude at jleast one processor :23/15.configured o process «data, :such :asiGPS:signals, map data
from sparse map :800 (which may Ibe stored on:astorage device provided onboard vehicle 11205 and/or
received from server 1230), road geometry :sensed by ;aroad profile :sensor :2330, iimages captured 'by
camera 122, and/or ;autonomous -vehicle road navigation mode! received from:server 1230. Theroad
lprofi le sensor 2330 ‘may jinclude different types of devices for measuring different types of road profile,
such asroad surface roughness, road width, road elevation, road curvature, etc. For example, the road
profile sensor 2330 may iinclude @a.device that measures the motion of a:suspension of vehicle 2305 to
derive the road roughness profile. 1nsome embodiments, the road profile :sensor 22330 may iinclude radar
ssensors to measure the distance from vehicle 1205 to road sides (e.g., barrier .on the road sides), thereby
measuri ng the width of the road. In .some embodiments, the road profile sensor 2330 may include a
device configured for measuring the up and down elevation of the road. In some embodiment, the road
profile sensor 2330 may include a device configured to measure the road curvature. For example, a
camera (e.g., camera 122 or another camera) may be used to capture images of the road showing road
curvatures. Vehicle 1205 may use such images to detect road curvatures.

[0314] The & least one processor 2315 may be programmed to receive, from camera 122, at least
one environmental image associated with vehicle 1205. The at least one processor 2315 may analyze the
at least one environmental image to determine navigation information related to the vehicle 1205. The
navigation information may include atrajectory related to the travel of vehicle 1205 aong road segment
1200. The at least one processor 2315 may determine the trajectory based on motions of camera 122 (and
hence the vehicle), such asthree dimensional trandation and three dimensional rotational motions. Tn
some embodiments, the at least one processor 2315 may determine the translation and rotational motions
of camera 122 based on analysis, of aplurality- of images acquired by camera 122. In some embodiments,.
the navigation information may include lane assignment information (e.g., in which lane vehicle 1205 is
travelling along road segment. 1200)., The navigation information. transmitted from vehicle: 1205 to server
model, which may- be transmitted back from server- 1230 to vehicle 1205 for providing; autonomous:
navigati on gui dance. for-vehicle: 1205.,

[0315]] The at:least:one processor - 23 15 may- also be programmed. to transmit:the navigation.
information from vehicle, 1205 tg server- 1230., In. some embodiments,, the navigation: information:may be
transmitted | to server: 1230  along: with, road| information.. The road! location:information: may- include &
least: one of the, GPS signal| received | by: the, GPS unit: 2310, landmark: information,, road! geometry,, lane
information, etc. The at:least: one processor -23 15 may- receive,, from: server- 1230, the: autonomous; vehicle:

road navigation, model | or-a portion, of thesmodel.. Thes autonomous; vehicle:roadlnavigation:model [
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received from server 1230 may include at least one update based on the navigation information
transmitted from vehicle 1205 to server 1230. The portion of the model transmitted from server 1230 to
vehicle 1205 may include an updated portion of the model. The at least one processor 2315 may cause a
least one navigational maneuver (e.g., steering such as making aturn, braking, accelerating, passing
another vehicle, etc.) by vehicle 1205 based on the received autonomous vehicle road navigation model or
the updated portion of the model.

[0316] The at least one processor 2315 may be configured to communicate with various sensors
and components included in vehicle 1205, including communication unit 1705, GPS unit 2315, camera
122, speed sensor 2320, accelerometer 2325, and road profile sensor 2330. The at least one processor
2315 may collect information or data from various sensors and components, and transmit the information
or datato server 1230 through communication unit 2305. Alternatively or additionally, various sensors or
components of vehicle 1205 may also communicate with server 1230 and transmit data or information
collected by the sensors or components to server 1230.

[0317] In some embodiments, vehicles 1205, 1210, 1215, 1220, and 1225 may communicate
with each other, and may share navigation information with each other, such that at least one of the
vehicles 1205, 1210, 1215, 1220, and 1225 may generate the autonomous vehicle road navigation model
using crowdsourcing, e.g., based on information shared by other vehicles. In some embodiments,
vehicles 1205, 1210, 1215, 1220, and 1225 may share navigation information with each other and each
vehicle may update its own the autonomous vehicle road navigation model provided inthe vehicle. In
some embodiments, a least one of the vehicles 1205, 1210, 1215, 1220, and 1225 (e.g., vehicle 1205)
may function as ahub vehicle. The a least one processor 2315 of the hub vehicle (e.g., vehicle 1205)
may perform some or all of the functions performed by server 1230. For example, the at least one
processor 2315 of the hub vehicle may communicate with other vehicles and receive navigation
information from other vehicles. The at least one processor 2315 of the hub vehicle may generate the
autonomous Vehicle road navigation model or an update to the model based on the shared information
received from other vehicles. The a least one processor 2315 of the hub vehicle may transmit the
autonomous Vehicle road navigation model or the update to the model to other vehicles for providing
autonomous navigation guidance.

[0318] Mapping Lane Marks and Navigation Based on Mapped | ane Marks

[0319] Asprevioudy discussed, the autonomous vehicle road navigation model and/or sparse
map 800 may include aplurality of mapped lane marks associated with aroad segment. Asdiscussed in
greater detail below, these mapped lane marks may be used when the autonomous vehicle navigates. For
example, in some embodiments, the mapped lane marks may be used to determine alateral position
and/or orientation relative to a planned trgjectory. With this position information, the autonomous vehicle
may be able to adjust a heading direction to match adirection of atarget trgjectory at the determined
position.

[0320] Vehicle 200 may be configured to detect lane marks in a given road segment. The road

segment may include any markings on aroad for guiding vehicle traffic on aroadway. For example, the
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Jlane:marks-may tbeccontinuous or dashed llines demarking the edge of :allane of travel. ‘Thellaneimarks

:may asoiinclude double llines, such:as:adoubl e continuous llines, doubl e dashed llines or :acombination of
«continuous;and dashed llinesiindicating, fforexample, whether jpassing iisjpermitted iin an iadjacent lane.
‘The lane marks may :al so include freeway entrance iandexit.-markings iindicating, for example, :a
deceleration lane for ;anexit ramp or dotted lines indicating that :alaneiis turn-only or that the laneiis
ending. The markings may further iindicate awork :zone, :atemporary lane:shift, iajpath of travel through
anintersection, a:median, :a:specia purpose lane(e.g., albikelane, HOV lane, «tc.), or other
‘miscellaneous markings (e.g., crosswalk, :a:speed hump, :arailway crossing, a:stop line, €tc.).

[0321] Vehicle:200 may use cameras, :such asimage capture devices 122 and 124 included in
image acquisition unit 120, to capture images of the :surrounding lane marks. Vehicle 200 may analyze
the images to detect point locations associated with the lane marks based on features identified within one
or more of the captured images. These point locations may be uploaded to aserver to represent the lane
marks in.sparse map 800. Depending -on the position .and field of view of the camera, lane marks may be
detected for both sides of the vehicle simultaneously from a:single image. 1n other embodiments,
different cameras may be used to capture images on multiple sides of the vehicle. Rather than uploading
actual images of the lane marks, the marks may be stored in sparse map 800 as a spline or a series of
points, thus reducing the size of sparse map 800 and/or the data that must be uploaded remotely by the
vehicle.

[0322] FIGs. 24A-24D illustrate exemplary point locations that may be detected by vehicle 200
to represent particular lane marks. Similar to the landmarks described above, vehicle 200 may use
various image recognition agorithms or software to identify point locations within a captured image. For
example, vehicle 200 may recognize a series of edge points, corner points or various other point locations
associated with a particular lane mark. FIG. 24A shows a continuous lane mark 2410 that may be
continuous white line. Asshown in FIG. 24A, vehicle 200 may be configured to detect a plurality of
edge location points 241 1 along the lane mark. Location points 241 1 may be collected to represent the
lane mark at any intervals sufficient to create amapped lane mark in the sparse map. For example, the
lane mark may be represented by one point per meter of the detected edge, one point per every five
meters of the detected edge, or a other suitable spacings. In some embodiments,, the spacing may be
determined by other factors, rather than a set intervals such as, for example, based on points where
vehicle 200 has a highest: confidence ranking: of the location of the detected points. Although FIG. 24A
shows edge location points on an interior edge of lane mark 2410, points may be collected. on the outside
edge of the line or along; both edges. Further, while asingle line is shown in FIG. 24A, similar edge
points may- be detected for a double continuous line. For example, points 241 1 may' be detected. along an
edge of ‘'one or- both of the: continuous; lines.

[0323]| Vehicle: 2000 may- also represent: lane marks differently” depending; on:the type or shape of
lane mark., FIG.. 24B; shows an exemplary' dashed. lane mark: 2420 that: may' be detected. by vehicle: 200.
Rather-than identifying: edge points,, as in FIG.. 24A,, vehicle may' detect: a series of ‘corner: points 2421
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Irtf.praenti ng cornerscof thellanedashesttocdefinetthefful ltboundary «f ithecdash. "Whil elF1G.224Bsshows

dashymark may tbecaptured, ffor €xample, vehicle:2001may «capture :and/or rrecord poi ntsirepresenting @
ssamplef dashimarks((e.g., every other, cevery tthird, eevery ffifth, cetc.) ordashimarks:at ajpredefined
spacing(e.g., every meter, every fivemeters, every 110/meters, «tc.) (Corner jpointsimay < solbedetected
ffor similar lane,;marks, such asimarkings sshowing :allaneiisifor @nexit ramp, that @jparticul ar llaneiis
endi ng, ©r ©ther various Jlane;marksthat ;may lhave detectabl e«corner jpoints. {Corner jpointsimay «asobe

(detected ffor jlane,marks consi sting «of doubl e dashed llinesor :a«combination «of «continuous :and «lashed

[[0324] '1n.some embodiments, ‘the points uploaded tothe server to.generate the mapped lane
marks may represent other jpoints besides the detected edge points or corner points. FIG. 24Ciillustratesa
series of points that may represent a.centerline of iagiven lane mark. For example, continuous lane 2410
may be re_praented by centerline points 2441 :aong :a centerline 2440 of the lane mark. Insome
embodiments, vehicle 200 may be configured to detect these center points using various image
recognition techniques, such as convolutional neural networks (CNN), :scale-invariant feature transform
(SIFT), histogram of oriented gradients (HOG) features, or other techniques. Alternatively, vehicle 200
may detect other points, such as edge points 241 1 shown in FIG. 24A, and may calculate centerline points
2441, for example, by detecting points along each edge and determining a midpoint between the edge
poi nts. Similarly, dashed lane mark 2420 may be represented by centerline points 2451 along acenterline
2450 of the lane mark. The centerline points may be located a the edge of a dash, as shown in FIG. 24C,
or at various other locations along the centerline. For example, each dash may be represented by asingle
anng the centerline (e.g., every meter, 5 meters, 10 meters, etc.). The centerline points 2451 may be
detected directly by vehicle 200, or may be calculated based on other detected reference points, such as
corner points 2421, as shown in FIG. 24B. A centerline may also be used to represent other lane mark
types, such as adouble line, using: similar-techniques. as above.

[0325]; In some embodiments,, vehicle: 200 may identify points representing, other features, such
as avertex between, twq intersecting: lane marks.. FIG. 24D shows exemplary points representing. an
intersection between twao lane marks 2460 and 2465. Vehicle 200 may calculate: a vertex. point 2466
representing; an intersection between, the twoi lane marks.. For-example,, one of lane marks 2460 or 2465
may: represent: a train, crossing; area or- other- crossing; areaiinithe road segment.. While lane marks 2460
and 2465 are shown, as crossing; each, other- perpendicularly,, various other- configurations: may” be detected..
Far-example, the |ane marks; 2460 and| 2465 may- cross at: other angles,, or-one or- both of the lane marks
ma;_/rt_e_rmi nate: atrthe vertex; point: 2466.. Similar-technigques may’ also be applied!for-intersectionss between:
dashed| or-other-lane. mark:types.. In additionito vertex: pointt 2466,, various other-points 2467' may’ also' be
detected, providing; further-information, about:the orientation of lane marks 2460 and! 2465..
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[[0326] +V ehicle;200;mayzassoci aterreal -worl decoordinateswi theeachcdetected(paintcdt thellane
tto.a:server{for,mappingithejlane;mark. ~Thejlocationiidentifiersimay ffurtherii ncludecotheriidentitying
iinformation aboutthe,points, jincludingwhether tthegpoi ntrrepresentszaccormer [poi nt, cancedgerpoi nt, cceriter
jpoint, etc. +V ehicle;200,may tthereforetbecconfiguredttocdeterminezareal -worl dposi tioncdf :eachtpoint
waqsvegcquanal_ysi sof thejimages. 1For¢example, wehicle:2001 may detect cother ffeaturesiinttheiimage, ssucheas
itheyvariousjlandmarks described:above,itojl ocateitherreal -worldpositionof thellaneimarks. "Thismiay
jinvolvedetermining ithel ocation of itheflaneimarksiinithejimagerrel ative ttotthe«etectedll andmark cr
Jdetermini ng 1th§1positi on (af the wehiclelbased ontthe detected Ilandmark andthen «determining a«distance
ffromthe.vehicle (or target trajectory (f the-vehicle) totthellaneimark. "Whenzallandmark iisinct:available,
thejlocation of the lane mark points may e determined rel ative tozajposition of the vehicle determined
Ibased on dead reckoning. "Thereal-world coordinates iincluded iin the location iidentifiersmmay Tbe
[represented as absolute coordinates (e.g., latitude/longitude coordinates), or may berrelative toother
.féatur&q, such asbased on.alongitudinal position ;alongatarget trajectory :and alateral distance fromthe
.target .trqj ectory. The location identifiers may then be uploaded to.aserver for generation of the mapped
lane marks in the navigation model (such as:sparse map :800). In:some embodiments, the server may
construct aspline representing the lane marks of aroad segment. Alternatively, vehicle 200 may generate
the spline and upl oad it to the server to be recorded in the navigational model.

[03271 FIG. 24E shows an exemplary navigation model or sparse map for a corresponding road
segment that includes mapped lane marks. The sparse map may include atarget trajectory 2475 for a
vehicle to follow along aroad segment. Asdescribed above, target trajectory 2475 may represent an ideal
path for avehicle to take as it travels the corresponding road segment, or may be located elsewhere on the
road (e.g., acenterline of the road, etc.). Target trajectory 2475 may be calculated in the various methods
gggg‘riitv)@vq above, for example, based on an aggregation (e.g., aweighted combination): of two or more
reconstructed trgjectories of vehicles traversing the same road segment.

