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SYSTEMS AND METHODS FOR UTILIZING IMAGES TO DETERMINE
THE POSITION AND ORIENTATION OF A VEHICLE
CROSS-REFERENCE TQO PRIOR APPLICATIONS
(0001} This application clatms prionity to U.S. Patent Application No. 16/779380, filed

on January 31, 2020, which 1s hereby meorporated by reference herein in its entirety.

BACKGROUND
10002} Autonomous ground vehicles, alse referred to as unmanned ground vehicles or
autonomous mobile robots, are being ncreasingly vtilized. For example, autonomous ground
vehicles are being utilized to deliver packages, food, ete., to perform surveys, to momtor
traffic, to provide security o7 surveillance, ctc. To facilitate operation of the autonomous
ground vehicle through an envivorsuent, antonomous ground vebicles typically mchade
navigational systems that can measure and/or estimate navigational information, such as, e.g.,
a vehicle’s position, orientation, velocity, acceleration, ete. Many such navigational systems
rely on Global Positioning Svstem {(GPS) transceivers for deternuning positional information
using data received from one or more orbiting satellites, or cellular transcetvers configured to
estimate {¢.g., tnangulate) a position using signals recerved from one or more cellalar
clephone network towers or other network sources. Nevertheless, GPS can be maccurate,
irrelevant, unreliable, unavailable, etc | in certain environments. Morcover, GPS may have a

degree of accuracy or tolerance that may be msufficient for certain situations.

BRIEF DESCRIPTION OF THE DRAWINGS
10003} FIG. 1 is an illustration of an exemplary autonomons ground vehicle, in

accordance with embodiments of the present disclosure.

[00G4]  FIGS. 2A and 2B are dlustrations of an exemplary environment in which an
autonomous ground vehicle may operate, in accordance with embodiments of the present

disclosure.

100051 FIG. 3 s an dlustration of an exemplary eovironment 1 which an autonomonus

ground vehicle may operate, in accordance with embodiments of the present disclosure.

[0006]  FIG. 4A 1s an iHustration of an image of an environment used to create a reference

map, in accordance with embodiments of the present disclosare.
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[00G7]  FIG. 4B is an tustration of an annotated binary reference map, in accordance with

embodiments of the present disclosure.

10008]  FIG. 5A is an iflustration of images of an environment used to create an annotated

1mage, 18 accordance with embodiments of the present disclosure.

[0069]  FiG. 5B is an tHastration of aonotated binary images, in accordance with

embodiments of the present disclosure,

100101 FIG. 5C 15 a block diagram llustration of combming and transforming images, in

accordance with embodiments of the present disclosure.

[0011]  FIG. 5D 1s an illustration of an annotated binary image, in accordance with

embodiments of the present disclosure.

(00121 FIGS. 6A and 6B are illustrations of an overlay of an annotated binary image over

an annotated binary reference map.

[0013]  FIG. 7 18 a flow diagram of an exemplary map creation process, in accordance with

embodiments of the present disclosure.

160141  FIG. 8A 1s a flow diagram of an exemplary image creation process, in accordance

with embodiments of the present disclosure.

[0015)  FIG. 8B 1s a flow diagram of an exemplary image creation process, in accordance

with embodiments of the present disclosure,

100161 FIG. 9 s a flow diagram of an exemplary ahgnment process, i accordance with

embodiments of the present disclosure,

(00171 FIG. 10 15 an exemplary antonomous ground vehicle control system, in accordance

with embodiments of the present disclosure.

DETAILED DESCRIPTION
00183 As is set forth in greater detai! below, embodiments of the present disclosure are
generally directed to uiilizing images to determune the position and/or origntation of a vehicle
{¢.g., an autonomous ground vehicle) operating in an unstructured environment {e.g.,
environments such ag sidewalks which are typically absent lane markings, road markings,

2
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ctc.}. During operation of an autonomous ground vehicle, positional and orientation
mformation is typically used to determine the path the autonomous ground vehicle is to
follow 1n navigating to its destination. Although GPS 1s often used to determine the position
and ortentation of a vehicle, GPS can have vanous shortcomings. For example, the degree of
accuracy provided by GPS is often insufficient, and GPS can be inaccurate, unreliable, and/or
unavatlable 1 certam environmerds. As an alternative and/or a supplement to cxisting
sysiems, embodiments of the present disclosure can provide svstems and methods for
ptilizing tmages {¢.g., captured by imaging sensors provided aboard an autonomous ground
vehicle), which can be processed and compared o an annotated reference map of the
environment m which the autonomous ground vehicle 1s operating, o determine the pose

{e.g., position and onentation} of the autonomaous ground vehicle,

10019} According to embodiments of the present disclosure, an annotated reference map
of an environment in which the autonomous ground vehicle 1s operating can first be
constructed. For example, mages of the environment in which the awtonomous ground
vehicle is operating can be obtained {¢.g., by arcraft, unmanned acnal vehicle, ground
vehicles, etc ), and these images can be used to generate a two-dimensional reconstraction of
the area {¢.g., using photogrammetry, ¢tc.}. Thus, the position of each of the images and the
resohution of the images used to geverate the two-dimensional reconstruction of the

environment is known.

(00201 Afier the two-dimensional reconstruction of the environment has been created,
various environmental features n the environment can be detected and annotated. For
exaraple, environmental features on the ground, such as, e.g., cracks in a sidewalk, the edges
of the sidewalk, a curb, the edge/boundary of a lawn or grassy area, the edge/boundary of a
dirt, gravel, or unpaved area, the edge of a dnveway, cte., can be detected, and the two-
dimensional reconstniction can be annctated with Hine segments corresponding to the
detected environmental features. As described herem, the detection and annotation of
environmental features can be performed manually or by automated systems and/or
processes. According o certain aspects of the present disclosure, the environmental foatures
can be detocted from an overhead bird s-eve view perspective. Altematively, a camera can
be virtually mserted into the representation of the environmeni to simulate the operation of an
autonomous ground vehicle through the representation and the environmental features can be

detected while simulating the operation of an antonomous ground vehicle through the
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representation of the environment. According to embodiments of the present disclosure, the
environmental features can be detected manually, using line segment detectors {e.g., Canny,
Line Segment Detector, etc.}, detecting boundaries in a segmenied semantic map, a trained
network (e.g., a tramed classifier, a machine leamiog system, a deep leaming system, ic.},
etc., or any combination thercof. The annotated map, which inciudes the line segments
representing the detected envivorunental features, can serve as the annotated reference map of
the environment. According to certain aspects of the present disclosure, the annotated
reference map can be represented as a binary map, where the line segments, which
correspond to the detected environmental features, can include non-zero values, and the

remaining space can be represented as zero values.

100211 An autonomous ground vehicle, during operation of the autonomous ground
vehicle, can utilize the created annotated reference map to determine s position and/or
cricutation. Autonomous ground vehicles typically employ a multitude of various sensors to
facilitate autonomous operation. For example, antonomous ground vehicles may mclude
nnaging sensors {¢.g., cameras), laser sensors {¢.g., LIDAR), thermal sensors, radar,
accelerometers, gyroscopes, compasses, GPS receivers, ste. According to aspects of the
present disclosure, imaging sensors of the autonomous ground vehicle may capiure one or
more 1mages of the environment in which it is operating. For example, the tmaging sensors
can obtaim one or more images, as the astonomous grovnd vehicle is moving, to provide

a 360" panoramie view of the environment in which the autonomous ground vehicle is
operating. Pepth information associated with the one or more images can be detenmined and
used to transtorm the perspective view images to a bird s-eve view mmage of the environment,
According to certain aspects, multiple images of the environment, captured from different
mmaging sensors and from different positions as the autonomous ground vehicle is navigating
along its route, may be combined m constructing the bird s-eve view image of the

environment.

(00221 Afier the bird s-eye view image of the environment has been constructed, similar
to the construction of the annotated reference map, various environmental features in the
mmage can be detected and annotated. For example, environmental features on the ground,
such as, ¢.g., cracks in a sidewalk, the edges of the sidewalk, a curb, the edge/boundary of a
fawn or grassy area, the edge/boundary of a dirt, gravel, or unpaved area, the edge of a

driveway, etc., can be detected, and the bird s-eve view image can be annotated with line
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segments corresponding to the detected environmental features. Altematively, the
environmental features can be detected in the tmage before the image(s} is transformed into
the bird’s-eye view image of the euvironment. According to certain aspects of the present
disclosure, the environmental features can be detected and annotated manually, using hne
segment detectors {¢.g., Canny, Ling Segment Detector, etc.), a trained network (e.g.. a
trained classifier, a machine learning syster, a deep learmung system, etc.), ofc., or any
combination thercof. The annotated image, including the line segroents representing the
detected environmental features, can then be atilized 1in conjunction with the annotated
reference map to determine the position and orientation of the autonomous ground vehicle.
According {o certain aspects, the annotated image can be represented as a binary map, where
the line segments, which correspond to the detected environmental feabures, can include non-

zere values, and the remaining space can be represented as zoro values.