[0328]; In some embodiments, the target: trajectory' may be generated. equally for all: vehicle types
and for.all road, vehicle, and/or-environment. conditions. In other-embodiments, however,, various other
factors or-variables may- also be considered. in generating; the target: trgjectory.. A different target
trajectory. may: be generated| for- different.types; of vehicles (e.g., aprivate car, alight:truck,, and afulll
trajler)’.‘ For-example, atarget:trajectory- with relatively-tighter-turning; radiii may’ be generated! for'a smalll
E)rivate, car-than gl arger- semi-trailer-truck.. In.some embodiments,, road,, vehicle: and environmentall
conditions; may,bg consideredjaswell., For-example,, adifferentttargetitrajectory may’ be generated! for
different;roadj conditions; (e.g.,, wet, snowy, icy,, dry,, etc.),, vehicle: conditions (e.g.,. tireconditiontor:
environmentalfactorsy(e.g., timesof-day,, visibility, weather, etc.).. The:targetttry) ectory/may’al sodepend!
qqlqrqurrrnpvr_e:aspectsgqrffgatur@;of?aparticuIarrroadisegmentt(e.g.,,speedilimit,,ffequency/andisi zeof”
turns‘,gvrade,‘,,etc.)r.,. |mysomesembodi ments, ,vari ouss usersettingssmayal smbe usedito determinezthextargett

trgjectory, such,asaysettdriving;mode:(e.g.,,desiredidrivingzaggressiveness,,economy/ mode;.etc.).-
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[[0329] "Thessparseimapimayal soiincl udermapped!ilanermarks:2470zandz24801representingllane
ymarks;al ongttheyroadssegment. “Thermapped1lanesmarksimay therrepresented thyzagpl urality afllocation
iidentifiers;2471 ;and;2481, . ,A scdescribed :above, tthell ocation i dentifiersinay iincludell ocationsiintreal
worldcoordinates of jpoi ntsassociated withzacdetectedllaneimark. {Similar ttotthettarget itrajectory fintthe
imodel, thejlaneymarks;may :al soiincludecel evati ondatazandimay thetrepresented casracurveiintthree-
dimensional «space. 1For @xample, tthecurveimay tbeassplineconnecting tthreecdimensional 1polynomial st

suitableorder the curve;may ibeccal cul ated based onithell ocation iidentifiers. “Theimapped llaneimarksizy

of travel, .edge of aroadway, €tc.) ;and/or other characteristics of the llane:mark ((e.g., ‘continuous, dashed,
singlefling, double line, yellow, white, €tc.). \In:someembodiments, the:mapped llane:marks triay loe
«continuously \updated within ithe:model, for €xample, using ccrowdsourcing techniques. Thewme vehicle
may upload Jocation identifiers during multiple occasions of travelling the same road :segment oF data

may beselected from aplurality of vehicles (such.as 1205, 1210, 1215, 1220, and 1225) travelling the

updated and refined, the updated road navigation model and/or sparse map may be distributed to a
pl urality of autonomous vehicles.

[0330] Generating the mapped lane marks in the sparse map may also include detecting and/or
mitigating errors based on anomalies in the images or in the actual lane marks themselves. FIG. 24F
shows an exemplary anomaly 2495 associated with detecting alane mark 2490. Anomaly 2495 may
appear in the image captured by vehicle 200, for example, from an object obstructing the camera’s view
of the lane mark, debris on the lens, etc. In some instances, the anomaly may be due to the [ane mark
itself, which may be damaged or worn away, or partially covered, for example, by dirt, debris, water,
snow or- other materials on the road. Anomaly 2495 may result in an errorieous point 2491 being detected
by vehicle 200, Sparse map, 800 may provide the correct the mapped: lane mark. and exciude the eftor. in
some embodiments, vehicle: 2000 may- detect: erroneous point: 2491 for example,, by’ detecting; anomaly’
2495; in the image, or- by-identifying; the error- based on. detected Iane mark: points before: and after the
anomaly.. Based on detecting, the anomaly,, the vehicle: may omit: point: 2491 or may adjust. it to bein ine
with, other-detected points.. In other-embodiments,, the error-may” be corrected! after-thes point: has beent
uploaded,, for-example,, by determining;the point:is outside: of ‘an expected|thresholdl based! ort other points
uploaded| during; the: sames trip,, or- based| on ani aggregation: of ‘data from previouss trips along; the: sarhie roadl!
segment..

[0331]] The:mappedilanemarks;inthe:navigatiommodelland/or:sparse map may - also be used!for’
navi qati onlby, an autonomous; vehiclestraversingsthexcorresponding;roadway.. For-example,,avehicle’
navigvati ng;along; atargetitra) ectory smayperiodically rusethe:mappedilanemarkssimthe:sparse miapto
aligmitself withthestargetttrajectory. . Asmentionediabove,, betweenlandmarkssthesvehicl emay’ navigate:

basedjon, deadireckoning;imwhichithe:vehiclesuses; sensorst o determinezits egomoti omandlestimatesits
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jposition relative tothetarget trajectory. JErrorsimay :accumulate cover ttime:and vehi cle'syposition
(Jeterminations jrel ative toithettarget trajectory imay tbecomeiincreasingly Iless:accurate. .Accordingly, tthe
wehicle,may wse]lane;marks occurring jinssparseimap $800((and itheir Iknown Tlocations) ttorreducetthecdead
jreckoning-induced (rrors;injposition (determination. Jintthis way, theiidentified llanexmarks iincluded iin
«Sparse;map 800,may serve asinavigational :anchorsfrom which @an:accurate jposition of the'vehiclereative
to.atarget tragjectory ymay bedetermined.

[[0332] JFIG. 25A shows anexemplary iimage 2500 of @ vehicle's ssurrounding environment tthat
jmay 1beused ffor ;navigation based onithe;mapped laneimarks. lImage ;2500 1may lbe«captured, ffor example,
by vehicle 200 through jimage capture devices 122 and 124 included iniimage :acquisition wunit 120. Tmage
2500 -may -include ;animage of ;at least one lane mark :2510, ;asishown in FIG. 25A. Tmage ‘2500 may :a so
include one or more landmarks 2521 , such as;road :sign, used for navigation asdescribed :above. ‘Some
&ements shown in FIG. 25A , :such ;aselements 251 1, 2530, :and :2520 which «do:not :appear in the captured
image 2500 jbut ;are detected ;and/or determined by vehicle 200 :are:also :shown for reference.

[0333] Using the various techniques described above with respect to FIGS. 24A-D and 24F, a
vehicle may analyze image 2500 to identify lane mark 2510. Various points 2511 may be detected
correeponding to features of the lane mark inthe image. Points 251 1, for example, may correspond to an
intersecting 1ane marks, or various other features or locations. Points 251 1 may be detected to correspond
to alocation of points stored in anavigation model received from aserver. For example, if a sparse map
isreceived containing points that represent a centerline of a mapped lane mark, points 2511 may also be
detected based on a centerline of lane mark 2510.

[0334] The vehicle may aso be configured to determine alongitudinal position represented by
element 2520 and located along atarget trajectory. Longitudinal position 2520 may be determined from
image 2500, for example, by detecting landmark 2521 within image 2500 and comparing a measured
location to aknown landmark location stored in the road model or sparse map 800. The location of the
vehicle along atarget trgjectory may then be determined based on the distance to the landmark and the
landmark’s known location., The longitudinal position 2520 may also be determined from images other
than those used to determine the position of alane mark. For example, longitudinal position 2520 may be
determined by detecting landmarks; in images from other- cameras within image acquisition. unit: 120 taken
simultaneously - or- near- smultaneously - to image 2500.. In some instances,, the vehicle: may not: be near any
landmarks, or- other reference. points; for- determining: longitudi hal position. 2520.. In such instances, the
vehicle may- be navigating based. on dead reckoning; and thus may use sensors to determine: its ego motion
and estimate a longitudinal position 2520 relative: to the target trjectory.. The vehicle: may also be
configured|tg determine: a distance; 2530 representing; the: actuall distance: between: the: vehicle:and [ane
mark- 2510 observed| inthe: captured|image(s).. The camera, angle, the: speed! of the vehicle,, the width: of
the vehicle, or-various, other-factors, may- be accounted| for-in determining; distance: 2530..

[0335]] FIG. 25B; illustrates; a laterall localization, correction: of the: vehicle: based! onithe: mapped!
lane marks;in a road| navigation, model., As described! above,, vehicle: 2001 may- determine: a distance: 2530
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thetween,vehicle;200.anda]l aneymark2510wusi ngconecorrmoreii magesccaptured tbywehicleZ200. Vehicle
7200;may -al sothave:accessttozairoadinavigationimodel, ssuchzasssparset map 800, whichmmayiincludea
imapped]lanemark;2550and.attarget ttrajectory 22555. IMapped llaneimark 225501may tbetmodel ed usingtthe
{techniques described :above, for exampl ewusingccrowdsourced ll ocationii dentifiers captured by zaipl urality
jpreviously. "V ehicle;200,may @l solbeconfigured todetermine or cestimate @all ongitudinal jposition:2520
-alongitarget trajectory ;2555 :asdescribed @bovewithirespect ttolFI G.225A. 'V ehicle”200 1y tthen
(determine anexpected (distance 12540 based on:allateral i stance Ibetween ttarget ttrajectory 2555 @nd
jmapped ||lane;mark 12550 «corresponding ttollongitudinal jposition :2520. "Thellatera llocalization ©f vehicle
:200,may (becorrected or adjusted by comparing ithe:actual «istance 2530, smeasured wsing the«captured

i mage(s), ‘withithe expected distance 2540 fromtheimodel .

[[0336] FIG.:26A iisiaflowchart showing anexemplary jprocess 2600A for ‘mapping allane:mark
for usein autonomous vehicle -navigation, consistent with disclosed embodiments. At :step 2610, Process
2600A may include receiving two or more location identifiers :associated ‘with mdetected lane mark. For
‘exam‘pl e, step 2610 may ‘be-performed by :server 1230 or one Or More Processors iassociated with the
server, Thelocation identifiers may include locations in real-world -coordinates -of points associated with
the detected 1ane mark, as described :above with respect to FIG. 24E. In some embodiments, the location
mark, Additional data may also be received during step 2610, such as accelerometer data, speed data,
landmarks data, road geometry or profile data, vehicle positioning data, ego motion data, or various other
forms of data described above. The location identifiers may be generated by avehicle, such as vehicles
1205, 1210, 1215, 1220, and 1225, based on images captured by the vehicle. For example, the identifiers
may be determined based on acquisition, from a camera associated with a host vehicle, of at least one
image representative of an environment of the host vehicle, analysis of the at least one image to detect the
lane mark in the environment of the host vehicle, and analysis of the at least one image to determine a
position of the detected lane mark relative to alocation associated with the host vehicle. As described
above, the lane mark may- include a variety- of different marking; types, and the location identifiers may
correspond to a variety of points relative to the lane mark.. For example, where the detected! [ane mark  i§
part: of -a dashed line marking: a lane boundary,, the: points may" correspond. to detected! corriers of the [ane
mark. Where the detected| lane mark iis part; of'a continuous line marking; a lane boundary,, the points rfiay
correspond| to a detected| edge of the; lane mark,, withi various spacings as described| above.. Inisortie
embodiments,, the; points; may- correspond|to the centerline: of the: detected! lane mark,, as showni in FG..
24C,, or-may- correspond| to a vertex: betweenitwo intersecting; lane marks and at:| east: orie two other" points
associ ated| with,thes intersecting; lane; marks,, as showniinlFIG.. 24D..

[0337]] At;step,2612,, process; 2600A.may-includes associating;the: detected!lane mark-withia
corresponding; roadj segment.. For-example,, server- 1230) may’ analyze:the:real-worldl coordinates, , or-other-

information, recei ved) during; step; 26:10), andi compare:thescoordinatess orrotherrinformation ito[ocatiom
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jiinformati ongstorediinzanzautonomous wvehiclerroadinavigationtmodel. ¢Server 112301may «determinezatroad
@egmentﬂnﬁhgl model (that ccorresponds tottherreal -worl diroadssegment wheretthell anemark wascdetected.

[[0338] Atsstep;2614, jprocess;2600A 1mayiincludewpdating canzautonomous wehicl etroad
lnavigati on;model jrel ative ttotthe(corresponding iroadssegment Ibased contthettwo @rimorell ocationiidentifiers
«associ ated-withithe detected Jlane;mark. 1Forexample, tthez:autonomousiroad inavigation 1model 1nay loe
«Sparse;map 800, :and;server 11230;may wipdateithessparseimapttoii ncludeor :adj ust camapped llaneimarkiin
the;model. «Server 11230;may updatetheimode! tbasedonttheariousimethods r jprocesses «described
above.with respect tolFIG. :24E. JInssomeembodiments, wpdating the:autonomous vehicle roadnavigation
jlane;mark. ‘Theautonomous vehicleroadinavigation:model imay :alsoiinclude @t lleast wnetarget
trajectory for.avehicletoifollow :along thecorresponding iroad ssegment, :asishown inlFIG.24E.

[0339] At step:2616, process 2600A ‘may ‘include distributing the updated :autonomous vehicle
road navigation model to.aplurality of autonomous vehicles. For example, :server 1230 may distribute
the updated autonomous vehicle road inavigation model to vehicles 1205, 1210, 1215, 1220, «and 1225,
which may usethe mode! for navigation. ‘The:autonomous vehicle road navigation model Tay be
distributed via one.or more networks (e.g., over acellular network .and/or the Internet, etc.), through
wireless communication paths 1235, as shown in FIG. 12.

[0340] In some embodiments, the lane marks may be mapped using data received froma
plurality of vehicles, such asthrough a.crowdsourcing technique, as described above with respect to FIG.
24E. For example, process 2600A may include receiving afirst communication from afirst host vehicle,
including location identifiers associated with a detected lane mark, and receiving a second
communication from a second host vehicle, including additional location identifiers associated with the
detected lane mark. For example, the second communication may bereceived from a subsequent vehicie
travelling on the same road segment, or from the same vehicle on a subsequent trip along the same road
segment. Process 2600A may further include refining a determination of at least one position associated
with the detected lane mark based on the location identifiers received in the first communication and
based on the additional, location identifiers received in the second communication.. This may include
using an average of the multiple: location. identifiers and/or filtering; out “ ghost™" identifiers that: may not
reflect the real-world position of the lane mark..

[0341] FIG. 26B, is a flowchart showing an exemplary: process 2600B. for autonomously’
navi gati ng,a host: vehicle along, a road| segment: using; mapped: lane marks.. Process: 2600B: may be
performed, for-example,, by- processing; unit: 1101 of ‘autonomous: vehicle: 200.. At step 2620, process 26008}
may: include receiving; from, g server-based|system. an autonomous; vehicle roadl navigation:model.. In
some embodiments, the, autonomous; vehicle: road navigation model may” include: a target: trajectory” forthe
hast; vehicle along; the road| segment:.andi | ocationiidentifiers; associ ated| withi one: or'more: lane marks
associ ated| with, thes road| segment.. For-example,, vehicle: 2000 may receive: sparse:map 800 or-another road!
navi gati on,model| devel oped| using; process; 2600A.. Inisome: embodiments,, the:targetttrajectory’ rmay’ be

regraented[ ag athree-dimensional [ spline, for-example,, as showniinFIG..9B.. A's describedl above witht
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frespect to FIGS. :24A-F, thellocation iidentifiers:may iinclude llocations iinirea “world «coordinates of points
:associated withthe lane-mark (e.g., ccorner points «f :iadashed llane:mark, «edge points ©f acontinuous lane
mark, ;a-vertex ibetween two iintersecting llanemarks:and other jpoints iassociated ‘with thefintersecting llane
marks, acenterline ;associated ‘with the lane:-mark, etc.).

[0342] At step:2621, jprocess:2600B may iinclude receiving :at lleast one image representative of
an environment of the-vehicle. ‘The‘image may be:received from:animage capture device ©of the vehicle,
such asthrough image capture devices 122 :and '124 included iin image acquisition unit 120. Theimage
may ‘include an image of one or more lane marks, :similar to iimage 2500 described :above.

[0343] At step 2622, process 2600B may include determining alongitudinal position of the host
vehicle along the target trajectory. A sdescribed above with respect to FIG. 25A, this may be based on
other information in the captured image (e.g., landmarks, €tc.) or by dead reckoning of the vehicle
between detected landmarks.

10344] At step 2623, process 2600B may include determining an expected lateral distanceto the
lane mark based on the determined longitudinal position of the host vehicle aong the target trajectory and
based on the two or more location identifiers associated with the at least one lane mark. For example,
vehicle 200 may use sparse map 800 to determine an expected lateral distance to the lane mark. As
shown in FIG. 25B, longitudinal position 2520 along atarget trajectory 2555 may be determined in step
2550 corresponding to longitudinal position 2520.

| [0345] At step 2624, process 2600B may include analyzing the at |east one image to identify the
at least one lane mark. Vehicle 200, for example, may use various image recognition techniques or

algorithms to identify the lane mark within the image, as described above. For example, lane mark 2510
may be detected through image analysis of image 2500, as shown in FIG. 25A.

[0346] At step 2625, process 2600B may include determining an actua lateral distance tothe at
least one lane mark based on analysis of the a least one image. For example, the vehicle may determine
adistance 2530, as shown in FIG. 25A, representing the actual distance between the vehicle and lane
mark 2510. The camera angle, the speed of the vehicle, the width of the vehicle, the position of the
camera relative to the vehicle, or various other factors may be accounted for in determining distance
2530,

[0347]] At step 2626, process 2600B may include determining; an autonomous steering; action for
the host; vehicle based on a difference between the expected lateral. distance to the at least one lane mark
and the determined actua lateral distance tothe at least one lane mark.. For example,, as described above
with respect;to FIG. 25B, vehicle: 200 may- compare: actuall distance: 2530 with. an expected. distance: 2540.
The difference between the actual and expected distance may indicate: an error (and. its magnitude)
between the vehicle's actuall position, and the target: trajectory to be followed! by the vehicle.. Accordingly,,
the vehicle may- determine: an autonomous; steering; action. or- other: autonomous: action: based: on the
difference.. For-example,, if actual| distance: 2530 iis less than. expected. distance: 2540,, as shown.in FIG.

25B, the vehicle may: determine: an autonomous: steering; action: to direct the: vehicle: | eft,, away from lane
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imark;2510. “Thus, thewehicle' s jposition rel ative toitheitarget ttrajectory imay Ibeccorrected. 1Process:2600E
jmay beyused, {for @xample, ttojimprovenavigation «f thevehicle loetween llandmarks.

[[0348] |MapiManagement 1UsinganiElectronic IHorizon

[[0349] Although jprocessing jpower :and sstorage capacity thasiincreased and lbecome lless«costly, iit
may il be desirable tousethem more efficiently. "The:systems:andimethods «isclosed lhereinimay :allow
avehicleitodynamicaly yreceive ;andjload;map dataithat iisjpertinent ttoiitsitravel iroute, rather ithan loading
aylargeset of map dataithat the vehicle;may inotuseduring @trip. lindoing sso, the:systems @ndimethods
jmay yreduce jhardware requirements (of ;avehicle Iy ireceiving :and jprocessing the:map «atarthat ithevehicle
isllikely to need. Additionally, the systems:and methods may :also:allow reduction ‘intransmission «costs
of dataexchanged ibetween a vehicle :and, for example, acentral :server that deploys the map data
Furthermore, the disclosed systems :and methods may :alow the vehicle toreceive the most recent map
datathat the vehicle may need more frequently. For example, the systems:and methods may determine @
Lpotential travel ;area(or apotential travel envelope) for the vehicle based onnavigational information,
such asthe vehicle's location, speed, driving direction, etc. The:systems and methods may .also be
‘configured to determine .one.or more road segments :associated with the potential travel area from the
vehicle and transmit the map data relating to the road segments to the vehicle. The vehicle (and/or the
driver) may navigate according to the received map data.

[0350] FIG. 27 illustrates an exemplary system 2700 for providing one or more map :segments to
one or more vehicles, consistent with the disclosed embodiments. Asillustrated in FIG. 27, system 2700
may include a server 2701, one or more vehicles 2702, and one or more vehicle devices 2703 associ ated
with avehicle, adatabase 2704, and a network 2705. Server 2701 may be configured to providing one or
more map segments to one or more vehicles based on navigational information received from one or more
vehicles (and/or one or more vehicle devices associated with avehicle). For example, vehicle 2702
and/or vehicle device 2703 may be configured to collect navigational information and transmit the
navigational information to server 2701. Server 2701 may send to vehicle 2702 and/or vehicle device
2703 one or more map segments including map information for a geographical region based on the
received navigational information. Database 2704 may be configured to store information for the
components of system 2700 (e.g., server 2701, vehicle 2702, and/or vehicle device 2703). Network 2705
may be configured to facilitate; communications; anong, the components. of 'system 2700.

[0351]] Server 2701 may- be configured to receive navigational | information. from vehicle 2702
(and/or-vehicle, device 2703)., In some embodiments,, navigational  information may" include the location
of vehicle 2702, the speed of vehicle. 2702, and the direction of travel. of vehicle: 2702.. Server 2701 may
also be configured to analyze: the received navigational .information and determine: a potential travel.
envel ope; for.vehicle,2702.. A potential [travel| envel ope; of ‘a vehicle: may' be an area surrounding; the
vehicle. For-example, a potential travel| envelope: of ‘a vehicle: may include an area covering; a first
predetermined| distance from, the; vehicle: in the: driving; direction: of the vehicle, a second! predetermined!
distance from the vehicle.in a direction, opposite:to the driving; direction: of the: vehicle,, athird!

predetermined| distance, from; the; vehicle;ta the: I eft: of the: vehicle,, andl a fourth. predetermined! distance:
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tfromtheyvehiclettottherrightcof thewehicle. 1inssomesembodiments, ttheffirstypredetermi ned «distanceffrom
ttheyvehiclejinithedriving directionafithewehi cleimayiincludezagpredetermined «distancezaheaddflthe
wehicletthat;may cconstituteaneel ectronicthorizoncdfithewehicle. 1l nssomecembodiments, zafpotential ttravel
cenvelopeof ;avehiclemay jincludeoneorimorecdistances((one, ttwo, tthree, ...,,1n) {fromttheehicleiinwrie
@rimare(orall)possible driving directionsfforithewehiclerrel ativettoiitsccurrentiposition. IForéexample,iin
@yroadwhere avehicle;may ibecapabl e af imaking:alU-turn, @jpotential ttravel cenvel oped lthevehicleliigy
fincludeapredetermined distance ffromthe-vehicleiintheoppositedirectioniinzadditiontto apredetennined
distanceiin.at least the{forward (direction, ssincethevehicleimay jperform @'U-turn :andimay Inavigateiina
directionthat iis((generally) opposite toiitscurrentimotion direction. .As@another example, if traveling ‘@t
L[hgz‘qpposi tedirection jisjnotpossible (e.g., thereiis:ajphysical lbarrier) @t the«current llocation, iand o U-
turniispossible for some distance :ahead of thecurrent location, :ajpotent travel «envel op 'miay 'notfinclude@
distanceiinthe opposite direction. :Similar to:an:actual lhorizoniin'theireal ‘world, ithe el ectronic lhorizon
may be correlated to.apotential travel distance of the vehicle within acertain time window based ona
current §peed of the host vehicle and a.current direction of travel. ‘Server 2701 may further beconfigured
to send to the vehicle one or more map segments iincluding map information for a:geographical region i
least partially overlapping with the potential travel envelope of vehicle 2702.

l03521 In .some embodiments, :server 2701 may be acloud server that performs the functions
disclosed herein. Theterm “cloud server” refers to acomputer platform that provides services viaa
network, such asthe Internet. In this example configuration, server 2701 may use virtual machines that
may not correspond to individual hardware. For example, computational and/or storage capabilities mayy
be impl emented by allocating appropriate portions of desirable computation/storage power from a
scalable repository, such as a data center or a distributed computing environment. Tn one example, server
2701 may implement the methods described herein using customized hard-wired logic, one or more
Application Specific Integrated Circuits (ASICs) or Field Programmable Gate Arrays (FPGAS), firmware,
and/or- program logic which, in combination with the computer system, cause server 2701 to be aspecial-
purpose machine.,

[_0353] | Vehicle 2702 and/or vehicle device 2703 may be configured to collect: navigational!
information and transmit: the navigational information.to server 2701. For example, vehicle 2702 and/or
vehicle device 2703 may be configured. to receive data from one or more sensors and determine:
navigational | information,, such ag the; vehicle's location,, speed,, and/or- driving; direction,, based ori the
received, data. In some embodiments,, navigational | information. may" include sensor data received! from
Qne or-mare Sensors; associ ated| with, vehicle: 3302 (e.g.,, fromia GPS device,, a speedl serisor;, at
accel erometer, a suspension, sensor,, a camera,,aLIDAR device, aVisuall Detectiontand Ranging;

(VIDAR))device, ar-the: like, or-a combinationithereof).. Vehicle: 2702 and/or-vehicle: device 2703 miay”

transmit; sensor-data, to, server:2701.. Vehicles 2702 and/or:vehicle:device: 2703 may’ al so be configuredlto

r.evqejyejmap)i nformation, from, server:2701] via,, for-example,,network:2705.. Mapinformation:miay’include
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Jdatarelating;to; ;neppositi onjinareference:coordinates systema6f variousiitems,tincluding, ffoﬁexambl €

trajectoriesgforthethost vehicle, corithellike,corsaccombinationthereof. Iinssommecembodiments, ehi cle2 762
Land/or,vehicle device;2703ymaytbecconfiguredttogpl aneacroutinggpathaand/ortnavigate wehicle-2702
caccordinggtoitheymapiinformation. fForeexample, wehicleZ2702zand/or wehiclecdevi ce-2703maythe
(confivguredttvodj_et_e[m[nveg,artqut,ett,oza(desti nation thasedcontthermapiinformation. ‘Alternatively %r
cadditionally,vehicle:;2702.and/orvehicledevice2703imay thecconfigured ttoperform tll east Wite

Inavivga[ti onal ;action((e.g.,imaking agturn, sstopping atzall ocation, ¢etc.) tbasedontthetreceived i
sinformation. 1lnssomeembodiments, wehicle;2702:may iincl udezadevi celthaving sassimil ar cconfiguration

;and/or performing «similar ifunctions asssystem 1100 described :above. Alternatively @radditionally, vehicle

device:2703,may thave asimilar configuration @and/or jperforming ssimilar functionszissystem 1160

l[03541 ‘Database ‘2704 may iinclude :amap database configured ‘to:store rep data for the
ccomponents of :system 2700 (e.g., server 2701, vehicle 2702, iand/or vehicle device 2703). Intome
embodiments, server 2701, -vehicle 2702, :and/or vehicle device 2703 may beconfigured to2eeess
database 2704, and obtain data stored from and/or upload datato database 2704 via network 2705. For
example, server 2701 may transmit datarelating to map information to database 2704 for siorage.
Vehicle 2702 and/or vehicle device 2703 may download map information and/or data from database
2704. 1n some embodiments, database 2704 may include data relating to the position, in areference
points of interest, restaurants, gas stations, or the like, or acombination thereof. Tn some embodiments,
database 2704 may include a database similar to map database 160 described elsewhere in this disclosure.

[0355]; Netwark 2705 may be any type of network (including. infrastructure) that provides
communications, exchanges, information,, and/or- facilitates the exchange of information between the
components, of ‘system 2700. For example, network 2705 may include: or be part: of the Internet,» & Locall
Area Network, wireless, network (e.g., a Wi-Fi/302.1 1 network),, or other' suitable connections.- Tn other’
embodiments, one or- more components; of ‘system: 2700 may' communicate: directly’ through: dedicated!
communication, links, such, as, for-example,, atelephone: network,, arm extranet,, antintranet,» the Internet,
communications, alocal|areanetwork:(LAN),, awide areanetwork:(WA N),.avirtuall private’ network:

(VPN), andisoyforth..

[0356]] Asdescribedielsewhere:inithis;disclosure, ,vehicle:2702 may transmittnavigational 1
information,to,server2701; viaynetwork2705. . Serverr27011 may-analyzexthesnavigational linformation?
receivedsfrom,vehicle;2702 andidetermine:apotential ltravel lenvel opezforrvehiclex2 702 basedlghithe’
analy_si s;0f thesnavigational jinformation... Aypotential ltravel lenvel opmayvercompasssthes| ocation1of
vehicle,2702. | 1msomesembodiments, . apotential ltravel lenvel opezmayyincl udesaboundary. - Thezboundary?

of thespotential ftravel jenvel ope:mayyhave:ashape,.including,,forrexampl e, atriangular rshape; &
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quadrilateral sshape, ;yparallelogram sshape, ;airectangul ar sshape, :assquare((or ssubstantially ssquare) sshape, éa
trapezoid sshape, :adiamond sshape, :alhexagon sshape, :ancoctagon sshape, i rcular ((orssubstantialy
(Circular) shape, ;anoval sshape, :anceggsshape, :aniirregul ar sshape, cortthellike, «orzaccombination tthereof .
|FIGs.128A-28D iillustrate exemplary jpotential ttravel eenvelopes ffor:avehicleiinanzarea 2800, «consistent
\with disclosed embodiments. Asiillustrated iinlFIG. 28A, sserver 12701 imay «determine @jpotential ftravel
«envelopejhaving :ajboundary ;28114 which;may iincludezattrapezoid sshape, ffor vehicle’2702. .A stanother
<exam_pl e, @sillustrated iin]FI G. :28B, sserver ;2701 imay determine @jpotential ttravel «envelopelhavinga
1boundary :2812, which ;may iinclude ;anoval :shape, for vehicle 2702. Asianother example, @siillustrated iin
FIG. 28, server 2701 may determine :ajpotential travel envelope Ihaving @lboundary ‘2813, which rmay
include artriangle ;shape, ffor vehicle:2702. As:another example, asiillustrated iin FIG. 28, server 2701 gy
determine @ potential travel envelope lhaving :alboundary '2814, which:may iinclude arectangular ‘shape, for
vehicle2702. Alternatively or additionaly, the shape of the potential travel envelope may havea
boundary that isdetermined by oneor more potential paths that the vehicle may travel on:starting froma
location (e.g., acurrent location) of the vehicle. One:skilled inthe art would understand that the :shape of
apotential travel envelope isnot limited tothe exemplary :shapes described in‘this disclosure. ‘Other
shapes are also possible. For example, apotential travel envelope may incl ude an irregular shape (e.g.,
determined based on one or more boundaries of jurisdictions, such as countries, states, counties, cities,
and/or roads) and/or a portion of any of the shapes described herein.