10023} To determing the position of the autonomous ground vehicle, the relative
translation and rotation utilized to align the annotated 1mage to the annotated reference map
can be determined and then be utilized to obtam the position and/or onentation of the
agtonomous ground vehicle. In aligning the annotated image to the annotated reference map,
an initial relative positioning 1s performed based on odometey information that is received
from the vadous sensors of the autonomous ground vehicle. For example, the tnitial
alignment can be based on the autonomous ground vehicle™s expected position and
cricntation based on the autonomous ground vehicle’s planned route, distance travelled, time
travelled, speed travelled, etc. The mtial relative positioning can also consider previous
ahignments the autonomous ground vehicle may have achieved at ditferent positions while
operating in the environment. With the annotated image and the annotated reference map
positioned i the mitial relative positioning, an alignment score corresponding to the relative

positioning of the annotated image to the annotated reference map can be determined.

[0024] The alignment score can melude, for example, a summation ot the distance for
each non-zero pixel of the annotated image to the corresponding closest non-zero pixel in the
annotated reference map, the number of non-zero pixels within a threshold distance, a ratio of
non-zoro pixels within a certain distance to non-zer pixels beyond a certain distance, ¢ic., or
any combination thereof. The alignment score can be compared against a threshold value,
and if the alignment scorg 1s within an acceptable tolerance range, the annotated image can be

considered to be aligned to the annotated reference map. I the alignment score is not within

W
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an acceptable tolerance range, the relative positioning of the annotated image to the annotated
reference map can be adjusted, and a new alignment score can be determined for the new
relative positioning. This process can be tteratively repeated until an alignment score
gorrgsponding to a positioning of annotated image and the annotated reference map mdicates

that alignment has been achieved.

10025} Once alignment of the annotated image and the annotated reference map has been
achieved, the translation and rotation apphied to obtain alignment of the anvotated tmage to
the annotated reference map can be applicd to the known position of the annotated reference
map to determing the atonomous ground vehicle s position and/or orientation. Accordingly,
the autonomous ground vehicle’s position can include the position of annotated reference
map adjusted by the translation applicd to achieve alignment of the annotated image and the
annotated reference map, and the orientation of the autonomous ground vehicle can include
the angle applied to achieve alignment of the annotated image and the annotated reference
map. Once the autonomous ground vehicle’s position and/or orientation has been
determined, the procedure can be repeated {e.g., continuously, periodically, or on-demand as
the autonomous ground vehicle’s position and/or orientation is desired, etc ) based on
subsequent images captured by the autonomous ground vehicle while the autonomous ground

vehicle operates in the environment,

[0026] According to certain embodiments, to reduce the computational load, certain
strategies can be emploved. For example, as different relative posttionings are considered,
the best posttioning score can be stored, and as cach successive alignment score 15 calculated
for cach subsequent relative positioning, the computation can terminate and move to the next
relative positioning once the alignment scorc reaches the stored best alignment score (i.e., the

alignment score cannot be any better than the stored best alignment scorg).

(00271 According to vet another embodiment of the present disclosure, once an alignment
of the annotated 1mage and the annotated reference map has been obtained, the previously
obtained alignment car be utilized by the awtonomous ground vehicle to more efficiently
obtain subsequent alignments. For example, if an alignment Ay of mage [ and the annotated
reference map is obtaimed at position D, the avtonomous ground vehicle can unlize
alignment A; at subsequent positions {¢.g., 132} to more efficiently obtain alignment of the

annotated images with the annotated reference map at subscquent posttions. The autonomous
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ground vehicle can consider alignment Ay and certain odometry information regarding the
autonomous ground vehicle’s operation from position B {¢.g., distance traveled, direction
traveled, time traveled, cte.) to more efficiently obtain alignment of the annotated image with

the annotated reference map.

10028} According to certain aspects of the present disclosure, afier the annotated
reference map has been created, the amnotated reference map can be processed to identify
certain arcas of micrest in the annotated reference map. For example, the annotated refercuce
map can be analyzed for arcas where the detected environmental features {which can be
represented by line segments) may make alignment of an annotated image with the annotated
reference map difficult {e.g., a scarcity of detected environmerntal features, large arcas of
cuvironmental features extending in a single direction, ete.). Additionally, the annotated
reference map can be further annotated with supplemental information to idenuify areas of
mterest based on the difficulty that an astonomous ground vehicle may have experienced in

aligning an annotated image with the annotated reference map.

[0029] FIG. 1 s an illustration of an exemplary autonomous ground vehicle 110
according to exemplary embodiments of the present disclosure. As shown m FIG. |,
autonomous ground vehicle 110 can include frame 120, axles 122, wheels 124, one or more
imaging sensors 130, cach tmaging sensor 130 having a corresponding field of view 131
Although antonomous ground vehicle 110 15 shown with three imaging sensors 130,
autonomous ground vehicle 110 can include any number of imaging sensors 130, Imaging
sensors 130 can be positioned to facilitate capturing images of the environment surrcunding
the permmeter of autonomeous ground vehicle 110 to provide a 3607 panoramic view of the
environment in which autonomous ground vehicle 110 s operating. Although autonomous
ground vehicle 110 is shown having three imaging sensors 130, autonomous ground vehicle
110 can include any number of imaging sensors 130 {e.g., two, three, four, five, six, soven,
cight, mne, ten, or morc). As shown, imaging sensors 130 can be positioned at substantially
120" angles relative to each other, with each imaging sensor 130 providing substantially
cqual field of view angles. Alternatively, cach imaging sensor 130 can employ different
lenses to provide wider, or narrower, field of views {e.g., 457, 607, 907, 1007, 1807, eic ).
According o ceriain aspects, one or more of imaging sensor 130 can be adjustable (e.g.,

orientation, ficld of view, etc.} to alter the field of view captured by each imaging sensor 130.

-~
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10030 Additionally, each imaging sensor 130 can include one or more imaging devices
and the mmaging sensors 130 can be configured for ranging operations, ¢.g., where two or

maore of the imaging devices 130 are operated as parts of stereo patrs, or where one or more
of the mnaging devices 130 are configured to determine depth information and ranges based

on monocular cues detected within imaging data captured thereby .

(0031} In addition to imaging sensors 130, avtonomous ground vehicle 110 can also
mclhude other sensors. For example, antonomous ground vehicle 110 can include an
melinometer, an accelerometer, a gyroscope, speed sensors, laser sensors {e.g., LIDAR),
thermal sensors, radar, accelerometers, gvroscopes, compasses, ete. These additional sensors
can collect non-image information in connection with the environment and the operation of
autonomous ground vehicle 1140, such as, for example, velocity, roll, pitch, vaw, direction,
ume traveled, distance, odometry mformation {e.g., estimate of relative position based on
movement over time), otc. autoncmous ground vehicle 110 can also include various
transceivers 132 that faciluate communication with other systems. For example, transceivers
132 can melude any transmitters and receivers configured to transmit and receive any
wircless signals, such as GPS signals, Wi-Fi signals, radio frequency (RF} signals, Bluetooth

signals, ncar-field communication (NFC} signals, ete.

10032} As is shown in FIG. |, autonomous ground vehicle 110 may include power
module 140 {e.g., a battery) and motor 142 {¢.g., a BC electric motor operating at twelve to
forty-eight volts). Motor 142 may be configured to operate at any speed or have any power
rating, and o cause autonomons grovnd vehicle 110 to travel in a forward direction of travel,
a reverse direction of travel or 1 any other ditection of travel as determined by steering
component 144, Additionally, axies 122 and wheels 124 of amtonomous ground vehicle 110
may also have any dimensions. For example, wheels 124 may have bores or axle pads for
accommodating axies 122 of any diameter or thickness, and any number of spokes or other
extensions for supporting a rim having any desired spacings or offsets for accommaodating
tires or other coverings. Fach of axdes 122 may be joimed to and configured to rotate any
number of wheels 124, which may include tires or other coverings of any suitable material,
mchuding but not imited to rubbers and/or plastics. As described herein, autonomous ground
vehicle 110 may employ the use of an annotated reference map and continuously captured

mnages to determine its position and orientation during operation.



WO 2021/154874 PCT/US2021/015315

160331 FIGS. 2A and 2B are illustrations of exemplary astonomous grovund vehicle 110
operating in environment 200 in accordance with embodiments of the present disclosure. As
described herein, environment 200 can include an unstructured environment, which can be
used to describe operational environments for vehicles such as sidewalks that are absent
defined mdicia, such as lane markings, road markings (¢ g.. stop Hnes, crosswalks, etc ), etc.
As shown i FIGS. 2A and 2B, autononous ground vehicle 110 can operate on a sidewalk in
environment 200 and can access and communicate with server 210 {or other computer
system} via network 230, For example, network 230 can inclode any wired or wireless
network {¢.g., cellular, satellite, Bluctooth, Wi-Fi, ¢tc ) that can facilitate communications
between autonomous ground vehicle 110 and server 210, Server 210 can transmit data and
other information, including one or more instructions and/or commands to autonomous
ground vehicle 110 to allow awtonomous ground vebicie 110 to operaie in environment 200,
For example, server 210 can provide autonomous ground vehicle 110 with an annotated
reference map, delivery mnstructions, an onigin location, a destination location, a package

pickup location, any wayvpoints or stopovers, a planned route, an objective function, etc.