[0357]_ Asdescribed elsewhere in this disclosure, server 2701 may aso be configured to transmit
to vehicle 2702 one or more map segments including map information for a geographical region at least
partially overlapping with the potential travel envelope of the vehicle. In some embodiments, the ohe or
more map segments sent to vehicle 2702 may include one or more tiles representing aregion of a
predetermi ned dimension.. The size and/or shape of atile may vary. In some embodiments,, the
dimension of atile in aregion may bein arange of 0.25 to 100 square kilometers, which may be
restricted into. a subrange. of 0.25 square kilometers to 1 square kilometer,, 1 square kilometers to 10
square kilometers, and 10 to 25 square kilometers,, 25 to 50 square kilometers,, and 50 to 100 square
kilometers.. In some embodiments,, the: predetermined . dimension of the tile(s) may” be less than: or equal to
ten, square kilometers.. Alternatively,, the predetermined: dimension. of the tile(s)) may’ be less than or equall
to one square kilometer., Alternatively,, the: predetermined: dimension: of the:tile(s)) may be less than: or
equal tg ten square kilometers.. Alternatively- or additionally,, the size of ‘atile may vary based! ort the type
of the region,inwhich,atileis.. For-example, the:size of atileinarural | area or-an area with fewer roads
than, may- be larger-than the: size of ‘atile:in an urban area or-areawithimores roads.. In sorme embodiments,,
the size of thetile. may- be determined| based! onithe: density of ‘the: information: around! a current:locationt
of the vehicle (or-thes location, where: the: dataii's obtained),, possible: paths for-thes vehicle, the number-of
possible;routes;inithe: area, thestype: of routes; (e.g.,,main,, urban,,rural ,, di rt,.etc.))inthe: areaandigenerall
navigational | patterns, and/or-trendssinthe:relevanttarea.. For-example,,if alarge percentage>of vehicles

typically -remain oma main;roadiim aparticular -area or-region,, mapinformeati omfor-asmallldistance:along;
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{traveled, then;more;mapjinformation ffortthessiderroad(e.g., ffor zaggreater «distance zal ongtthessidetroad)
jmay (be (obtained:and/or ftransmitted tothewehicle. linssomeeembodiments, attilemmay Ihavezairectangle
sshape, aa:squareshape, ;ajhexagon sshape, corthellike, orzacombination tthereof. (Onesskilled iintthezart'would
wnderstand that the shape of :attil eii sinot Jlimited totthe:shapes described iintthisdisclosure. TFor example, @
{tileymay jinclude anjirregular shape((e.g., determined :according ito:at lleast calboundary ©f @jurisdiction
((aateﬁ, counties, cities, (ortowns) or other regions(e.g., streets, highways)). Alternatively oradditi ondly,
atile;may jinclude ayportion «of :any sshape disclosed lherein.

[[0358] FIGs. 28E-28H iillustrates exemplary imap tiles for jpotential ttravel envelopes fora
wvehicle, consistent with disclosed embodiments. Asiillustrated iin'FIGs. 28E-28H, server 2701 may divide
area: 2800 ((or asmaller or ajlarger area) into- multiple tiles:281°1. {Server:2701 ‘may @ so lbe«configured to
determine one or-more tiles that ;at |east jpartially overlap with the potential travel envelope of vehicle
2702. ‘For example, asiillustrated :in FIG. :228E, :server 2701 ‘may determine @an area’283 1having tiles that
intersect with or ;are within boundary 2821 of apotential travel envelope for vehicle 2702. As:another
example, asillustrated iin FIG. 28F, server 2701 may determine an area 2832 having tiles that intersect
illustrated in FIG. 228G, server 2701 may determine an area 2833 having tiles that intersect with or are
within boundary 2823 of a potential travel envelope for vehicle 2702. Asanother example, asillustrated
in FIG. 28H, server 2701 may determine an area 2834 having tiles that intersect with or are within
boundary 2824 of a potential travel envelope for vehicle 2702. In some embodiments, server 2701 may
transmit the map information and/or data relating to one or more road segments in the determined areato
vehicle 2702.

[0359] FIGs. 29A and 29B illustrate exemplary map tiles, consistent with disclosed
embodiments. Asillustrated in FIG. 29A, an area (or amap) may be divided into aplurality of tiles at
different levels, For example, in some embodiments, an area may be divided in aplurdity of tiles at [evel
1, each of which may be divided into aplurality of tiles a level 2. Each of the tiles at level 2 may be
divided into a plurdlity of tiles a level 3, and so on. FIG. 29B.illustrates a plurality of tiles in aregion.
Alternatively or additionally, aregion or acountry- may be divided into a plurality of tiles based on
jurisdictions, (e.g., states, counties, cities, towns), and/or- other- regions (e.g., streets, highways).. [n some
embodiments, the dimension of ‘atile may vary.. For example, asillustrated in FIGs. 29A and 29B, an
area (or-amap), may: be divided| into, different: levels, and atile at:a particular- level. may have a particular
dimension.,

[0360]; In some embodiments,, atile:may- be presented:in a data blob,, which: may  include a
metadata block: (e.g., 64. bytes), a signature: block: (e.g., 256 bytes),, and an encoded! map data block: (e.g.,
various; sizes in the MapBox: format)..

[0361]] In some embodiments, , server-2701 may retrieve: datarel ating;to one or morettilesina
regi on, and;transmit-the, data to, vehicle: 2702 via, for-example,, network:2705..

[0362]] Alternatively -or-additionally,, vehicle: 2702 may' retrievesthe: datai relating;to one orrmore

tiles from,a storage; device., For-example,, vehicle; 2702 may- receive: one or-more: roadl segments: from:
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sserver;2701 ;as.described el sewherejinthiscdisclosure. YV ehiclez2702rmayaal sosstorettherrecei ved<onecsr
I mq[ergqussggmentsij nto,a | ocal sstoragesand| | oadconecorrmorettil esiincludedii ntthemecomrefroad
Ssggmentsi‘i nto;amemory fforgprocessing. /Alternatively,rratherrreceiving coriecorrmoretroadssegmentstfrom
sserver;2701,\vehicle;2702ymayincludeal ocal sstoragecconfiguredit osstorecorecornmoretroadssegmeritstand
(retrieveithe datayrel atingtortheonecorimorerroadssegmentstfromtthell ocal sstorage.

[[03695] 11nssomecembodi ments, wehicle;2702rmayretrievettheddatal(e.g., miapiinformation)
yrelatinggtooneormorettilestbased onithell ocationcofithewehicle. IForcexample, ehicl e-2702miay
determinejitscurrent jlocation (ascdescribed el sewhereiinithiscdisclosure) zand eterminezaffirstileiin
Wwhichthecurrent location;resides. "V ehicle;2702imay :al sowretrievettheffirstttile:and ore@rmore((orzall)
iles.adjacent to thefirsttile. Alternatively orzadditionally, vehicle:2702imay retri eve @t ore((oréall)
tileswithin apredetermined distanceffromthefirsttile. .Alternatively orzadditionally, vehicle’2702mfzy
retrieve onegrmore(or :al) tiles within :ajpredetermined degree of sseparation ffromtheffirstitile((e.g., G
are;adjacent to the first tile or adjacent tozatitle that iisiadjacent tothe firstitile). ‘When vehi ce2702
moves to.asecond tile, vehicle 2702 may retrieve the:second tile. Vehicle 2702 may dsoretrieve the first
tile and one or more (or all) tiles adjacent tothe:second tile. Alternatively or additionally, vehicle 2702
may retrieve one or more (or al) tiles within apredetermined distance from the second tile. Al ternatively
or additionally, vehicle 2702 may retrieve one or more (or all) tiles withina predetermined degree of
separation from the second tile (e.g., one or more (or all) tiles that are within the second degree of

adjacent tg the second tile). In some embodiments, vehicle 2702 may also delete (or overwrite) the first
tile and/or the previously retrieved tiles that are not adjacent to the second tile. Alternatively of
additionall)'@ vehicle 2702 may delete (or overwrite) one or more previously retrieved tiles that are not

within a predetermined distance from the second tile. Alternatively or additionaly, vehicle 2702 may

degree of separation from the second tile.

[0364] [ FIG. 30 illustrates; an exemplary- process for retrieving; one or morestiles.. Asiilustrated! i
FIG. 30, vehicle 2702 (and/or- server- 2701) may: be configuredito determine that: the: location. of vehicle
2702 isintile 5 at.time point: 1, Vehicle 2702 may-also be configuredito retrieve: (or load) adjacent tiles
1-4 and| 6-9.. At.time point:2, vehicle; 2702 (and/or- server- 2701)) may’ be configuredito determine’ that the
location, of vehicle, 2702 moves;totile 3 fromytile: 5. Vehicle: 2702 may’ be configuredltoretrieve (or'load))

and|6, anddelete tiles; 1,4, and| 7-9.. As such,,vehicle:2702 may retrieve: (or:| oad)) asubset! of the'tiles
(\e@,@tiI&))qtt@timgtgrve_duce;the;memoryzuwge:and/orrcomputation1Ioad§ . Imsormeembodiments,
vehicle.2702may, beconfiguredito,decode:atile:before:| oading;the:datarintorthesmemory -

[0365]] Alternatively ,oryadditionally, ,vehicle:2702may detennine :asubparttof ‘ati lethattits
| ocation,fallswithin,thestilesandjl oadithestil essadjacent ttothezsubpart... Byywayof ‘example,.asiliustratedliin
FIG, 31A, vehicle:2702may,determine:thatithesl ocati omof ivehicle:2702%i siimasub-tifex(zasub-tilethaving
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aypattern (of dotsiin tile 5) :and lload :map data.of the tiles that :are:adjacent tothe sub-tile (i.e., tiles4, 7, @and

9) into the memory for processing. As:another example, asillustrated in FIG. 31B, vehicle 2702 may
determine that the location of vehicle 2702 isinthe left-top :sub-tile of tile 5. Vehicle 2702 may :also load
thetiles adjacent tothe left-top sub-tile of tile 5(i.e., tiles 1, 2,:and 4). As:such, vehicle 2702 may
retrieve (or load) a:subset of the tiles(e.g., 4 tiles) :a atime to reduce the ' memory usage :and/or
computation load. Asanother example, asillustrated in FIG. 31C, vehicle 2702 may determine that the
llocation of vehicle 2702 jis in the right-top :sub-tile :and load map data of the tiles that :areadjacent tothe
sub-tile (i.e., tiles 2,:3,:and 6) into the memory for processing. As:another example, asillustrated in FIG.
31D, vehicle 2702 may determine that the location of vehicle 2702 isin the right-bottom :sub-tile:and load
map data of the tiles that are adjacent to the sub-tile (i.e., tiles 6, 8, and 9) into the memory for processing.
1n some embodiments, vehicle 2702 may be configured to decode atile before loading the data into the
memory. '

[0366] FIG. 32 isaflowchart showing an exemplary process for providing one or moré map
segments to one or more vehicles, consistent with the disclosed embodiments. One or more steps of
process 3200 may be performed by avehicle (e.g., vehicle 2702), a device associated with the host
vehicle (e.g., vehicle device 2703), and/or a server (e.g., server 2701). While the descriptions of process
3200 provided below use server 2701 as an example, one skilled in the art would appreciate that one or
more steps of process 3200 may be performed by a vehicle (e.g., vehicle 2702) and a vehicle device (e.g.,
vehicle device 2703). For example, vehicle 2702 may determine a potential travel envelope based on
navigational information. In additional to or aternative to receiving map data from server 2701, vehicle
2702 may retrieve portion of map data relating to the potential travel envelope from alocal storage and
load the retrieved data into a memory for processing.

[0367] At step 3201, navigational information may be received from avehicle. For example,
some embodiments,, the navigational information received from a vehicle may include an indicator of a
location of the vehicle, an indicator of a speed of the vehicle, and an indicator of adirection of travel. of
the vehicle., For example, vehicle: 2702 may' be configured to receive data from one or more sensors,
including, for example, a GPS device, a speed sensor, an accelerometer,, a suspension. sensor,, or the like,
or acombination thereof. Vehicle: 2702 may also be configured to determine navigational information,.
such asthe vehicle's location,, speed, and/or driving direction,, based on the received data. Vehicle 2702
may also be configured to transmit the navigational information to server 2701 via, for example, network
2705., Alternatively - or additionally,, vehicle 2702 may be configured to transmit the sensor data to server
2701, Server-2701 may-be configuredito determine: navigational | information,, which. may include: the
location of 'vehicle: 2702, speed; of 'vehicle: 2702, and/or- direction. of travel of vehicle: 2702, based. on the
received sensor: data.,

[0368]| In some embodiments,, vehicle: 2702 may- transmit:the navigational | information. (and/or’
sensor data) to server- 2701 continuously.. Alternatively,, vehicle: 2702 may- transmit:the navigational |

information, (and/or- sensor - data); to server- 2701 intermittently.. For: example,, vehicle: 2702 may transmit:
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itheynavigational jinformation ((and/or ssensor data) ttosserver 22701 ;ainumber «f ltimes<over sagperi od f lfime.
1By-way of :example, vehicle:2702;may transmit thetnavigational iinformation ((and/or ssensor «data) ttosserver
2701 @n_c_elperlmi_n_u_tg_. Alternatively, thewehicleimayttransmit tthemnavigational iinformation 'wheniitthas

accessitoamorejreliable :and/or ffaster inetwork ((e.g., Ihaving @asstronger ‘wirelessssignal, viaa WIF
(connection, (etc.).

[[0369] At:step:3202, thejreceived navigational iinformationimay Ibeanal yzed «and @jpotential
travel envelope ffor the-vehicle;may ibedetermined. 1For example, sserver 22701 1may «@analyze vehicle2702's
llocation, ;speed, ;and/or driving «direction, :and determine ajpotential travel envelope, ‘which:may iinclude
Jdetermined :areayrelative to-vehicle 2702. By way «of example, asiillustrated iin FIG. 228A, server 2701 Ty
Jdetermine ;an areathat .encompasses the Jlocation of vehicle 2702 :and determine @jpotential ‘travel «envelope
jhaving aiboundary 2811, based on the determined :area.

L[0370] 1n some embodiments, server 2701 may beconfigured to determine @ potential travel
envelope extending from the location of vehicle 2702 :and :surrounding the location of vehicle 2702. For
example, asillustrated in FIG. 28A, server 2701 may determine aline 2802 passing the location of
vehicle 2702 (or the centroid of vehicle 2702). :Server 2701 may :also beconfigured to determine @:side of
the boundary of the potential travel envelope in the direction of travel of vehicle 2702 and determine
another side of the boundary of the potential travel envelope in a direction opposite to the direction of
travel. By way of example, server 2701 may determine the upper boundary of the potentia travel
envel ope in the direction of travel of vehicle 2702 and determine the lower boundary of the potential
travel envel ope in the direction opposite to the direction of travel of vehicle 2702. Tn some embodiments,
the potential travel envelope may extend further along the direction of travel of the vehicle than ina
direction opposite to the direction of travel of the vehicle. For example, asillustrated in FIG. 28A, the
distance from the location of vehicle 2702), and the lower boundary of the potential travel envelope have
adistance 2804 from line 2802 (or a second distance from the location of vehicle 2702).. Distance 2803
may be greater than distance 2804 (and/or the first distance may be greater than the second distance). Tn
2702 aong the direction. of travel| of 'vehicle 2702.,

[0371] Alternatively- or additionally,, in determining;the potential {travel. envelope for vehicle
2702, server- 2701 may-take: a potential travel| distance overa period. of time: (or atime window)! into
account., For-example,, server-27011 may- determine: a potential | travel | distance: over-a predetermi ned!
amount: of time: and, determine:the; potential | travel | envel ope: including; the potential | travell distance.. I'tt
some embodiments, the; potential | travel | distance: over-the: predetermined| amount: of time: may’ be
determined| based| on, the: ocation, of 'vehicle: 2702, and/or-the: speedl of 'vehicle: 2702.. [nisorme
embodiments, server-27011 may determine:the; potential ltravel lenvel ope: further:based! oma sel ectedlor

h 2

predetermined]time:window.. The:time:window'may’be selected|or: determi ned!basedlorthe indicator: of

the speedjof the: vehicle.. The: predetermined lamounttof time: (or-atime>window)) may- beinthe range of”

0.1] seconds;t 24 hours., |mysome: embodiments, , the: predetermined! amounttof ‘time (or-atime:window))
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ImgyLQeI[g[i ctedjintossubranges (of 0.1 ssecondsttol ssecond, 11ssecondtto5sseconds, $5itoliosseconds, 110to
¢60seconds, 1minuteto:5;minutes, 5tto1101minutes, 110ttoc601minutes, 11thour ttoZ5thours, Sttoliothours,
«and110{to;24thours. 1Inssomecembodiments, tthejpredetermined @amount «of itime((or zattime wi ndow) may tbe
(determined (based nithettransmission ffrequency «of themavigational iinformation ffromwehicle-2702tto
«server 2701 . JFor example, sserver ;22701 jmay determinethejpredetermined :amount «f ttime((or attime
window) {based @nitheiinterval tbetween ttwottransmissions «f themnavigational iinformation ffrom-vehicle
:2702. (Server 2701 may determine :allonger timejperiod ffor determining thejpotential ttravel (i stanceffora
Jlonger transmission jinterval.

[[0372] 1Insomeembodiments, :ajpotential ttravel envelope may iinclude @lboundary. The
[boundary (of the potential travel envelope imay Ihave:a:shape, iincluding, for example, @triangular ‘shape, &
Quadrilateral shape, ;aparallelogram :shape, ;arectangular sshape, ia:square (or ssubstantially 'square) ‘shape, @
trapezoid shape, ;a.diamond :shape, :a hexagon :shape, :an octagon :shape, @circular i(or ssubstantially
circular) shape, an oval shape, anegg :shape, an'irregular :shape, or the like, or @combination thereof.
FIGs. 28A-28D iillustrate exemplary potential travel envelopes for avehicle inanarea2800, consistent
with disclosed embodiments.  Asiillustrated in FIG. 28A, :server 2701 may determine @potential travel
envelope having aboundary 2811, which may include atrapezoid shape, for vehicle 2702. Asanother
example, asillustrated in FIG. 28B, server 2701 may determine :apotential travel envelope having a
boundary 2812, which may include an oval shape, for vehicle 2702. Asanother example, a5 illustrated in
FIG, 28, server 2701 may determine a potential travel envelope having aboundary 2813, which may
include atriangle shape, for vehicle 2702. Asanother example, asillustrated in FIG. 28, server 2701 may
vehicle 2702.

[0373]7 In some embodiments, vehicle 2702 (and/or vehicle device 2703) may determine a
potential travel envelope based on the navigational information..

[0374] At step 3203, one or more map segments may be sent to vehicle 2702. Tn some
embodiments, the map. segment(s) may include map information for a geographical region af least
partially- overlapping; with the: potential travel envelope: of vehicle: 2702.. For example, server 2701 fmay
send the. one or more: map, segments; including; map data of ‘a geographical . region at least partially
overlappi ng with the potential travel| envelope: of 'vehicle: 2702 via network: 2705..

[0375]| In some embodiments, , the one or more: map segments: include: orie or more tiles
representing; aregion, of ‘a predetermined | dimension.. For-example,, as llustrated!iin FIG.. 28E,, server 2701
may- detennine: one or-more:tiles, 283 1 that: at:|east: partially- overlaps: withithe potential travell envelope 6f
vehicle, 2702 (i.e., the: potential | travel | envel ope: having; boundary’ 2821)) andl transmit- map» datal relating; to
tiles; 2831 tg vehicle: 2702 via network : 2705.,

[0376]] In, some: embodiments, , the;dimensioni of ‘atile: senttto vehicle: 2702 may’ vary.. For®
example, asillustrated{imFIGs..29A andi29B,, aniarea (or-amap)) may- be dividedlinto differenttlevels, and!
atileata particular -levelimay-have;aparticular -dimension.. Inisome: embodiments, ,the:predetermined!

dimension, of thestile(s)ysentttovehicle: 2702 may beimarangeof 0.25to 100) sguareskilometers, whicht
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imay {beyrestrictedin asubrange of 0.25 squarejkilometersito 11:ssquarelkilometer, 11ssquarelkilometersttol1o
fsguare]ki lometers, ;and 130t0:25squarelkilometers, ;:251tosquarelkilometers, :and :501t0 1100 ssquare
[kilometers. 1In.some embodiments, the;predetermined «dimension «f the tile(s) :may Toellessithan wor equal tto
ten @guareﬂg_iﬁl ometers. Alternatively, thejpredetermined «dimension «of thetile(s) imay lbellessithanor equal
toonesquarelkilometer. Alternatively, thejpredetermined dimension «of thetile(s) imay lbellessithanor
€qual toten squarekilometers. 'Insomeembodiments, :atileimay lhave:arectangle shape, asquare:shape,
.ta]hexagon tsha_pe, orithejlike, or ;a.combination thereof.

[[0377] ‘In someembodiments, the:map iinformation :sent tovehicle 2702-may iincludea
-vpol ynomial representation of atarget trgectory :along the one.or: more road :segments, :asdescribed
€lsewhereijin this disclosure. For example, the map iinformation may include :ajpolynomial :representation
of @‘portion of aroad segment consistent with the disclosed embodiments illustrated in FIG. '9A, FIG. 9B,
and FIG. 11A. For example, the map information may iinclude apolynomial representation of atarget
trajectory that is determined based on two or more reconstructed trajectories of prior traversals of vehicles
along the one or more road segments.

[0378] In some embodiments, after receiving the one or more road segments, vehicle 2702 may
navigate according to the one or more road segments, as described elsewhere in this disclosure. For
example, vehicle 2702 may be configured to perform one or more navigational actions (e.g., making a
turn, stop_pi ng & alocation, etc.) based on the received one or more road segments. Alternatively or
additionally, vehicle 2702 may be configured to perform one or more navigational actions based on the
polynomial representation of atarget trajectory along the one or more road segments.

[0379] In some embodiments, vehicle 2702 may receive the one or more road segments and
store the one or more road segments into a storage device. Vehicle 2702 may aso load one or moretiles
included in the one or more road segments into a memory for processing. For example, asillustrated in
FIG. 30, vehicle 2702 (and/or server 2701) may be configured to determine that the location of vehicle
2702 isintile 5 at time point 1, Vehicle 2702 may aso be configured to retrieve (or load) adjacent tiles
1-4 and 6-9. Attime point 2, vehicle 2702 (and/or server 2701) may be configured to determine that the
location of vehicle 2702 moves totile 3 fromtile 5, Vehicle 2702 may be configured to retrieve (or load)
new tiles 10-14, which are adjacent totile 3, Vehicle 2702 may also be configured to keep tiles 2, 3, 5,
and 6, and deletettiles 1, 4, and 7-9.

[0380]] Alternatively or additionally, vehicle 2702 may determine a subpart of atile that: its
location falls within atile and load the tiles adjacent to the subpart. By way' of ‘example, as illustrated in
FIG. 31A, vehicle 2702 may- determine; that: the location. of ‘vehicle 2702 iis in.a sub-tile (a sub-tile having
apattern of dots in tile 5) and. load map, data of the tiles that: are adjacent:to the sub-tile (i.e., tiles 4, 7, and
9), intg the memory- for- processing., As another-example, asillustrated. in FIG.. 31B,, vehicle: 2702 may
determine that: the location, of 'vehicle 2702 is in the left-top sub-tile of tile 5. Vehicle 2702 may- also loadl
the tiles adjacent:to the left-top, sub-tile, of tile 5 (i.e., tiles 1,2, and 4).. In some embodiments,, vehicle
2702 may- be configured|to decode:the tiles befores |oading; the data intor the: memory .

83



10

15

20

25

30

35

WO 2020/174279 PCT/1B2020/000152
(fossy] 1l nssomec:embodi ments, trather tthantrecei ving ttheconecormorerroadssegmerits{fromssarasr

72701 throughnetwork 22705, vehiclez2702imayretrievettheconexort morerroadssegmenitsffromzallocal
sStorage. jForexample, wehicle:2702imay determinetthegpotential ttravel cenvel opetbased mhithezanalysisdf
{theynavigational iinformation :and determineonecorimoreroadssegmentsii ncluding mapiinformationfforéa
(geographical jregion;at|leastjpartially coverlapping withtthespotential ttravel <envel ope «f vehicle2702,

"V ehicle:2702,may (al soyretrievethedatacof itheonecorimoresroad ssegments ffromzall ocal ¢storage. linssoiife
embodiments, vehicle;2702 may |load thedataof theone«orimoreiroad ssegments iintoiitsirermory for
jprocessing.

[[0382] 1Bandwidth jManagement ifor]M ap (Generation :and)Refinement

[[0383] A sdescribed el sewhere inthis:disclosure, lharnessing :and iinterpreting vast volumes ©f
data,(e.g., captured image data, map data, (GPS data, :sensor data, «etc.) collected lby vehicles posesa
multitude of design challenges. For example, thedataccollected by avehicle may ineed tobelupl oaded to
aserver. ‘The sheer quantity of datato beuploaded may easily cripple or hinder the transmission
bandwidth of the vehicle, Additionally, analyzing new data by a:server to update the relevant portion of &
map based on the new data may :also bechallenging. Moreover, different density levels may be used for
mapping different types of features. For example, adensity level of 330 kB per km may be needed for
features. Given the computation resources required for collecting non-semantic feature information and
certain hard limit bandwidth caps (e.g., 100 MB per year) that may be imposed to each of the vehicies,
there may be insufficient resources available to the vehicles to collect non-semantic feature information
al the time.

[0384] The systems and methods may enable controlling not only whether drive data is

begin, collecting; higher density non-semantic features information.. |f the vehicle is determined to have
driven through. the point: of interest,, then the server- can cause the vehicleto upload' the collected nor-
semantic features information., |1f'the vehicle: is determined. not:to have driven: through. the: region: 6f
interest, the server-may- cause the host: vehicle: to discard.the collected: non-semantic: features information.-
semantic; features; information, collected| by the: vehicle..

[0385]] FIG., 33 illustrates; an exemplary- system: for automatically ' generati ng;a navigationall gy
relative,to one or-more:road segments,, consi stenttwithithe: disclosedlembodiments. . Asillustrated!inFiG.-
33,,system, 3300) may- include: a server-3301,,one:or-moresvehicless 3302, andl orie or:mores vehicle: devices
3303; associatediwith, avehicle,, a database: 3304,, andianetwork: 3305.. For-example,, vehicle: 3302 and/or’
vehicle device:3303 may-be configuredito collect,, attafirstidensity’level , firsttnavi gational linformation!
associ atedjwithythesenvironment ttraversed by, vehicle:3302whemvehicle: 3302 travel ssoutsidesof ‘&

predeterminedidistance:from;ageographical Iregiomof interest... Vehicle:33022and/orrvehicle:device’ 3303
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jmay :alsobeconfigured ttocollect, at assecond density llevel tthat imay Toeggreater than theffirst densityllevel,
«second,navigational jinformation :associated withthecenvironment itraversed lby vehicle :3302'when vehicle
3302 travels at or-within thejpredetermined (distance fromithe;geographical region afiinterest.

[[0386] ¢Server 3301 may tbeconfigured toireceivethe first and/or ssecond navigeti onal
iinformation ;associated ‘with the environment itraversed by vehicle :3302. ‘Database :3304 may lbe
configured tostorejinformation ffor the components of system :3300(e.g., :server 3301, vehicle 3302,
.and/or vehicle device:3303). ‘Network :3305 may beconfigured itoifacilitate communications @among the
components of system :3300.

[[0387] «Server 3301 ;may ibeconfigured tocause collection «of firstinavigational iinformation
associated with an environment traversed by vehicle 3302. ‘The first navigationa information may be
collected at afirst density level. :Server 3301 may :also be configured to determine the location of vehicle
3302 based on output associated with .2 GPS sensor associated with vehicle 3302. Server 3301 may
further be configured to determine whether vehicle 3302 is:at or within a predetermined distance from the
geographical region of interest (or aboundaiy thereof). ‘Server 3301 may also be configured to cause
collection of second navigational information associated with the environment traversed by vehicle 3302,
based on the determination that the location of vehicle 3302 is a or within the predetermined distance
from the geographical region of interest. The second navigational information may be collected a a
second density level that may greater than the first density level. Server 3301 may further be configured
to cause vehicle 3302 to upload at least one of the collected first navigational information or the collected
second navigational information (or a portion thereof) from vehicle 3302. Server 3301 may also be
configured to update a navigational map based on the uploaded & least one of the collected first
navigational information or the collected second navigational information. In some embodiments, server
3301 may beacloud server that performs the functions disclosed herein. The term “cloud server” refers
to a computer- platform that provides services via anetwork, such asthe Internet.. In this example
configura([ion,’ server- 3301 may use virtual machines that may not correspond to individual hardware.. For
example,’ computational and/or- storage capabilities may be implemented by allocating. appropriate
portions of desirable computation/storage power-from a scalable repository,, such as a data center or a
distributed computing, environment., In one example, server 3301 may implement.the methods. described.
herein using; customized hard-wired; logic, one or-more Application. Specific: Integrated. Circuits (ASICs)
or-Field Programmable. Gate Arrays, (FPGAS),, firmware, and/or: program. logic which,, in. combination:
with the computer- system, cause; server-3301 to be a special-purpose: machine..