[3034] According to embodiments of the present disclosure and as further descernibed
herein, an annotated reference map may be or may have been created for environment 200 to
facibitate autonomons ground vehicle 1107s operation in environment 200, The annotated
reference map can be provided to astonomous ground vehicle 110 prior to or dunng its
operation in environment 200 from, for example, server 210 via network 230, Astonomous
ground vehicle can then utilize tnaging sensors 130 to capture images of environment 200,
As turther described herein, the images captured by imaging sensors 130 can be used to
construct annotated images of environment 200 while avtonomous ground vehiele 110 1s
operating in environment 200. The annotated images can then be used to allow autonomous
ground vehicle 110 to determine 1ts position and onentation based on an alignment of the

annotated images with the annotated reference map.

(00351 FIG. 3 shows autonomous ground vehicle 110 operating in environment 300, As
shown in FIG. 3, environment 300 can mchide tree 302, fire hydrant 304, bushes 306,
roadway lane markimg 308, structures 310 {c.g., houses, ete.), lawns 312, sidewalks 314, and
roadway 316, According (o other aspects of the present disclosure, environment 300 can
mechude various other features and structures not shown. As autonomous ground vehicle 110

operates in environment 300, autonomous ground vehicle 110 may employ imaging sensors
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to capture images of environment 300 to determine the position and/or orientation of
autonomous ground vehicle 110 as f 1s operating in environment 300, For example, the
images captured by the imaging sensors can be used to create annotated images of
environment 300, which can be aligned with an anmotated reference map of environment 300
to determing avtonomaus ground vehicle 1107s position and/or orientation. The annotated
reference map may have been created in advanee to faciitate awtonomous ground vehicle
1107s operation in environment 300 and may continuously be updated to compensate for
changes to environment 300, For example, the anootated reference map may be updated at
periodic mtervals {e g, every week, every month, every threg months, etc.). Alternatively
and/or in addition, the annotated reference map may be updated each time a change in
environment is detected. This may mchude, for example, alerts, warmngs, or other known
reporis/notices that environment 300 is undergoing ceriain construction {¢.g., changes to the
roadways, sidewalks, new buildings being erecied, building being demolished, eic.), certan
environmental changes detected through operation of vehicles {(¢.g., aenal, ground vehicles,
ctc.}, changes in surveys performed in the environment etc. The annotated reference map can
also be updated based on fornmation collected by the operation of an autonomous ground
vehicle, such as antonomous ground vehicle 1O, For example, as an autonomous ground
vehicle i1s operating in a particular environment, changes in the environment and new
environmental features that are detected by the autonomous ground vehicle can be used as

feedback information to update the annotated reference map.

[0036] According to vet another aspect of the present disclosure, the anmotated reference
map can be preprocessed to identify certain supplemental information regarding the
environment depicted in the annotated reference map and stored as supplemental information
along with the binary representation of the annotated reference map. For example, arcas of
mierest in the annotated reference map can be identified and stored as supplomental
mformation associated with the annotated reference map. The identification of areas of
mterest in the annotated reference map can be based on the nature and number of detected
envitonmendal features. Based on the number and nature of the detected environmental
features, it can be determined that certain areas of the annotated reference map mayv be
difficult to align with an aonotated image in at least one direction, thas, making it difficult to
determune the position and/or orientation of autonomous ground vehicle 110 in such arcas.

For example, an area of the annotated map including a long run of a sidewalk, which can be
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represented as two parallel lines, with no other detected features may make alignment of the
annotated reference map with an annotated image difficelt. Specifically, although the
ahignment of the annotation of the sidewalk in both the reference map and the image may not
be difficult, 1t may be difficudt to align the images 1n a lengthwise direction of the sidewalk
{e.g.. if the sidewalk extends for 100 m, where along the 100 m the unage should be
positioned). Such arcas of interest can be identified in the annotaied reforence map and
stored as supplemental information. Additionally, identification of areas of mnterest can be
provided via a feedback from antonomous ground vehicle 116, For example, in the ovent
autonomous ground vehicle 118 encounters arcas where alignment of annotated images with
the annotated reference map 1s difficult, these areas can be identificd and provided viaa
feedback loop and be stored as supplemental information associated with the annotated

reference map.

10037} FIGK. 4A and 4B are iHlustrations of creating an annotated reference map of
envitonment 300 i accordance with embodinments of the present disclosure. For example,
first one or more images 402 of environment 380 can first be obtamned. For example, one or
more images 402 of environment 300 m which autonomous ground vehicle 110 1s operating
can be obtained by aircraft (¢ g.. vnmanned aenial vehicle, eto.), ground vehicles, etc. As
shown m FIG. 4A, image 402 can 1nclude a depiction of the trees, structures, sidewalks,
roads, ete. (e.g., tree 302, fire hydrant 304, bushes 306, roadway lane marking 308, structures
310, lawns 312, sidewalks 314, and roadway 316 of environment 300} contained in
envivormaent 300, According to one aspect of the present disclosure, these images are
preferably high definition images, and, as shown in FIG. 4A, can include an overhead bird’s-
eyve view image 402 of environment 300. The captured images can be utihized to construct a
two-dumensional representation of the environment, and certamn environmental foatures can
be detected in 1mage 402, For example, the environmental foatures can be detected from a
bird s-eye overhead perspective, or the environmental features can be detected by virtually
mserting a camera into the representation of the environment and sinwlating the operation of
an autonomous ground vehicle through the representation of the environment. Accordingly,
the environmental features can be detected during the simulated operation of the autonomous

ground vehicle in the representation of the environment.

[0038] The detected environmental features can include environmental features that are

not indicia of and/or do vot define a stractured environment, such as roadway markings, lane

£}
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markings, stop lines, crosswalks, arrows, words, gtc. For example, the detected
environmental features can include cracks 1o a sidewalk, the edges of the sidewalk, a curb,
the edge/boundary of a lawn or grassy area, the edge/boundary of a dirt, gravel, or unpaved
area, the edge of a driveway, et¢. In environment 300, the detected environmental features
can include cracks/separations in sidewalks 314, the edges and/or boundaries lawns 312,
sidewalks 314, and roadway 316, etc. According to certain aspects of the present disclosure,
the environmental features can be detected mamually, using Iine segment detectors {¢.g.,
Canny, Ling Segment Detector, ete ), a segmented semantic map, a tramed network {e.g., a
tramed classifier, a machine learning system, a degp learning system, etc.}, €tc., or any

combination thereof

[0039] After detection of the environmental features, image 402 can be annotated with
hine segments to represent the detected environmental features. The annotated image, which
mehudes annotated line segments 406-1 through 406-N representing the detected
envitonmental features, can serve as the annotated reference map. According to certain
aspects of the present disclosure, the reference map can be represented as binary map 404, as
shown in FIG. 4B, Asillustraied in FIG. 4B, the annctated reference map is shown as binary
map 404 where line segments 406-1 through 406-N, which correspond to the detected
environmental features, can melude non-zero values, and the remaining space can be
represented as zero values. As can be seen in FIG. 4B, the detected environmental features
represented by line segmends 406-1 through 406-N can include, for example, the sidewalk,
the edges of the sidewalk/edges of lawns, cracks and/or separations in the sidewalk, the edge
of roadways, driveways, eic. Line segment 406-1 can represent the edge of the
sidewalk/boundary of a lawn, line segment 406-2 can represent a crack or separation in the
sidewalk, linc segment 406-3 can represent the edge of the roadway, cte. As shown m FIG.
4B, features in environment 300, such as tree 302, fire hvdrant 304, bushes 306, roadway
lane marking 308, structures 310 {e.g.. houses}, and lawns 312, not detected and annotated
with corresponding line segments are shown as blank space o binary reference map 404
Binary map 404 can be used as the annotated reference map by autonomous ground vehicle
110 dunng operation of autonomous ground vehicle 110 to determine its position and/or

orientaiion.

(0040} As described heren, avionomous ground vehicles tvpically employ a multitude of

various sensors to facilitate avtonomous operation. FIG. 5A show exemplary images 502,
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504, and 506 that imaging sensors 130 may capture at a given time and/or location of
autonomous ground vehicle 10 during operation of autonomous ground vehicle 110, For
cxample, 1maging sensors 130 can obtain one or more images 302, 504, and 506, as
agtonomous ground vehicle 110 1s moving, to provide a 3607 panoramic view around
autonomous ground vehicle 110 of the environment. The images captured at a given location
{c.g., images 302, 504, and 506) can be considered a set of images that represent a 360°
panoramic view of the environment around the perimeter of autonomous ground vehicle 110
at that given location. As shown in FIG. 34, image 502 can be captared by a forward-facing
mmaging sensor 130, images 504 and 506 can be captured by imaging sensors 130 positioned
to capture the sides and rear of the penmeter of autonomous ground vehicle 110
Alternatively, autonomous ground vehicle 110 can utiize more than three imaging sensors
110 to capture a 360" pancramic view of the environment arcund the perimeter of

autonomous ground vehicle 110

100411 Similar to the detection of environmental features and the annotation of the
reference map, certain environmental features can be detected i images 502, 504, and 306 as
agtonomous ground vehicle 110 is operating in the environment. The detected environmental
features can include eovironmental features that are not indicia of and/or do not definc a
structured environment, such as, for example, lane markings, stop lines, crosswalks, arrows,
words, ¢tc. For example, the detected environmental features can include cracks in a
sidewalk, the odges of the sidewalk, a curb, the edge/boundary of a lawn or grassy arca, the
edge/boundary of a dirt, gravel, or unpaved area, the edge of a driveway, etc. and can be
annotated with line segments. The detected and annotated environmental featurcs can
mclude cracks/separations in sidewalks, the edges and/or boundanes lawns, sidewalks, and
roadway, ctc. FIG. 3B shows tmages 512, 314, and 516, which arc tlustrations of

mmages 502, 504, and 506, respectively, where the environmental features have been detected
and annotated with line segments. According to certain aspects of the present disclosure, the
environmental features can be detected manually, using line segment detectors {e.g., Canny,
Line Segment Detector, eic.}, a semantic scgmentation process, a trained neitwork {eg., a
trammed classifier, a machine learmning system, a deep learning system, etc.}, eic., or any
combination thereof. For example, in employing a semantic segmentation procgss, a
semantic segmentation algorithm can be applied to fust segment the image into various

regions such as sidewalk, driveway, road, grass etc. Next, a binary image can be generated
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where the edges/boundaries between different segments are marked as non-zero (8.g., edges

of the sidewalk, ¢tc.}.