[0388]] Vehicle: 3302, and/or-vehicle: device 3303 may- be configured!to collect first navigationall
information, when, it-travels; beyond|the, predetermined| distance: fromithe: geographical | regioni of ‘interest:
(or-a boundary thereof).. Vehicle: 3302 and/or-vehicle device 3303 may- also be configured|to collect:
second| navigational | information  when, ititravels; a: or-within the predetermined| distance: from: the:
geographical [region, of ‘interest-(or-a boundary - thereof).. Vehicle: 3302 and/or-vehicle: device 3303 may’
further-be configured|to upl oad| at: | east: one the: collected| first: navigational | information: andl the: collectedl

secondjnavigational jinformation, (or-aportionithereof).. Inisome:embodiments, ,vehicle:3302 may receive:
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ymapjinformation (e.g..;anupdatedmap) ffromsserver:3301. IMapiinformation rmiayiincludecdatarrel atingtto
tgﬁerpositi on;ingreference coordinatessystemcof wariousiitems,iincluding, fforeexampl e, rroads, \wéter
ffeatureg ggqura}ohi cffeatures, thusinesses, jpointscof iinterest, rrestaurants, ggassstations, cassparsecdatal model
jincludi nglpo[ynomi a Irqpresentati ons (of :certai nyroadtfeatures((e.g., llanermarkings), ttarget ttraj ectoriesffor
ithethost,vehicle, orithejlike, or:acombination tthereof . TInssomecembodiments, wehicleZ3302¢and/orvehicle
device:3303,may 8l soibe.configured ttogplanzaroutingjpathzand/or navigate wehicl e3302:accordingttotthe
2outetto.adestination based onithe;mapiinformation. Alternatively corzadditionaly, ‘vehicle’3302:andwr
\vehicle device 3303 may lbeconfigured itojperform zt ll east onemavigational <action((e.g.,)making afturn,
5sto‘pApi ng at ajlocation, tc.) based onithesreceived mapiinformation. Il nssomeembodiments, wéhicle3302

jmay jinclude adeviceihaving :asimilar configuration :and/or jperforming «similar ffunctions @s:system 1100
described above. Alternatively (or additionally, vehicle device 3303:may lhavea:similar «configuration
and/or lperformi ng Similar functions ;assystem 100 described iabove.

[[0389] ‘Database 3304 may ‘include :a map database configured to:store map information for the
components of system 3300 (e.g., ;server 3301, vehicle 3302, :and/or vehicle device 3303). 1nsome
embodiments, server 3301, vehicle 3302, and/or vehicle device 3303 may be configured toaccess
ggggpggé 3304, and obtain data stored from and/or upload data to database 3304 via network 3305. For
Vehicle 3302 and/or vehicle device 3303 may download map information and/or data from database
3304. In some embodiments, database 3304 may include data relating to the position, in areference
coordinate system, of various items, including roads, water features, geographic features, businesses,
points of interest, restaurants, gas stations, or the like, or a combination thereof. Tn some embodiments,
database 3304 may include a database similar to map database 160 described elsewhere in this disclosure.

[0390] Network 3305 may be any type of network (including infrastructure) that provides
communications, exchanges, information,, and/or facilitates the exchange of information between the
components, of ‘system 3300., For: example, network: 3305 may' include or be part: of the Internet, a Local
AreaNetwork, wireless network: (e.g., a Wi-Fi/302.1 1 network),, or other stitable: connections.. In other
embodiments, one or-mare, components; of system. 3300 may* communicate: directly through: dedicated!
communication, links, such, as, for-example,, atelephone: network,, an extranet,, an intranet,, the: nternet,,
communications,, alocal| area network: (LAN),, awide areanetwork:(WAN),, avirtuall private network:
(VPN), andjso forth..
information, consistentwith, disclosed|embodiments.. AsillustratedlimFIG..34A ,, vehicle: 3302 may’travell
i aregion, 3400. Server-3301y may; be.configuredito,determine:the:locatiomof 'vehicle:3302 based!ori, for:
exampl e GP§ data, receivedifrom,a GPS; device: associatediwithivehicle: 3302.. Serverr3301l may’ alsobe
confi quredltgdggm[negthattvehi cle;3302i5beyondiapredetermined idistance:difromgeographical Iregion:
of interest(3401;. Server,3301; may, furtherbesconfigureditocause:vehicle:33022tor collect, . atafirsttdensity
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llevel, first;navigational jinformation ;associated withtheenvironment ttraversed lby vehicle 3302. "Vehicle
:3302,may lmpvgéii nyregion :3400 asiillustrated iinJFIG. :34B. (Server ;3301 imay lbecconfigured fto«determine
{that vehicle 3302 jis\within the jpredetermined «distance difrom geographical iregion «of iinterest 3401 Ibased
@ontheilocation of wehicle :3302. Server :3301 imay :al solbecconfigured ttoccause vehicle 3302 ftoccollect, @t @
second ‘density llevel tthat ;may tbe greater than the-first density llevel, ssecond navigational iinformation
.associated -‘with the environment traversed by vehicle:3302. 'Vehicle :3302:may -move iiniregion 3400 &5
illustrated iiniFIG. :34C.

[[0392] A greater density llevel may iindicate :a,greater :amount «of collected dataper munit length
of aroad segment. For example, the second navigational information «collected @ the:second density llevel
may include adenser set of similar objects (e.g., more landmarks) than the first navigational information
collected at the first density level. Alternatively or additionally, the second navigational information
collected at the second density level may include more categories of data collected than the first
navigational information collected at the first density level. For example, the:second ‘navigational
information collected .at the second density llevel may include more non-sematic features i(e.g.,
descriptors), which may need more data compared to that for sematic features, than the first navigational
information has. In some embodiments, the second navigational information may include one or more
non-sematic features, while the first navigational information may not include any non-sematic features.
Examples of semantic features and non-semantic features were discussed earlier in this disclosure.
Alternatively or additionally, the second navigational information collected a the second density level
may include sensor data from more and/or different sensors than the first navigational information
collected at the first density level. For example, the first navigational information may include GPS data
received from a GPS sensor. The second navigational information may include GPS data and LIDAR
data received from aLIDAR system. Asanother example, the first navigational information may include
GPS data and LIDAR data, and the second navigational . information may include GPS data and image
(\and/or‘VIDAR)‘ data received from aVIDAR system., Asstill another example,, the first navigational
information may include one or more images captured by a camera installed on the vehicle, and the
second navigational information may include one or more images captured by the camera and LIDAR
data received, from aLIDAR system., As stilli another- example,, the first: navigational | information. may
include. the data received; from an accelerometer - sensor- and. data received. from a LIDAR system,, and the
data received| from the, accelerometer - sensor-and.image (and/or- VIDAR)) data received. from a VIDAR.
system.,

[0393]] In some embodiments, , a landmark: may- include: a combination. of ‘objects: (or Iahdmarks)‘»
ag long; asthe combination of ‘objects; i's distinguishable: (it:canibe distinguished | from: other- nearby’ sets of
objects)., For-example,, landmarks; of the; samestype,, including; a set: of landmarks; that: may- constitute:a
combination, landmark : (a landmark : that; may- be constituted| by’ a combination of ‘semantic: objects)) may’
distanced| apart: from, one another - by- a certain, distance: (e.g.,, the: distance: that: corresponds; (or-iis equal)ito

the minima] resolution, of the. GPS; device: associated|with avehicle..
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([0394] <Server3301ymaytbecconfiguredttocdetermi netthat wehicle:3302iiswithinsgeographical
iregion afjinterestz3401,. "V ehiclez33021may tbexconfigured ttoccontinuettoccol lect ssecondinavigational
jinformation ;atthe:second (density |level \wheniititravel sswithinggeographical regionfiinterest :3401.
sServer-3301 ymay al sotbecconfigured ttoccauisevehicle:3302ttowpl oad zt ll east conecof theffirstnavigational
iinformation ;andithe<second navigationa iinformation ttosserver :3301..

[[0395] |FIG. 35iis:afflowchart showing :anexemplary jprocessiforzautomatically fgenerating @
jnavi gati onal ;mapyrelative tooneorimoreroad segments, «consistent ‘with thediscl osed cembodiments. ©One
Qorimorestepsof jprocess :3500:may Ibejperformed by @vehicle((e.g., vehicle ’3302), a«device:associated
‘withthehostvehicle(e.g., vehicle device 3303), :and/or asserver ((e.g., sserver :3301). 'Whiletthe
«descriptions of process 3500 provided lbelow use:server 3301 iasian example, one:skilled iinthe:art'would
appreciate that one or more steps of jprocess 3500 may Ibejperformed by @ vehicle(e.g., vehicle 3302) iand
avehicle device (e.g., vehicle device'2703). ‘In:addition, in various steps described herein, @vehicle rizy
~u‘pl oad certain information ;and/or datato:aserver, :and one:skilled iin the:art would understand that,
aternatively oradditionally, the vehicle may upload the information :and/or datato adatabase (..,
database 3304) viaanetwork. Moreover, one:skilled inthe art would understand that ‘athough the
descriptions of process 3500 provided below use vehicle 3302 as an example, process 3500 is not limited
to one vehicle. For example, server 3301 may be configured to determine the locations of aplurality of
vehicles and cause the plurality of vehicles to collect first and/or second navigational information. Server
3301 may also be configured to cause the plurality of vehicles to upload the collected first and/or second
navigational information, and update a navigational map based on the received first and/or second
navigational information.

[0396] At step 3501, first navigational information associated with an environment traversed by
ahost vehicle may be collected. For example, server 3301 may be configured to cause collection of first
navigational information, by vehicle 3302 at afirst density level, associated with an environment
traversed by vehicle 3302, By way of example, asillustrated in FIG. 34A, vehicle 3302 may travel in a
region 3400, Server 3301 may be configured to cause vehicle 3302 to collect navigational information
associated with vehicle 3302's environment. by transmitting; a request: to vehicle: 3302 to collect:
navi gati onal| information at the first: level..

[0397]} Iny some embodiments,, vehicle: 3302 may' collect: navigational l information: determined!
hased, on signals, received, from. one or-more: sensors,, such. as a GPS device,, a speed. serisor;, an
accel erometer,, a suspension; sensor,, a camera,, and a LIDAR. device,, or the like, or-a combination: thereof -
Exempl ary: navi gati onal | information, may- include: informationi and/or data rel ating; to the [ocations: of the
vehicle, speeds of the vehicle,, driving; directions; of the vehicle, |landmarks: associated! with: orie or riore:
road| segments,, roads,, one or-more; road| features,, one: or-more infrastructure: ob)j ects,, water features,»
geographic; features, points; of ‘interest: (e.g.,, office:buildings,, restaurants, , gas stations,, etc.),, ore: or more:
imag&; associ ated{ with, one: or-more: road{ segments,, L DAR. datarassoci ated withiones or rmores road!
segments, g sparse;datay model |including; polynomial I representationss of ‘certai niroadi featuress (e.g.,.lane

markings), target trajectories;for:the;hosttvehicle, ,orrthe:like,, or-acombinati onithereof.. Forrexample,.the:
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i [§trnavivgational iinformation ymayjj ncludeil ocati oniinformati onaassoci ated withzonecormmorellandmarks
-associ ated \withithe.onecorymorerroadssegments. /Alternatively corzadditionally, ttheffirstrnavigational
tthe.one.orymore;roadssegments.

[[0398] Inssomecembodiments, itheffirstinavigational iinformation 1may tbecassoci ated witheaffirst
(densi 'Eyl[e\(q_. (A density Jlevel;may jindicateccertainccategories df navigational iinformationttoccollect((e.g.,
Qoneormoretypesof navigational jinformationcollected), zacollectionratecdfnavigational iinformation
((e.vg.' , lhpyv,many @data;points;perunititime, ssuchzasyper ssecond, jperiminute, 1perthour, cetc.), @n@ccuray
llevel of navi _gati onal jinformation ((e.g., zathigher orllower (datarresol ution), cortthellike, @rzacombination
ithereof. 1In:someembodiments, adensity llevel imay Ibezassociated withzadatadensity ((e.g., llesstthan 110
"MB per kilometer (of roads, less than :5:M B per lkilometer «of roads, 2IMB jper lkilometer ofroads, llessithan
{L,MB per kilometer of jroads, jless than :500 kB jper lkilometer «of roads, llessithan 11001k B jper IKilometer ©f
jroads, lessthan 1301kB (per kilometer (of roads, or lessithan :21kB jper lkilometer ofroads).

[[0399] 1n.some embodiments, -vehicle:3302 may «collect first:navigational iinformation ‘without
jiqput or arequest from server 3301. For example, vehicle 3302 may operate ina* default” collection
mode inwhich navigational jinformation iis.collected :at apredetermined density level (e.g., the first
‘densit'y Ievel). Alternatively, vehicle 3302 may collect navigational information at a predetermined
density level based on a setting :associated with acondition of vehicle 3302 (e.g., aspeed, heading
di rectionz ‘etc.'). Asyet another alternative, vehicle 3302 may collect navigational information based ona
density |evel transmitted from server 3301 to vehicle 3302.

[0400] At step 3502, alocation of the host vehicle may be determined based on output
associated with one or more sensors of the host vehicle. For example, vehicle 3302 may be confi gured to
receive output associated with a GPS sensor and transmit the output to server 3301. Server 3301 may be

configured to determine the location of vehicle 3302 based on received output associated with the GPS

sensor. Alternatively or additionaly, vehicle 3302 may be configured to determine its [ocation based on

the received output associated with the GPS sensor-and transmit: the location. of vehicle 3302 to server
the Iike,} or.acombination thereof., Alternatively- or additionaly,, vehicle 3302 may use map information
tg determine a location.,

[0401] | In some embodiments, , the: location, of the vehicle: 3302 may’ be determined! a
predetermi ned|time intervals., For-example, the location: of vehicle 3302 may be determined! orice every’
basedon,the, speed[ of the,vehicle; 3302., For-example,,the;locationi of ‘vehicle: 3302 may' be determined!
more. frequently. if it; is determined| (by: vehicle: 3302 and/or-server-3301))thativehicle: 3302 travel s att a
higher-speed., Alternatively sor-additionally, ,theslocationiof vehicle:33022may- be determined!basedi ormthe:
regionimwhich, vehicle;3302is.. For-example, the:locatiomof ‘vehicle:3302 may’ be determinedinore
frequently,if itis determined; (by:vehicle; 3302 and/orrserverr3301))thattvehicle: 3302 isimam urbanarea
(Pfr|§§freqyentlxzif:VFehi,Cle:S?eOZzi simarurallarea).,
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[‘[040?] At step33503,ywhether ithe docationsof ithecshostyvehicles siaborwithiniecpredetermined

334A,and;34B ¢ server33301may-be:configured:toidetermineaggeographical rregionz6f interest334019andia
pPredetermined distance drfromggeographical rregion:of interest33401( (oragtboundary tthereof). SServer33301
rmay ;8 sophe;configured togdetermineswhether wehicle33302iisatconwithi nttherpredetermined <distancesd
ff‘ch‘;lrpggeggr‘e‘\phi cal region of interest23401((orzatboundary tthereof). (Asill ustratediintF(G 334A  ssarirer
23301, may the configured ttodeterminetthat wehiclez3302ii smotzatconwithinitherpredetermined cdistancecd
ffrvq‘rpigeégre}phical yregion of interestz3401((orzatboundary tthereof). /Alternatively, eadiillustratediintF(G.
:34B, server-3301,may tbe configured itodeterminesthat wehicle:3302ii st corwithi ntthefpredetermined
;additionally, \vehicle:3302;may {beconfigured ttodetermine whether wvehicle 3302iisitorwithin tihe
jpredetermined distance d ffrom geographical yregion cfiinterest 3401 {(or atboundary thereof). TFor
«©example, server 3301 ;may ransmit ageographical sregion «f iinterest 3401 «andzjpredetermined i stanced
1ﬁrgmée69raphical region of jinterest :3401 ((or atboundary thereof) to vehicle 3302. Vehicle 3302y be
configured to determine whether vehicle :3302 is:at or within the predetermined «dfistance d from
]geog:aphical region of interest 3401 ((or ;aiboundary thereof) ‘based on the location of the vehi cle 3302
égérmm@ asdescribed glsewhere in this disclosure. Vehicle 3302 may beconfigured to transmit the
result of the determination .of being at or within (or outside of) the predetermined distance d from
geographical region of interest 3401 (or aboundary thereof) to server 3301.