00423 After detection of the environmental features, timages 512, 514, and 516 can be
anmotated with hine segments to represent the detected covironmental features. Anwotated
mages can be creaied by autonomous ground vehicle 110 continuously during operation,
periodicaily during operation, or on-demand when agtonomous ground vehicle 1107s position

and/or orientation is to be determined.

[0043] As shown 1n FIG. 3C, depth information associated with one or morg of images
502, 504, and 506 can be determined and used to transtorm the perspective view tmages 512,
514, and 516 to bird s-eye view tmage 308 of the environment. According to cortain aspects,
mudtiple sets of images of the environment, captured at different times and posttions as
aitonomous ground vehicle 110 1s navigating along 1s route, may be combined together to
construct a single bird’s-¢cve view image 508 of the environment. For example, antonomous
groond vehicle 110 can combine one or more images captured by autonomous groand vehicke
110 as autonomous ground vehicle 110 travels a certain distance. For example, all images
and 1mage sets captured as autonomous ground vehicle 110 travels a distance of 1m, 2m, 3m,
4m, 3m, 10m, or any other distance, can be combined and transformed to vicld one or more
bird s-eye view mmage{s}. The annoctated bird s-eve view image(s), which includes the line
segments representing the detected environmertal features, can serve as the annotated image
constructed by autonomous ground vehicle 110 at a given location. Altematively, the
environmental features can be detected and annotated in pnage 508 (rather than in images

512,514, and 516}

10044} According to cortain aspects of the present disclosure, the annotated image can be
represented as binary toage 520, as shown in FIG. 3D, As tllustrated 1o FIG. 5D, the
annotated image ts shown as binary image 520, where line segments 514-1 through 514-N,
which correspond to the detected environmental features, can include non-zero values, and
the remaining space can be represented as zero values. As can be seen 1n FIG. 5313, the
detected environmental features represented by line segments 514-1 through 514-N can
mehude, for example, the sidewalk, the edges of the sidewalk/edges of lawns, cracks and/or
separations i the sidewalk, the edge of roadways, driveways, etc. Line segment 514-1 can

represent the edge of the sidewalk/boundary of a lawn, line segment 514-2 can represent a
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crack or separation in the sidewalk, line segment 514-3 can represent the edge of the
roadway, otc. As shown in FIG. 5D, features tn environment 300, such as tree 302, fire
hydrant 304, bushes 306, roadway lane marking 308, structures 310 (¢ .g., houses), and
favwns 312, not detected and annotated with corresponding line segments, are shown as blank

space in binary image 520,

[0045] According to certain aspects of the present disclosure, antonomous ground
vehicle 110 can continnously capture images using tmaging sensors 130 as antonomous
ground vehicle 110 operates in an environment. Accordingly, the captured, detected, and
annotated images can be continuously and/or pericdically combined and transformed to
obtain bird s-eye view images as autonomous ground vehicle 110 operates in an
cnvironment, or the transformed image can be created cach time the position and/or

orientation of autonomous ground vehicle 110 15 desired.

[0046] FIGS. 6A and 68 illustrate binary image 520 overlaid on top of binary map 404 to
tHustrate alignment of binary image 520 and binary map 404 to determine a position and/or
orientation of autonomous ground vehicle 110 according to embodiments of the present
disclosure. As shown i FIGS. 6A and 6B, the dashed hnes can represent Hine segments
514-1 through S14-N from binary image 520 and the sohid lines can represent ine segments
406-1 through 406-N from binary map 404. As described herein, binary image 520 can be
aligned with binary map 404, and the relative translation and rotation applied to obtain
alignment of binary image 520 and binary map 404 can be vtilized o obtain the position and
orientation of the autonomouns ground vehicle. Achieving perfect alignment of binary image
520 1o binary map 404 is unlikely. Forexample, cach of binary image 520 and binary

map 404 may include detection ervors and errant hine segments. Accordingly, an aligoment
score can be determined for each relative position of binary image 520 to binary map 404,
and if the alignment scorg is within an acceptable tolerance range, it can be determined that
alignment of binary image 520 and binary map 404 has been achieved. Accordmg to ceriain
exemplary embodiments of the present disclosure, the alignment score can be based on the
Euclidean distances from cach non-zero pixel in binary image 520 o the closest
corresponding non-zero pixel in binary map 4064, The Euclidean distances can be obtained,
for example, by performing a distance transform to obtain a distance map, which can include
a matrix of all Euclidean distances from cach non-zero pixel m binary image 320 to the

closest corresponding non-zero pixel i binary map 404, Onee the distance map has been

]
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determined, the alignment seore for each relative positioning of binary image 520 to binary
map 404 can be determined. For example, the alignment score can include an aggregate sum
of all the distances for cach non-zero pixel of binary tmage 520 to the closest comesponding
non-zero pixel of binary map 404 (e.g., a sum of all the distances included in the distance
map), a pumber of non-zere pixels in binary image 520 that are disposed at a distance within
a threshoid distance from the closest corresponding noun-zero pixel of binary map 404, a ratio
of the number of non-zero pixels in binary image 520 that are disposed at a distance within a
threshold distance from the closest corresponding non-zero pixel of binary map 404 to the
nsumber of non-zero pixels in binary image 520 that are positioned at a distance that exceads
the threshold distance from the closest corresponding non-zero pixel of binary map 404, cte,

or any combination thereof,

100471 According 1o certain exemplary embodiments of the present disclosure, an nitial
relative position of binary image 520 to binary map 404 can be based on adometry
mformation from autonomous ground vehicle 110, For example, autonomous ground velicle
110 can estimate 1ts anticipated position and orientation based on planmed route, distance
travelled, time travelled, speed travelled, etc. Accordingly, this information can be utilized to
determine the mitial relative positioning of binary image 520 to binary map 404, Next, the
alignment score can be detenmined for the vutial relative positioning. If the alignment score
is within the determined acceptable tolerance rangs, it can be deternined that alignment has
been achieved and the relative translation and rotation utilized to achieve alignment of binary
wmage 520 and binary map 404 can be determined to provide an ostimate of autonomous
ground vehicle 11078 position and/or onentation. In the event that the alignment score is not
within an acceptable tolerance range, binary image 520 can be repositioned relative (o binary
map 404, and the alignment score for the new relative positioning can be determined. Once
again, the newly determined alignment score can be compared against the acceptable
tolevance range. The repositioning of binary image 520 relative to binary map 404 and the
determination of the alignment score can be tteratively repeated antil alignment 1s achieved
through a determination that the associated alignment score of the relative positioning of
binary image 520 and binary map 404 1s within an acceptable tolerance range. According to
certain aspects, a multitude of different relative positionings of binary image 520 and binary
map 404 can be precoraputed and stored n an array, and the aligoment score for cach relative

positioning can be calculated and the relative positioning with the optimal alignment score
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can be returned as the positioning corresponding to alignment of binary image 520 and bivary

map 404.

00483 FIG. 68 shows a closeup tlhustration of a portion of the overay of binary

mmage 520 on top of binary map 404 shown 1o FIG. 6A. FIG. 6B shows the distances ds
through dy that are determined based on the relative positioning of binary image 520 1o bmary
map 404, For example, each of distance d1 through ds can represent the distance from a
non-zero pixel of binary image 520 to the closest corresponding non-zero pixel in bmary

map 404, Although distances d; through dy are shown as annotations on an overlay of binary
tmage 520 on binary map 404, according to certain aspects of the present disclosure, each of
distances d; through da can be stored in an array, which can include all the distances dy

through dn for a given relative positioning of binary waage 320 to binary map 404,