S [04031 In some embodiments, server 3301 may be configured to determine a geographical region
of Lr]'ggfgﬂ;."tw based on existing information of the geographical region of interest. For example, server 3301
may be configured to determine that the existing map data of aregion may be inadequate (e.g., does hot
include certain details regarding aroad feature associated with aroad segment in the region). By way of
example, server 3301 may be configured to determine a particular road segment (e.g., 1km in length) that
may ng@q accurate alignment., Server-3301 may- al'so be configured to determine ageographical ' region 6f
ilgtg:(egt; (e.g., asquare, or.circle that: covers the road| segment)..  As another- example,, server 3301 may
determine,tg, update, map, information, of ‘a region, andimay" designate: the: region: as a geographical  region: 6f
interest.

[0404]; A_geographical [region, of interestimay- be ageographic:regioniima e oracoordinate’
system. A, gngaphi ca 1regj on, of 'interesttmayinclude: one: or-more: of road! segments, , streets,,
i _ritgrgevcj[iwons! Jhighways, highway junctions, ,landmarks, ,infrastructure: objects, ,geographic:features,-points’
Geographical lregjonsgqui nterest¢may,vary imshapesand/orrsize.. A.geographical Iregioniof interest trivgy’
iggvly;vev,étri angyl ar rshape,;,ahqyadri lateral [shape,,aaparallel ogramshape,,arectangul ar rshape, @ suerEs(ort
substantially quyare) )shap‘e,t,a:,traoezoi d jshape,, adiamondishape,,ahexagonishape,armoctagon 1shape,s&
circular, (prrsubstanti a Iy',ci rcular) yshape,,,amoval Ishape;,ameggzshape;, ortthesliKe,,orraacombination 1
thereof - One,skilledsin the-artiwouldjunderstand ithat ithesshape=of faageographical dregionof linterest ti&srictt

limited.to.the.exemplary ;shapessdescribed jimthissdisclosure.:. Other ishapessaresal sospossible. - Fort
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cexample, ;acgeographical rregion (dfiinterestimayiincludezaniirregul ar sshape((e.g., «determined thasedncoiie
«@rmoretboundaries of jurisdictions, ssuchzasccountries, sstates, ccounties, cities, ¢and/ortroads) zand/oréa
jportion of :any of ithesshapes described therein. “Thessizedf :aggeographical 1region df linterest may theiinéa
Irange@_f 1lesquare;meter o1 (00ssquareikilometers. linssomeembodiments, ithessi zedf caggeographical
Irqgi onofjinterest;may tbeyrestricted jintozassubrangedf 11ssquareimeter 1to(0.1 ssquarelkilometers, (0.1 1t0(0.25
«squareikilometers, (0.25 square kilometers tollsquarelkilometer, 11squarelkilometers ttol10 ssyuare

[[0405] 1in «someembodiments, tthejpredetermined «istance imay iinclude @adirect «istance, @iroute
distance (e.g., adistance ffor the host vehicle totravel tothegeographical region of iinterest), ot thellike, o

acombination thereof. “The predetermined (distance may Ibeiin:arrange of Iimeter fto 1100 kilometers. lIh

‘meters, 4040 50-meters, 5010 100 meters, 1100 t0:500:meters, :500t0 1000:meters, 1to Skilometers, 5to
20 kilometers, 10-t0 50 kilometers, :and 50 to 100 kilometers. Alternatively or additionally, the
predetermined distance may include a distance indicator based on the separation of the vehicie from the
geographical region of interest ((or aboundary thereof) in terms of the number of street blocks, the
number of exits on ahighway, or the like, or acombination thereof. For example, a predetermined
distance may include a distance indicator indicating three street blocks.

[04061 In some embodiments, server 3301 may be configured to determine an approximation of
ageographical region based on the geographical region of interest. For example, server 3301 may extend
the geographical region of interest by adding the predetermined distance to the boundaries of the
geographical region of interest to obtain arough geographical region. Server 3301 (and/or vehicle 3302)
may &lso be configured to determine whether vehicle 3302 is a or within the rough geographical region
based on the location of vehicle 3302.

[0407] In some embodiments,, server 3301 may transmit information relating to the geographical
region of interest and/dr predetermined  distance to vehicle 3302. For example, server 3301 may transmit
the boundaries of the geographical region of interest: and/or the predetermined  distance to vehicle 3302.

[0408]; At step 3504, in response: to the determination that the location. of the: host vehicleis & oF
within the predetermined . distance. from the geographical | region: of interest,, second. navigational |
information, associated; with, the; environment:traversed. by the: host: vehicle: may” be collected.. For'
example, server-3301 may- be configuredito cause collection: of ‘secondi navigational information:
associated) with, the environment - traversed| by vehicle: 3302, based! on: the: determination that:the: [ocationt
of 'vehicle 3302 iig at- or-within, the: predetermined | distance: from: the geographical L region of interest..

[0409]] Far-example,, asillustrated|inFIG.. 34B,, server-3301l may' be configured!to determine:that:
vehicle; 3302 i's within, geographical I region: of interest; 34011 Server-330/1 may' al so be configuredito
transmit; an, instruction, to vehicle: 3302 to, collectt secondl navigational linformation, , andl vehicle: 3302 riay’
collect; secondjnavigational |information,inresponsestothesreceivedlinstruction. .

[_0410] } Imsome:embodiments, ,the:secondinavigational linformationimay’include:rmores categoriess

af ‘informationythan,the:firsttnavigational linformation.. Forrexample, ,the:firsttnavigational linfonnation 1
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rmay;includey| andmarks;and:roadgfeatures,associatediwi th:onecorrmorerroadssegments({i.e. ttwoccategories
©of information). TThessecondynavigational iinformationrmayiincl udernotconlyllandmarkszandtroadifeatures
-ass0ci ated, withone.orymoreyroadssegments, tbutzal soconecorrmoreiinf rastructurecobjects,\waéterffeatures,
ggeclgrgphi cefeatures,zand/orypointscof interestzassoci atedhwi thconecorrmorerroadssegmerits.

[[0411] 1l nssomecembodi ments, tthessecondrnavi gati onal i nformati onmiay thesassoci ated \withea

PSP Ttroo iy

jmeters) by aiL.| DAR devicezassoci ated withwehicle:3302. "Thessecondmavigational ii nformation iy
iincludecloud point datajmeasured iy the]L I DAR device:at iasecond density llevel {(e.g., BODIpoints&vEry

145,meters), whichiisimorethan two timesgreater thanitheffirst«ensity llevel. .Aswanother texample, the

Dw e s

[APEe N s

way of 'exam‘ple, the first navigational information may include images of the environment of vehicle
3302 ‘ca‘ptured by acamera.onboard vehicle 3302 at afirst image collection rate. The 'second ‘navi gationa]
vehicle 3302 a a second image collection rate that is higher than the first image collection rate. An
image collection rate may include a collection rate based on time and/or distance that vehicle 3302
travels, For example, afirst image collection rate may be 10 frames per second (FPS), and a second
image collection rate may be 30 or 60 FPS. Asanother example, afirst image collection rate may be 1
frame per. meter that vehicle 3302 travels, and a second image collection rate may be 5 or 10 frames pér
meter. that vehicle 3302 travels. Alternatively or additionally, the second navigational information i§
associated with an image resolution from a camera onboard vehicle 3302 that:is higher than: &t image
resolution, associated with. the first navigational: information.. For example, the first navigational-
information may: include one or- more images captured by’ a camera onboard vehicle 3302 & afirst

rwvaesranal T

captured| by. the camera, onboard) vehicle 3302 at: a second resol utioni of 1600 x: 1200 (orhigher).-

[0413]) Asdescribed|elsewhereinthis disclosure,, exemplary secondinavigationall informationt
may, include information, and/or -data rel ating;torthe: locations of thesvehicle,, speeds of thesvehicl e, driving
directions of the,vehicle, landmarks; associatediwithione: or-more:road! segments, . roads,, ore or” more road!
features, oneorymoresinfrastructure:objects, waterrfeatures, ,geographic>features,,pointssof interestt(e.g.,,
fficebuildings, restaurants, ,gas; stations,  etc.),, one:orrmoresi mages associ atediwithiore orrmoresroad!
segments, L1 DA R date,associ atediwitmone:orrmore:roadisegments, ,asparsezdataimoded lincl uding?

Qol ypomi a vlregr&eentati onssof icertaimroadifeaturess(e.g., lanemarkings), target ttrajectoriéssforitheshostt
vehicle, artheslike; orraycombinationsthereof . Forrexample,.thessecondinavigational li nformati on ey

includel ocatiominformati on,associ atedwithyonezorimorezl andmark ssassoci atediwi tithesoreeormotesroad!
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ssegments. Alternatively orzadditionally, tthessecondinavigational iinformation imay iincludellocation
jinformati on;associated -with coneorimoreyroad {f eatures:zassoci ated 'withtheconecor moretroad ssegmerits.

[[0414] jInsomeembodiments, {theffirstinavigational iinformation @and/or ssecondnavigati ond
jinformation;may .also jincludevideo detection andiranging (VIDAR) data. IFor eexample, vehicle 3302y
iinclude;aset of cameras configured itogenerate:adensepoint «cloud «of theenvironment f the'vehiclewt @
jparticular jpoint jintime using the'VIDAR technology. 1By-way «f xample, vehicle 3302 ((and/or server
;3301) jmay generate the cloud by jlearning;monocular ffeaturesand.correlation ffeaturestoiinfer the depth:at
Legghpixel iinasubset of thecameras. JIn:someembodiments, the first navigational iinformation :and/or
second navigational jinformation :may lboth LIDAR :and VIDAR data. JIn:someembodiments, the LIDAR
@nd VIDAR data;may ibecollected ;around the:sametime.

[[0415] In.some embodiments, the firstinavigational ‘information ‘may finclude LIDAR data, iand
the second navigational jinformation may :include VIDAR data, which may have mgreater density llevel
than that of LIDAR data.

[0416] 1n some embodiments, vehicle 3302 may be configured to continue to collect the:second
navigational information if it is determined that vehicle 3302 is.at or within the predetermined distance
from the geographical region of interest (or aboundary thereof). For example, server 3301 ((and/or
vehicle 3302) may be configured to determine the locations of vehicle 3302 and determine whether
vehicle 3302 is a or within the predetermined distance from the geographical region of interest (or a
boundary thereof) as described elsewhere in this disclosure. Server 3301 may transmit an instruction to
vehicle 3302 to continue to collect the second navigational information unless a subsequent instruction to
switch to collecting the first navigational information is received by vehicle 3302. Tn some embodiments,
server 3301 (and/or vehicle 3302) may be configured to determine whether vehicle 3302 travels beyond
the predetermined distance from geographical region of interest 3401 after it has been determined that
vehicle 3302 is a or within the predetennined distance from geographical region of interest 3401. Server
3301 (and/or vehicle 3302) may also be configured to cause vehicle 3302 to switch back to collecting the
first navigational infonnation.,

[0417]; At step 3505, a least one of the collected first navigational information or the collected
second navigational information from the host vehicle may' be uploaded.. For example, server 3301 may
be configured ta cause vehicle: 3302 to upload at least one of the collected first navigational information.
or-the collected second navigational information, (or a portion.thereof)) from vehicle: 3302.. Vehicle 3302
may- upload at: |east: one of the. collected| first: navigational . information. or-the collected. second navigationall
information, via a transceiver - associated| with, vehicle 3302.. In some embodiments,, vehicle: 3302 may’
transmit: the first: navigational | informeation, and/or- second| navigational | information: (or a portion of the first:
navi gati onal | information, and/or-a portion, of ‘the: second| navigational linformation) ) to server-3301
continuously., Alternatively,  vehicle; 3302 may-transmit:the first:navigational linformationi and/or second!
navi gati onal|inf
navi gati onal|information))to server-3301f intermittently.. For-example,, vehicle: 3302 may’transmitithe firstt

navi gati onal jinformation, and/or-secondinavigational 1informati on (or-a portiomof the firstt navigational |
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jinformation ;and/or ;gyportion (of ithessecondsnavigational iinformation) ttosserver 3301 amnumber f ttimes
©overgyperiod of time. 1By-way «of example, wvehicle:3302imay transmit itheffirstinavigational iinformation
and/or ssecond;navigational jinformation ((or zagportion «of thefirstinavigational iinformation :and/or sjportion
«of thessecond jnavigational iinformation) ttosserver ;3301 concejperiminute. .Alternatively, tthe'vehiclemmay
transmit the first;navigational jinformation :and/or second inavigational iinformation ((or yportion aftitheffirst
jnavigational jinformation ;and/or ajportion (of the:second navigational iinformation) "when wehicle3302]has
accesstoamore reliable ;and/or sfaster jnetwork ((e.g., lhaving @astronger ‘wirelesssignal, viaa WIF|
«connection, tc.). ]Ingome embodiments, -vehicle:3302imay the firstinavigational iinformation @and/or
second 1navigationa| jinformation ((or ;ajportion of the firstnavigational iinformation :and/or @jportion of the
second navigational jinformation)upon :arequest received from server 3301. JFor example, server 3301
‘may transmit arequest to vehicle 3302 requesting transmission «of a:subset of the first navi gational
iinformation (or the second jnavigational iinformation «collected lby vehicle :3302. Vehicle :3302 may
transmit the requested navigational information (e.g., the subset of the first navigationd i nformation or
the second navigational jinformation) based on the received request. In:some embodiments, the request
may include at least one time stamp.