00497 Once alignment of bivary image 520 and binary map 404 has been obtained, the
posiion and/or onigntation of autonomous ground vehicle 110 can be determined based on
the relative translation and rotation utilized to obtam alignment of binary image 520 and
binary map 404. For example, in constructing binary map 404 {¢.g., the binary representation
of the annotated reference map), the location of the constructed binary map 404 and the
resolution of the images used o construct binary image 520 are known, Accordingly, a scale
of binary map 404 and binary image 320 can be deternuned using this known information.
The relative translation applied to obtain alignment of binary image 520 and binary map 404
can then be applied to the known location of binary map 404 to obtamn the position of
autonomous ground vehicle 110, The angle of the relative rotation apphied to obtain
alignment of binary uwage 520 and binary map 404 can also be used to deterninge the

orientation of autonomous ground vehicle 110,

(00507 FIG. 7 shows a flow diagram of an exemplary process 700 for constructing an
annotated reference map {e.g., binary map 404} according to embodiments of the present
disclosure. Process 700 may be performed before an autonomous ground vehicle 1s operating
in an environment. As shown in FIG. 7, n step 702 map information associated with an
unsfructured environment in which an autonomous ground vehicle may operate can be
received (g.g., environment 300). This can include, for example, an overhead bird s-eve view
of the environment or perspective view tmages from the perspective of an autonomous

ground vehicle operating in the enviromment. Next, cerfain environmental foatures can be
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detected in the image i step 704, For example, the detected environmental features can
mehude environmental features, such as, cracks in a sidewalk, the edges of the sidewalk, a
curb, the edge/boundary of a lawn or grassy area, the edge/boundary of a dirt, gravel, or
unpaved area, the edge of a drtveway, etc. According to certain aspects of the present
disclosure, features that are indicia of and/or define a structured environment, such as, for
exaraple, lane markings, stop lines, crosswalks, arrows, words, ete. may not be detected. The
detection of the environmental features can be performed, for example, manually, using line
segment detectors {e.g., Canny, Line Segment Detector, ¢tc ), a segmented semantic map, 4
tramed network {¢.g., 3 trained classifier, a machine learning system, a deep learning system,
eic.), ete., or any combination thereot. According to embodiments where the map
mformation received mn step 702 inchude images from the perspective of an autopomouns
ground vehicle operating in the environment, the images can be utilized to construct a two-
dimensional representation of the environment. Subsequently, rather than performing the
feature detection from the bird s-gve view perspective, the detection of certamm environmental
features can be performed by virtually inserting a camera into the representation of the
envirormaent and simulating the operation of an autonomous ground vehicle through the
representation of the environment. Accordingly, the environmental features can be detected
during the simulated operation of the astonomous ground vehicle in the representation of the
cnvironment. In step 706, it 1s detervuned whether any cnvironmental featurcs have been
detocted, and n step 708, any detected environmental features are annotated with hine
segments such that the line segments correspond to the detected environmental features.

Subsequently, a binary representation of the annotated mage is created in step 710,

100511 Optionally, in steps 712 and 714, arcas of mterest in the annotated reference map
can be identified (e g, via proprocessing, via feedback from an autonomous ground vehicle,
gte.} and stored as supplemental mformation. This can mclude, for example, areas of nterest
wlentified in the annotated reference map based on the nature and number of detected
environmental features that may be difficult to align with an annotated image in at least one
direction, thus, making it difficult to determine the position and/or orientation of an

autonomous ground vehicle (e.g., autonomouns ground vehicle 110) in such arcas.

160521 FIG. 8A shows a flow diagram of an exemplary process 800 for constructing an
annotated 1image {e.g., binary image 320} according to embodiments of the present disclosure.

Process 800 may be performed as an amtonomous ground vehicle {e.g., autonomous ground
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vehicle 110} 1s operating in an environment {¢.g., environment 300) and a position and/or
cricntation of the autonomous ground vehicle 1s desired. As shown in FIG 8B, m step 802, a
plurality of images of the environment are received. For example, the plurality of images can
mclude a plorality of images captired by imaging sensors 130, which can provide a 36
panoramic view of the environment surrounding the autonomous ground vehicle, Next,
certain environmental features can be detected in the mmage m step 804, For example, the
detected environmental features can melude environmental features, such as, cracks ina
sidewalk, the edges of the sidewalk, a curb, the edge/boundary of a lawn or grassy area, the
edge/boundary of a dirt, gravel, or unpaved arca, the edge of a driveway, etc. According to
certamn aspects of the present disclosure, features that are indicia of and/or define a structured
environment, such as, for example, lane markings, stop hines, crosswalks, arrows, words, eic.
may not be detected. The detection of the environmental features can be performed, for
exaraple, mamually, using hine segment detectors {e.g , Canny, Line Segment Detector, etc.), a
segmented semantic map, a trained network (e g, a trained classifier, a machine learning
sysiem, a deep learning svstem, etc .}, otc., or any combmnation thereof. In step 806, i 1s
determined whether any environmental features have been detected, and 1o step 808, any
detected environmental features are annotated with line segments such that the line segments
correspond to the detected environmental features. Subsequently, a binary representation of
the annotated image {5 created in step 810, In step 812, depth wnformation associated with at
least one of the plurality of the tmages is determined, and, 1o step 814, the depth information
is utilized to transform the image from a perspective view image to an overhead bird s-ove

view inage.

053] FIG. 8B shows a flow diagram of an exemplary process 820 for constructing an
anmotated image {c.g., binary image 520} according to embodiments of the present disclosure.
Process 820 may be performed as an autonomous ground vehicle (e g., autonomous ground
vehicle 110} is operating in an environment {¢.g., environment 300} and a position and/or
oricutation of the avtonomous ground vebicle is desired. Process 820 may be similar to
process 800, however, in process 820, the environmental foaturcs may be detected in the
overhead bird’ s-eve view image, rather than the perspective view image{s}. As shown in
FIG. 3B, in step 822, a plurality of unages of the environment are received. For example, the
plurality of images can include a plumaitty of images captured by imaging sensors 130, which

can provide a 360" panoramic view of the environment surrounding the autonomous ground
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vehicle, Next, depth information associated with at least one of the phirabity of the images 1s
determined in step 824, and, in step 826, the depth information is utilized to transform the
wnage from a perspective view tsage to an overhead bird’s-gve view image. Aficr the
overhead bird s-eve view tmage has been ¢reated, certain environmental features can be
detected in the image in step 828, For example, the detected environmental features can
mclude environmental features, such as, cracks in a sidewalk, the edges of the sidewalk, a
curb, the edge/boundary of a lawn or grassy area, the edge/boundary of a dirt, gravel, or
unpaved area, the edge of a driveway, stc. According to certain aspects of the present
disclosure, features that are indicia of and/or define a structured environment, such as, for
example, lane markings, stop lines, crosswalks, arrows, words, efe. may not be detected. The
detection of the environmental features can be performed, for example, maneally, using line
segment detectors {¢.g., Canny, Ling Segment Detector, efc. ), a segmented semantic map, a
trained network {e.2., a trained classificr, a machine leaming svstem, a deep lcaming sysiem,
gte.), ete., or any combination thereof. In step 830, it is detormined whether any
environmental features have been detected, and in step ¥32, any detected environmental
features arc arnotated with line segments such that the bine segments correspond to the
detected environmental features. Subsequently, a binary representation of the annotated

tmage is created in step 834,

1060541 FIG. 9 shows a flow diagram of an exemplary process 900 for aligning an
annotated image {¢.g., binary mmage 320} with an annotated reference map {¢.g., binary

map 4041, In step 902, 1t is first determined 1f alignment between an annotated tmage and the
annotated reference map had been previousty been obtained at a prior position of the
autonomous ground vehicle. In the instance that such an abgnment had been obtained, the
odometry information regarding operation of the amtonomous ground vehicle since the
previousiy identified alignment is received, in step 904, In step 906, odometry information
regarding the corrent position of the antonomous ground vehicle 1s received. This can
mehude, for example, the autonomous ground vehicle’s planned route, distance travelled, time
travelled, speed travelled, etc. The odometry mnformation (including any odometry
mformation received n step 904) can be used {o position an annotated image {e.g., binary
mmage 520} relative to an annotated reference map (e.g., binary map 404) in step 908, Next,
1 step 910, an alignment score 15 determined m connection with the relative positioning of

the annotated image and the annotated reference map. In step 912, the abgnment score is

)
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compared against a construct of an annotated reference map according to embodiments of the
present disclosure. The alignment score can include an aggregate sum of all the distances for
cach pixel of the annotated tmage to the closest corresponding pixel of the annotated
reference map, a mumber of pixels in the annotated image that are disposed at a distance
within a threshold distance from the closest corresponding pixel of the annotated reference
map, a ratio of the number of pixcls in the annotated tmage that arc disposed at a distance
within a threshold distance from the closest corresponding pixel of the annotated reference
map to the number of pixels 1 the annotated image that are positioned at a distance that
exceocds the threshold distance from the closest corresponding pixel of the annotated
reference map, elc., or any combination thereof. If the alignment score 15 within an
aceeptable tolerance range, it 1s deternined that alignment of the annotated image with the
ammotated reference map has been obtained an the translation and rotation applied o obtain
the alignment are deternined in order to determine the autonomous ground vehicle’s position
and/or orentation. If the alignment score is not within an acceptable tolerance range, the
annotated 1mage 1s repositioned relative to the annotated reference map and the alignment
score of the new relative positioning 1s determined and the steps are repeated until alignment

of the annotated 1mage with the annotated reference map 1s obtame

0055} Certain embodiments of the present disclosure can also provide systems and
methods for training a network for detecting the environmental features in images. Training
image datasets can be created and then utilized to train a network or system (o.g., a deep

learning model), which can be used to detect the environmental features as described herein

0056} In creating the training datasets, images captured by autonomous ground vehicles
during operation can be hand annotated to generate patrwise datasets containing the front
camera image of the scene and the corresponding binary edge map of the scene.
Alternatively, synthetic datasets can be created based on simulated operation of an
aitonomous ground vehicle. During sivwdated operation, a hine segment detection algorithm
can be performed on a bird’s-eye camera tmage that is available in simulation. The depth of
the lines can be given by the depth channel of the bird s-cve image and can be ray-casted
back to the front camera optical frame to get the binary ¢dge image of the line features in the
environment, These pairwise camera and binary images can then be used 1o train a network

or system such as a deep learning model.
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(0057} The created datasets can be used to train a network (¢ .g., pixZpix network) (o
detect the environmental features and generate the annotated binary image, which inchude the
annotated lne segments 1 the captured camera image by posing the problem as an 1mage to
tmage translation problem. For example, the network can be trained vsing a conditional
generative adversarial network., Generator and discriminator networks can be utilized, where
the generator network is conditioned on captured camera images and the output of the
generator can include the annotated the binary image. The discniminator 18 configured 1o
output a probability of the image being real. The trained generator model can then be utihized
to detect the environmental foatures of the captured images of the autonomous ground

vehicle.