[0418] In.some embodiments, vehicle 3302 may be configured to upload both first and :second
navigational information to server 3301, and server 3301 may be configured to receive and store both the
first navigational information and the second navigational information.

[0419] In some embodiments, server 3301 may be configured to cause vehicle 3302 to upload
the collected second navigational information (or aportion thereof) based on a determination of whether
vehicle 3302 traveled within the geographical region of interest. For example, asillustrated in FIG. 35C,
server 3301 may be configured to determine that vehicle 3302 traveled within geographical region of
interest 3401. Server 3301 may be configured to cause vehicle 3302 to upload the collected second
navigational information (or aportion thereof) to server 3301. Alternatively or additionaly,. server 3301
may be configured to cause vehicle 3302 to upload aportion of the collected second navigational’
information that is associated with geographical region of interest 340 1to server 3301. In some
embodiments, server 3301 may aso be configured to cause vehicle 3302 to discard a portion of the
collected second navigational | information that: is not: associated. with‘ geographical - region. of interest: 3401 .

[0420]; In some embodiments,, server- 3301 may be configured to determine: that vehicle 3302 did
not travelj within the geographical region of interest.. Server-3301 may' further-be configuredito cause
vehicle 3302 not ta uploadi all. of ‘or & least: a portion. of the: second. navigational | information: if vehicle
3302 did, not:travel| within, the, geographical | region, of 'interest.. Alternatively ' or additionally,, server 33011
may: be configured|tg Qauéegvelqi cle: 3302 to discard| (and/or- overwrite) i all of ‘or a: least: a portion. of the
second navigational | information  (or-mark: alll or-at: | east:a portioni of the: second! navigational | informationt
as being; eligible; for-being; overwritten) ) based| on the: determinationi that: vehicle: 3302 did! not:travellwithint
the geographi cal | region, of interest., In some; embodiments,, server-3301. may’ be configuredito determine:

whether -vehicle, 3302 travel ed | within, geographical | region, of interestt 3401l after- determining;thattvehicle:
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:3302 vehicle ;gpproached to-within the;predetermined «distance togeographical rregion @f iinterest :3401 iand
ithen-moved :away to:at |l east the predetermined «istance iaway 1from geographical rregion of iinterest :3401..

[0421] ‘In:some embodiments, vehicle 3302 may upload the first:navigational infonnation
:and/or the second jnavigational :information without input «or :an instruction from server :3301. -For
example, vehicle 2702 may transmit the first:and/or :second navigational information i(and/or :sensor data)
1o .server 2701 ‘when such iinformation iscollected. Alternatively, vehicle 2702 may transmit the first
and/or navigational information (and/or :sensor data) to:server 2701 upon atrigger event. For example,
vehicle 3302 may determine that a predetermined period of time or apredetermined distance has passed
ssince the Jlast semantic object is.detected. Vehicle 3302 may :aso upload the first:and/or :second
‘navigational information (and/or :sensor data) «collected to :server 2701.

[0422] At step 3506, anavigational map be updated. For example, server 3301 may be
configured to update the navigational map based .on the uploaded @ least one of the collected first
navigational information or the collected second navigational information. For example, server 3301 may
be configured to update the navigational map associated with the geographical region of interest (and/or
other region(s) based on the received first and/or second navigational information collected by vehicle
3302. Server 3301 may also be configured to store the updated navigational map into a storage and/or a
database (e.g., database 3304). In some embodiments, server 3301 may transmit the updated navigational
map to one or more vehicles. For example, server 3301 may transmit the updated navigational map to
vehicle 3302 via, for example, network 3305. Alternatively or additionaly, server 3301 may store the
updated navigational map into database 3304, and one or more vehicles (e.g., vehicle 3302) may obtain
the updated navigational map from database 3304.

[0423] In some embodiments, server 3301 may update a navigational map based on (first and/or
second) navigational information received from two or more vehicles. For example, server 3301 may
aggregate first and/or second navigational information received from two or more vehicles that are
associated with the same road segment.. 1n some embodiments,, the navigational information collected
when the vehicle drives in a direction along aroad segment may be different from the navigational
information collected when the vehicle drives in the opposite direction even along the same road segment.
Server 3301 may aggregate first and/or second navigational information received from two or more
vehicles that are associated with the same road segment in the same driving. direction (and/or a direction
opposite to the same driving direction).. For example, server 3301 may align the navigationa information
received from two. or more vehicles that drove in the same direction along aroad segment. based on the
feature points determined . based. on the navigational . information.. Server 3301 may also update a
navigational map. based on the: aggregated (first: and/or second): navigational | information..

[0424]; In some embodiments,, server-3301 may' be configured to determine: that the update of the
navigational| map associated with the geographical . region. of ‘interest: is completed. (or at: least: in a period
of time)., Server-3301 may- be configured|to transmit: an.instruction:to one or more vehicles not:to collect:

second: navigational . information associated: with.the geographical . region. of ‘interest..
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[[0425] 1Insomeembodiments, sserver :3301 1may seIMore resources tojprocess or usetthessecond
jnavigational jinformation :ascompared to-when server 3301 jprocesses «orusestthe ffirstinavigational
iinformation.

[[0426] ‘Theforegoing «description lhasibeen jpresented for jpurposes of iillustration. lltiisinot
exhaustiveandiisinot limited tottheprecise forms.orembodiments disclosed. -Modifications @nd
adaptations will beapparent to those skilled in the:art from consideration of the specification and practice
«of the disclosed embodiments. Additionally, :@though :aspects of the disclosed embodiments @re
described ;asbeing stored in-memory, one:skilled inthe:art will :appreciate that these :aspects tan:aso be
stored on other types of computer :readable media, :such as:secondary :storage devices, for example, hard
disks.or €D ROM, or other forms of RAM or ROM, USB media, DVD, Blu-ray, 4K Ultra HD Blu-ray, or
other optical drive'media.

[0427] Computer programs based on the written description and disclosed methods are within
the skill .of an experienced developer. 'The various programs or program modules can be created using
any of the techniques known to one skilled in the art .or can be designed in connection with existing
software, For example, program sections or program modules can be designed in-or by means of .Net
Framework, .Net Compact Framework (and related languages, :such as Visual Basic, C, €tc.), Java, C++,
Objective-C, HTML, HTML/AJAX combinations, XML, or HTML with included Java applets.

[0428] Moreover, while illustrative embodiments have been described herein, the scope of any
and all embodiments having equivalent elements, modifications, omissions, combinations (e.g., of aspects
across various embodiments), adaptations and/or aterations aswould be appreciated by those skilled in
the art based on the present disclosure. The limitations in the claims are to be interpreted broadly based
on the language employed in the claims and not limited to examples described in the present specification
or during the prosecution of the application. The examples are to be construed as non-exclusive.
Furthermore, the steps of the disclosed methods may be modified in any manner, including by reordering
steps and/or inserting or deleting steps. It is intended, therefore, that the specification and examples be
considered as illustrative only, with atrue scope and spirit being indicated by the following claims and

their full scope of equivalents..
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‘WHATISCLAIMED IS:

1. A map management system for providing .one.or more map :segments to .oneor more vehicles, the

System comprising:
at least one processor programmed to:
receive navigationa information from avehicle, the navigationa information including
an indicator of alocation of the vehicle, :aniindicator of :ia:speed of the vehicle, iand:an iindicator of
adirection of travel of the vehicle;
analyze the received navigational -information .and determine a potential travel envelope
for thevehicle; :and
send to the vehicle one or more map segments including map information for a
geographical region at least partially overlapping with the potential travel envelope of the vehicle.
2. The map management system of claim 1, wherein the potential travel envelope includes a determined
arearelative tothe vehicle,
3. The map management system of claim 1, wherein the potential travel envelope includes a potential
travel distance over a predetermined amount of time.
4. The map management system of claim 1, wherein the potential travel envelope extends from the
location of the vehicle and surrounds the location of the vehicle.
5. The map management system of claim 4, wherein the potential travel envelope extends further along
the direction of travel of the vehicle than in a direction opposite to the direction of travel of the vehicle.
6. The map management system of claim 1, wherein the potentia travel envelope includes aboundary.
7. The map management system of claim 6, wherein the boundary has a substantially circular shape.
8. The map management system of claim 6, wherein the boundary has an egg shape.
9. The map management system of claim 6, wherein the boundary has atriangular shape.
10, The map management system of claim 6, wherein the boundary has an irregular shape.
11, The map management system of claim 6, wherein alocation of a centroid of the boundary is offset
from the location of the vehicle along the direction of travel of the vehicle.
12, The map management system of claim 1, wherein determining the potential travel envelope is further
based on a selected time window.. ‘
13. The map management system of claim 12, wherein the time window is selected based on the
indicator of the speed of the vehicle.
14, The map management system of claim 1, wherein the one or more map segments include one or
more tiles representing: aregion of apredetermined dimension.
15, The map management: system of claim 14, wherein the predetermined. dimension:is less than or equal.
to one sguare kilometer.,
16, The map management; system of ‘claim. 14, wherein the predetermined. dimension. iis less than or equall
to ten square kilometers.,
17 The map management: system of ‘claim 14, wherein the predetermined. dimension iis less than. or equal.

to twenty-five square kilometers.,
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118. "Theymap;management :System («of «claim 11, wherein theimap iinformation iincludes «@ajpolynomial
jrepresentation of arttarget trajectory :aong oneor:more road segments.
119. A computer-implemented ;method for jproviding ©neor :more:map :segments to one or more vehicles,
«comprising:
receiving navigational ‘information from:avehicle, the:navigational ‘information :including @n
indicator of ;a/location of the vehicle, :anindicator of :a:speed of the vehicle, :and an indicator of @direction
of travel of thevehicle;
analyzing the received navigational information :and detennine :apotential travel envelope for the
vehicle; and
sending to the vehicle one or more map :segments including map information for a.geographical
region & least partially overlapping with the potentia travel envelope of the vehicle.
20. A non-transitory computer-readable medium storing instructions that, when executed by at least one
processor, are configured to cause at least one processor to:
receive navigational information from avehicle, the navigational information ‘including an
indicator of alocation of the vehicle, an indicator of a speed of the vehicle, and an indicator of adirection
of travel of the vehicle;
analyze the received navigational information and determine a potential travel envelope for the
vehicle; and
send to the vehicle one or more map segments including map information for a geographical
region at least partially overlapping with the potential travel envelope of the vehicle.
system comprising:
a least one processor programmed to:
cause collection of first navigational information associated with an environment
traversed by ahost vehicle, wherein the first navigational information is associated with afirst
density level;
determine,, based on output associated with one,or more sensors of the host vehicle, a
location of the host vehicle;;
determine: whether the location of the host vehicle is a or within a predetermined
distance from a geographical region of interest;,
cause, based. on the determination that the location of the host: vehicle:is at or within the
predetermined _distance: from the geographical region of interest, collection of ‘second navigational|
information associated with the environment:traversed by the host: vehicle,, wherein. the: second
navigational | information _iis associated| with: a second. density - level. that: iis higher: than: the first
density' level;;
upload| from the host; vehicle at: least: one of ‘the collected. first: navigational | information. or

the collected. second. navigational | information. from the host: vehicle;; and!
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wpdatethenavigational :map based on theupl oaded :at lleast oneof ithe«collected first

jnavigational information or-the.collected :second inavigational iinformation.
22. 'Thesystem of claim:21, whereinthe:at lleast onejprocessor iis:further jprogrammed to:
upload from-thehost -vehicleithe coll ected ssecondnavigational iinformation lbased onia
determination of whether the host ‘vehicle traveled within the geographical rregion of interest.
'23. Thesystem of claim 22, wherein the uploading iincludes:receiving :a lleast one of thecollected first
‘navigational iinformation or the collected :second navigational ‘information via:atransceiver iassociated
with the host vehicle.
24, ‘Thesystem of claim 21, wherein the second navigational ‘information is.collected :a :a.collection rate
higher than acollection rate.a which the first navigational information iis collected.
25. ‘Thesystem of claim 21, wherein the second navigational information includes more categories of
information than the first navigational information.
26. The system of claim 21, wherein the second density level is & least two times greater than the first
density level.
27. The system of claim 21, wherein the second density level is at least fivetimes greater than the first
density level.
28. The system of claim 21, wherein the second density level is at least ten times greater than the first
density level. \
29. The system of claim 21, wherein the at |least one processor is further programmed to:
determine whether the host vehicle traveled within the geographical region of interest; and
cause the host vehicle to discard at least a portion of the second navigational information based
on adetermination that the host vehicle did not travel within the geographical region of interest.
30. The system of claim 28, wherein the determination of whether the host vehicle traveled within the
geographical region of interest is made after determining that the host vehicle approached to within the
predetermined distance to the geographical region of interest and then moved away to & least the
predetermined distance away from the geographical region of interest.
31, The system of claim 21, wherein the at least one processor is further configured to receive and store
both the first navigational information and the second navigational information.
32, The system of claim 21, wherein the at least one processor is further configured to request
collected by the host vehicle.,
33. The system of claim 21, wherein the one or more sensors include one or more of aspeed sensor, an
accelerometer, a camera, and aLIDAR device.
34, The system of ‘claim 33, wherein. the request includes at: |east one time stamp..
35. The system of ‘claim 21, wherein the second navigationall information iis associated with an image
collection rate from g camera onboard the host: vehicle that: iis higher-than an image collection rate

associated with the first: navigational information..
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36. ‘Thesystemaf claim:21, wherein thessecondnavigational iinformationiisiassociated with@niimage
iresol utionfrom ;acamera.onboard thelhost vehiclethat itshigher than ian iimageiresol ution iassociated with
ithefirst;navigational information.
:37. Thesystem of claim:21, whereinithe firstnavigational iinformation or the:second:navigational
;information‘includeslocation iinformation :associated with oneor morellandmarks:associ ated with theone
or moreroad segments.
38. Thesystem of claim:21, wherein the first:navigational iinformation or the:second:navigational
iinformationiincludes jocation information :associ ated with oneor more road features:associated with the
one or more road segments.
39. The:system of claim 21, wherein the location of the host vehicle:is determined :at predetermined time
intervals.
more road segments, comprising:

causing collection of first navigational information associated with:an environment traversed by a
host vehicle, wherein the first navigational infonnation is associated with afirst density level;

determining, based on output associated with one or more sensors of the host vehicle, alocation
of the host vehicle; ,

determining whether the location of the host vehicleis at or within apredetermined distance from
ageographical region of interest;

causing, based on the determination that the location of the host vehicle is at or within the
predetermined distance from the geographical region of interest, collection of second navigational
information associated with the environment traversed by the host vehicle, wherein the second
navigational information is associated with a second density level that is higher than the first density
level;

uploading from the host vehicle a least one of the collected first navigational information or the
collected second navigational information from the host vehicle; and

updating the navigational map based on the uploaded at least one of the collected first

navigational information or the collected second navigational information..
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