100581 FIG. 10 15 a block diagram tllustrating vanous components of an exemplary
autonomous ground vehicle control system 1000, in accordance with embodiments of the

present disclosure.

[0059]  In various examples, the biock diggram may be dlustrative of one or more aspects
of avtonomous ground vebicle countrol systern 1000 that may be used to implement the
various svstems and methods discussed herein and/or to control operation of an autonomous
ground vehicle discussed herein. In the illustrated implementation, astonomous ground
vehicle control system 1000 includes one or more processors 1002, coupled to a memory,
¢.g., a non-transitory compuier readable storage medium 1020, via mput/output (1/0)
mierface 1010, Autonomous ground vehicle control systern 1000 also includes motor
controllers 1004, such as glectronic speed controls (ESCs} or motor controllers, power
modules 1006 and/or navigation system 1008, Autonomous ground vehicle control

system 1000 further includes network interface 1016, and one or more input/output

devices 1018,

[0060]  In various implementations, autonomous ground vehicle control system 1000 may
be a uniprocessor system nchiding one processor 10802, or a multiprocessor system including
several processors 1002 (e.g., two, four, eight, or another suitable number).

Processor(s) 1002 may be any suiiable processor capable of executing instructions. For
example, In various implementations, processor(s} 1002 may be general-purpose or
embedded processors implementing any of a variety of instraction set architectures {ISAg),

such as the x86, PowerPC, SPARC, or MIPS {8As, or any other suitable ISA. In



WO 2021/154874 PCT/US2021/015315

multiprocessor systems, each processor 1002 may commonly, but not necessanly, implement

the same ISA.

[0061]  Non-transitory computer readable storage medium 1020 may be configured io
store executable instructions, data, navigation routes, flight control parameters, sensor
mformation, occupancy maps, and/or dafa items accessible by processor{s) 10062, In varicus
mnplementations, non-transitory computer readable storage medium 1020 may be
wnplemented using any suttable memory technelogy, such as static random access memory
(SRAM), synchronous dyvnamic RAM (SDRAM), nonvolatile/Hash-type memory, or any
other tvpe of memory. In the exemplary embodiments, program instructions and data
mnplementing desired functions, such as those described herein, are shown stored within non-
transitory compuier readable storage medium 1020 as program instructions 1022, data
storage 1024, image constructor 1026, and map/image alignor 1028, respectively. In other
mplomentations, program instructions, data, sensor information, occupancy maps, and/or
flight controls may be received, sent, or stored upon different types of computer-accessible
media, such as non-transitory media, or on similar media separate from non-transitory
computer readable storage mediim 1020 or autonomous ground vehicle control system 1000.
Generally, a non-transitory, computer readable storage medium may include storage media or
memory media such as magnetic or optical media, e.g., disk or CI/DVD-ROM, coupled to
autonomous ground vehicle control system 1000 via VO interface 1610, Program
mstructions and data stored via a non-transitory computer readable mediom may be
transoutied by transmission media or signals such as clectrical, electromagnetic, or digital
signals, which may be conveved via a communication medium such as a network and/ora

wircless Hnk, such as may be implemenied via network interface 1016.

1060621  According to ceriain embodimenis of the present disclosure, /(0 interface 1010
may be configured to coordinate VO tratfic between processor{s) 1602, non-transitory
computer readable storage medium 1020, and any pedpberal devices, the network
mierface or other peripheral interfaces, such as mput/output devices 1018, In some
embodiments, /O mterface 1010 may perform any necessary protocol, timing or other data
transformations to convert data signals from one component {¢.g., non-transifory computer
readable storage medium 1020) mio a format suitable for use by another component {e.g.,
processor(s} 1602}, In some embodiments, /O mterface 1010 may mclade support for

devices attached through various tvpes of peripheral buses, such as a variant of the Penipheral

o]
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Component Interconnect {PCI) bus standard or the Umiversal Serial Bus (USB) standard, for
cexample. In some embodiments, the function of VO interface 1010 may be split into two or
more separate components, such as a north bridge and a south bridge, forexample. Also, in
some implementations, some or ali of the functionality of V0 interface 1010, such as an
mterface to non-transitory computer readable storage medium 1020, may be incorporated

directly into processor(s) 1002.

[0063]  Motor controllers 1004 may communicate with navigation system 1008 and adjust
the rotational speed, position, origntation, or other parameters of each motor, to propel the
agtonomous ground vehicle, and/or to perform one or more mancuvers and gaide the

autonomous ground vehicle along a navigation route.

[0064]  Navigation system 1008 may mclude a global posttioning system (GPS}, indoor
positioning system (P8}, or other similar svstem and/or sensors that can be used to navigate

the autonomous ground vehicle to and/or from a location.

(00651 Network interface 1016 may be configured to allow data to be exchanged between
autonomous ground vehicle control system 1000, other devices attached to a network, such as
other computer sysiems {2.g., romoie compuiing resources), and/or with avtonomous ground
vehicle control svstems of other autonomous ground vehicle. For example, network
miterface 1016 may enable wireless communication between the autonomous ground vehicle
and an autonomous ground vehicle control system that 1s implemented on one or more
remote computing resources. For wireless communication, an anfenna of the autonomous
ground vehicle or other communication components may be utihzed. As another example,
network interface 1016 may enable wireless communication between nomerous autonomous
ground vehicles. In various mmplomentations, network interface 1016 may support
communication via wireless general data networks, such as a Wi-Fi network., For example,
network mterface 1016 may support communication via telecommunications networks, such

as ceilular communication networks, satellite networks, and the like.

[0066]  Input/output devices 1018 may, in some exemplary embodiments, inchude ong or
more displays, imaging devices, thermal sensors, infrared sensors, time of flight sensors,
accelerometers, pressure sensors, weather sensors, cte. Multiple mmput/output devices 1018
may be present and conirolied by the autonomouns ground vehicle control system 1060, One

or more of these sensors may be uildized to mplement the implementations described.
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1060671  Asshown m FIG. 10, the memory may inclade program instructions 1022, which
may be configured to implement the exemplary routines and/or sub-routines described herein.
Data storage 1024 may mclude vanous data stores for maintaining data tems that may be
provided for autonomous ground vehicle navigation, determining pavigation routes, detecting
obiects, detecting object types, determining object dynamics, generating annotated reference
maps, generating annotated 1mages, generating semantic layers, generating semantic ¢-
spaces, generating combined c-spaces, efc. In varions implementations, the parameter valucs
and other data llustrated herein as being included i one or more data stores may be
combined with other information not deseribed or may be paritioned differently into more,
fewer, or different data stractures. In some implementations, data stores may be physically

located in one memory or may be distributed among two or more memories.

(00681  Those skilled in the art will appreciate that antonomous ground vehicle control
systern 1000 is merely dlustrative and is not imtended to limit the scope of the present
disciosure. In particular, the computing system and devices may mclude any combination of
hardware or software that can perform the indicated functions. Autonomous ground vehicle
control system 1000 may also be connected (o other devices that are not dlustrated, or instead
may operate as a stand-alone system. In addition, the functionality provided by the tHlustrated
componenis may, 1 some implementations, be combined n fower components or distributed
i additional components. Similarly, in some implementations, the functionality of some of
the itiustrated components may not be provided and/or other additional functionality may be

avatlable.

100691 Those skilled in the art will also appreciate that, while various ticras are dlustrated
as being stored m memeory or storage while being used, these tiems or portions of them may
be transferred between memory and other storage deviees for purposes of memory
management and data imtegrity. Altematively, in other implementations, some or all of the
software components may execuie in memory on another device and comnumicate with
autonomous ground vehicle control svstem 1000, Some or all of the system components or
data structures may also be stored {¢.g., as instructions or structured data} on a non-transitory,
computer-accessible medium or a portable article to be read by an appropriate drive, various
examples of which are described herein. In some tmplementations, instructions stored on a
computer-accessible medium separate from autonomous ground vehicle control systern 1000

may be transmitted to autonomous ground vehicle control system 1000 via transmission
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media or signals sach as electrical, electromagnetic, or digital signals, conveved via a
communication medium such as a wireless link. Various implementations may further
mclhude receiving, sending, or storing instructions and/or data implemented in accordance
with the foregoing deseription upon a computer-accessible mediom. Accordingly, the
technigues described herein may be practiced with other autonomous ground vehicle control

svstem configurations.

100701 Embodiments of the present disclosure can provide an exemplary system
meluding at least one computing system having a first processor and first program
mstructions that, when executed by the first processor, cause the first processor to perform
certain steps. For example, the first program instructions may cause the first processor to
recetve map information of an unstructured environment, construct an overhead two
dimensional representation of the unstructured environment based on the map mformation,
wlentify a first plurality of environmeuntal features based on the overhead two dimensional
representation of the unstructured environment using at least ong of a first line segment
detector, a first segmented semantic map, or a first trained deep leaming system, and
construct an annctated overhead reference map of the unstructured environment, the
annotated overhead reference map including a first plurality of line features comesponding to
the first plurality of environmental features. The excraplary systern may further include an
autonomous ground vehicle operating in the anstructured environment and including at least
ong image sensor and a control system incloding a second processor and second program
mstructions that, when execuied by the second processor, cause the sccond processor to
perform certain other steps. For example, the second program instructions may cause the
second processor to recetve at least one tmage of the unstructured environment from the at
feast one timage sensor, construct an overhead annotated image of the unstructured
environment based on the at least one image of the unstructured environment, the annotate
mnage mcluding 8 phurality of second hne features corresponding to a second phurality of
wdentified environmental foatures, detormine an alignment of the annotated image to the
annotated overhead reference map, determine a relative translation and a relative rotation
uiilized in deternining the alignment of the annotated 1mage to the annotated overhead
reference map, and determine at least one of a position and an orientation of the autonomous

ground vehicle based on at teast one of the relative translation and the relative rotation.

3
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100711 Optionally, the unstructured environment may not include lane markings and road

markings.

100723 Optionally, the first plurality of environmental features and the second plurality of
cnvironmental features may include at least one of a boundary of a sidewalk, a crack in the

sidewalk, a boundary of a lawn, a boundary of a driveway, or a boundary ot a road.

(00731 Optionally, the at least one image may be a perspective view image and
constructing the overhead annotated image of the unstructured environment may imehude at
cast onc of identifving the second plurality of identified environmental features in the af least
one image, annotating the second plurality of wdentified enviroumental features with the
plurality of second line features n the at least one image, and transforming the at least one
mmage to a first overhead bird’s-eye view image to generate the overhead annotated mmage, or
transforming the at least one image to a second overhead bird 's-eve view image, wdentifving
the second plurality of identified environmental features in the second overhead bird’s-eve
view image, and annotating the second plarality of identified environmental features with the

plurality of second line features to generate the overhead anunotated image.

10074} Embodiments of the present disclosure can also provide an exempliary computer-
mplemented method including constructing an overhead annotated reference map of an
wnstructured environment, the overhead annotated reference map including a first plurality of
line features corresponding to a first plurality of environmental features, constructing an
overhead annotated image of the unstructured envircnment from a first plurality of
perspective view images, the overhead annotated image mcluding a second plurality of Iine
features corresponding to a second plarality of environmental features, aligning the overhead
annotated image of the unstructured environment to the overhead annotated reference map of
the unstructured enviroument, and determining at least one of a position and an oricutation of
an autonomous ground vehicle based at least in part on the aligning of the overhead annotated
tmage of the unstructured environment to the overhead annotated reference map of the

unstructured environment.

10075] Optionally, at least the constructing of the overhead annctated image and the
aligning of the overhead annotated image to the overhead annotated refercnce map may be

performed during operation of the autonomous ground vehicle,

-2
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160761 Optionally, constructing the overbead annotated 1mage of the unstructured
environment may include at least one of identifving the second phurality of environmental
features in the first plurality of perspective view mmages, annotating the second plurality of
environmental features with the plurality of second line featores m the first plurality of
perspective view mmages, and transforming the first plurality of perspective view images to a
first overhcad bird’s~eye view image to gencrate the overbead annotated woage, or
transforming the first plurality of perspective view images to a second overhead bird’s-eve
view mmage, identifying the second plurality of environmental features in the second
overhead bird’s-ove view image, and annotating the second plurality of environmental
features with the plurality of second hine features in the second overhead bird s-eve view

mmage to gencrate the overhead annotated image.

160771 Optionally, identifying the second plurality of environmental features in the first
plurality of perspective view images or identifving the second plurality of environmental
features 1n the second overhead bird’s-eve view image may include, at least, applving at least
one of a line segment detector, a segmented semantic map of the unstructured environment,

or a tramned deep leaming system to the base image of the unstructured environment.

160781 Optionally, constructing the overhead annotated 1mage of the unstructured
environment may fusther tnclade, at least, determining first depth information associated with
at least one of the first plurality of images, and constrocting the first overhead bird s-cve
view image or the second overhead bird s-eve view mmage based on at least the first plurality

of perspective view images and the first depth mformation.

160791 Optionally, constructing the overbead annotated 1mage of the unstructured
environment may further include, at least receiving a second plarality of images of the
unstructured environment, determining second depth mformation associated with at least one
of the second plurality of images, constructing a third overhead bird s-cve view image based
on at least the second plurality of images and the second depth information, detenmining
odometry information based on data provided by a plurality of sensors of the antonomous
ground vehicle, and constructing the overhead annotated image by utihizing the odometry
mformation to combine the third overhead bird’s-eye view image with at least one of the first

overhead bird’s-ove view image and the overhead second bird’s oye view image.

o]
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16080 Optionally, the first plurality of images may be obiained while the autonomous
ground vehicle is disposed at a first location and the second plurality of images are obtained
while the autonomous ground vehicle 1s disposed at a second location, where the first

location and the second location being different.

100811 Optionally, aligning the overhead annotated tmage of the wnstructured
environment o the overhead annotated reference map of the wnstructured environment may
mclude, at least, positioning the overhead annotated tmage of the wnstructured environment
relative 1o the overhead annotated reference map of the unstructured environment at a first
relative positioning, determining an alignment score associated with the positioning of the
overhead annotated image relative fo the overhead annotated reference map at the first
relative positioning, comparing the alignment score agaiost a threshold value to determine
alignment of the overhead annotated image of the unstructured environment with the
overhead annotated refergnce map of the unstructured environment, and determining a
relative translation and a relative rotation utilized to obtamn the alignment of the overhead
annotated image of the unstructured environment with the overhead annotated refercnce map

of the unstructured environment.

100821 Optionally, the exemplary method may further include constructing a second
overhead annotated image of the unstructured environment, the second overhead annotated
wnage including a third plurality of line features, determining odometry information
associated with operation of the autonomous ground vehicle since the alignment of the
overhead annotated image of the unstructured environment with the overhead annotated
reference map of the unstructured enviromment was deternmined, and aligning the second
overthead amnnotated image of the unstructured environment to the overhead annotated
reference map of the unstractured environment, where ahgning the second overhead
annotated image of the unstructured environment to the overhead annotated reference map of
the unstructured environment 15 based at least 1 part on the odometry information and the
alignment of the overhead annotated image of the unstructured enviromment with the

overhead annotated reference map of the unstructured enviromment.

10083} Optionally, the overhead annotated reference map may inclode a first binary
representation of the unstructured environment, where the first binary representation inchudes

non-zero values corresponding to the furst plurality of hine features and the overhead
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annotated image inchudes a second binary representation of the unstructured environment, the
second binary representation imchiding non-zero valiues corresponding to the second plurality

of line features.

0084} Optionally, the alignment score may include at feast one of an aggregate distance
mdicator, a number of pixels in the second binary representation that are disposed at a point
that s less than a first relative distance threshold, or a ratio of the number of pixels in the
second binary representation that arc disposed at a location that is less than a second relative
distance threshold to a number of pixels in the second binary representation that are disposed

at a location that is greater than the second relative distance threshold.

[0085] Embodiments of the present disclosure can also provide an exemplary
autonomous ground vehicle including at least one image sensor to capture at least one
perspective view wuage, at least one positional sensor to provide odometry information, and a
control system including a processor and program instructions that, when executed by the
processor, cause the processor to perform certain steps. For exaraple, the program
mstructions may cause the processor to receive an overhead annotated reference map having
a first plurality of line features of an unstructured environment, the first plurality ot tine
features corresponding to a plurality of environmental features in the wnstructured
environaent, construct, based atf least in part on the at lcast one perspective view image, an
overhead annotated voage of the unstructured environment having a second plurality of line
features, determine a translation and a rotation fo align the overhead annotated image (o the
overhead annotated reference map, and determine at least one of a position and an ortentation

of the autonomous ground velhicle based at least in part on the translation and the rotation.

[0086] Optionally, the at least one positional sensor may include at least one of an image

SCIISOY, an aCCC}CI\‘Gll’lQR’.l', A gVIGSCOPS, OF a4 Compass.

100873 Optionally, the program instructions may include further instructions that, when
executed by the processor, cause the processor to at least determine a first relative positioning
of the overhead annotated image to the overhead annotated refercnce map based at least in

part on the odometry information.

13088} Optionally, the program mstructions may include forther instructions that, when

executed by the processor, cause the processor to at least identify, prior to a detemunation of
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the translation and the rotation to align the overhead annotated image to the overhead
annotated reference map, at least one area of the overhead annotated reference map where the
fust plurality of hine foatures and the second plurality of line features prevent aligoing the
overhead annotated image of the wnstructured environment to the overhead annotated

reference map of the unstructured enviromment in a first direction.

100891 Optionally, the program mstructions may inclade further nstructions that, when
cxecuted by the processor, cause the processor to at least update the overhead annotated
reference map based on a deternunation of the translation and the rotation to align the

overhead annotated image to the overhead annotated refergnce map.

100501 it should be understood that, unless otherwise explicitly or implicitly indicated
herein, any of the featares, characteristics, alternatives or modifications described regarding a
particular implementation herein may also be applied, used, or incorporated with any other
maplementation described herein, and that the drawmgs and detailed deseription of the
present disclosure are intended to cover all modifications, equivalents and alternatives to the
various implementations as defined by the appended claims. Morgover, with respect o the
one or more methods or processes of the present disclosure described hercin, including but
not himited to the flow charis shown i FIGS. 7-9, orders in which such methods or processes
are presenied are not intended to be construed as any himitation on the claimed inventions,
and any number of the method or process steps or boxes deseribed herein can be combined in
any order and/or in parallel to implement the methods or processes described hercin, Also,

the drawings herein are not drawn to scale.

10091} Conditional language, such as, among others, “can,” “could,” “might,” or “may,”
uniess specifically stated otherwise, or otherwise understood within the context as used, is
generally intended to convey 1n a permissive manner that certain implementations could
melude, or have the potential to include, but do not mandate or require, certain features,
clements and/or steps. In a similar manner, terms such as “imclude,” “including” and
“includes” arc generally intended to mean “including, but not limited t0.” Thus, such
conditional language is not generally mtended to imply that features, elements and/or steps
are in any way required for one or more implementations or that one or more

muplementations necessarily include logic for deciding, with or without user input or
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prompting, whether these featares, elements and/or steps are included or are 1o be performed

in any particuar implementation.

00923 The elements of a method, process, or algorithm described in connection with the
mplementations disclosed herein can be embodied directly in bardware, i a software
module stored 1n one or more memory devices and executed by one or more processors, or in
a combination of the two. A software module can reside in RAM, flash memory, ROM,
EPROM, EEPROM, registers, a hard disk, a removable disk, a CD-ROM, a DVD-ROM or
any other form of non-transitory computer-readable storage medium, media, or physical
computer storage known in the art. An example storage medium can be coupled to the
processor such that the processor can read information from, and write information to, the
storage roedium. In the alternative, the storage medium can be jntegral fo the processor. The
storage medium can be volatle or nonvolatile. The processor and the storage medium can
reside in an ASIC. The ASIC can reside in a user terminal. o the altemative, the processor

and the storage medium can reside as discreie components in a user tenninal.

100931 Dispmetive language such as the phrase “at least one of X\ Y, o1 Z,” or “at least
one of X, Y and £,7 unless specitically stated otherwise, 1s otherwise understood with the
context as used i general (o present that an item, term, ete., may be either X, Y, or Z, or any
combination thereof {e.g., X, Y, and/or £}, Thus, such digjunctive language is not gencrally
mtended to, and should not, tnply that certain implernentations require at least one of X, at

least one of Y, or af least one of Z to each be present.

[0094] Unless otherwise explicitly stated, articles such as “a” or “an” should generally be
miterpreted to include one or more described items. Accordingly, phrases such as “a device
configured 07 are intended to include one or more recited devices. Such one or more recited
devices can also be collectively configured fo carry out the stated recitations. For exanmple,
“a processor configured to carry out recitations A, B and €7 can include a first processor
configared to carry out recitation A working in conjanction with a second processor

configured to carry out recitations B and C.

2% <

[0005] Language of degree used herein, such as the terms “abowut,” “approximately,”

“generally,” “nearly” or “substantially” as used herein, represent a value, amount, or
characteristic close to the stated value, amount, or charactenstic that still performs a desired

LEIREY

function or achieves a desired result. For example, the terms “about,” “approximately,”
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of, within less than 5% of, within less than 1% of, within less than 0.1% of, and withun less

thav 0.01% of the stated amount.

[00096] Although the invention has been described and illustrated with respect to
iHustrative implementations thereof, the foregomng and various other additions and omissions

may be made therein and thersto without departing from the scope of the present disclosure.
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CLAIMS

WHAT IS CLAIMED IS:

L A system, coOmprising;
at least one computing systern including a first processor and tirst program
mstructions that, when executed by the first processor, cause the first processor to at least:
recelve map information of an unstructured environment;
construct an overhead two dimensional representation of the unstructured
environment bascd on the map information;
identify a first plurality of environmental features based on the overhead two
dimensional representation of the unstructured environment using at least one of a
first line segment detector, a first segmented semantic map, or a first trained deep
fcarnimg system; and
constouct an annotated overhead reference map of the unstructured
environment, the annotated overhead reference map including a first plurality of line
features corresponding to the first plurality of environmental features;
an autonomous ground vehicle operating in the vastructured environment, the
aitonomous ground vehicle meluding:
at least one 1mage sensor; and
a control system including a second processor and second program
instructions that, when executed by the second processor, cause the second processor
o at least:
receive at least one image of the unstructured enviromment from the at
least onc tmage sensor;
construct an ovethead annotated image of the unstructured
environment based on the at least one image of the unstructured environment,
the annotated image mchuding a phlurality of second line features
corresponding to a second plurality of identificd environmental features;
determine an alignment of the annotated 1mage 1o the annotated
overhead reference map;
determine a relative translation and a relative votation utilized in
determining the alignment of the annotated tmage to the anvotated overhead

reference map; and

34



WO 2021/154874 PCT/US2021/015315

determine at least one of a position and an orientation of the
autonomous ground vehicle based on at least one of the relative translation

and the relative rotation.

2. The system of claim 1, wherein the unstructured cuvironment does not include lane

markings and road markings.

3. The system of claim 1, wherein the first plurality of environmental features and the
second phurality of environmental features melude at least one of:

a boundary of a sidewalk,

a crack 1 the sidewalk,

a boundary of a lawn,

a boundary of a driveway, or

a boundary of a road.

4. A computer-implemented method, comprising:

constructing an overhead annotated image of an wnstructured environment from a first
plurality of perspective view images, the overhead anvotated image mehuding a first plorality
of ime features corresponding to a first plurality of environmental features;

aligning the overhead anvotated miage of the vnstructured envirorsaent to an
overthead amotated reference map of the unstractured environment, the overhead annotated
reference map including a second plurality of Hine features corrgsponding to a second
plurality of environmental features; and

determining at least one of a position and an orientation of an autonomous ground
vehicle based at least in part on the aligning of the overhead annotated image of the
unstractured environment to the overhead annotated reference map of the unsteuctured

environment,
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5. The computer-implemented method of claim 4, whercin constructing the overhead
annotated image of the unstructured environment includes, at least one of:

wdentifying the fust plurality of eovironmental features in the first plurality of
perspective view tmages, annotating the first plurality of environmental features with the first
plurality of line features in the first plurality of perspective view images, and transforming
the first plurality of perspective view images to a first overhead bird s-cve view tmage to
generate the overhead annotated image; or

transforming the first plurality of perspective view images 1o a second overhead
bird s-cye view image, identifying the first plurality of environmental features in the second
overhead bird’s-eve view image, and annotating the first plurality of environmental features
with the first phurality of hine features in the second overhead bird’s-eyve view image to

generate the overhead annotated image.

6. The computer-implemented method of clavm §, wheremn identitving the first plurality
of environmental featares in the first plurality of perspective view images or wdentifving the
fust plurality of eovironmental features 1o the second overbead bird’s-eve view image
meludes, at least, applving at least one of a hine segment detector, a segmented semantic map
of the unstructured environment, or a trained deep leaming system to the base image of the
unstractured environment.
7. The computer-implemented method of claim 6, whercin constructing the overhead
annotated image of the unstructured environment further includes, at least:

receiving a second plurality of images of the unstructured environment;

determining second depth mformation associated with at least one of the second
plurality of tmages;

constructing a third overhead bird’s-eve view image based on at least the second
plurality of images and the second depth imformation;

determining odometry information based on data provided by a plurality of sensors of
the autonomous ground vehicle; and

constructing the overhead annotated tmage by utilizing the odometry information to
combine the third overhead bird s-eve view image with at least one of the first overhead

bird s-eve view image and the second overhead bird’s eye view image.
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&. The computer-implemented method of claim 7, wherem the first plurality of images
are obtamed while the autonomous ground vehicle is disposed at a first location and the
second plurality of images are obtained while the autonomous ground vehicle 1s disposed at a

second location, the first location and the second location being different.

9. The computer-implemented method of clatn 4, wherein aligning the overhead
annotated mmage of the unstractured environment to the overhead annotated reference map of
the unstructured environment includes, at least

positioning the overhead annotated image of the unstructured environment relative o
the overhead amotated reference map of the wnstructured environment at a fivst relative
posttioning;

detormining an alignment score associated with the positicning of the overhead
ammotated image relative to the overhead annotated reference map at the first relative
positioning;

comparing the alignment score agamst a threshold value to determine alignment of
the overhead annotated image of the unstructured environment with the overhead anvotated
reference map of the unstructured environment; and

determining a relative translation and a relative rotation utilized to obtain the
alignment of the overhead annotated image of the unstruchured environment with the

ovethead amnotated reference map of the unstructured environment.

o
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10. The computer-implemented method of claim 9, further comprising:

constructing a second overhead annotated image of the unstructured environment, the
second overhead annotated image including a thud plurality of hne features;

determining odometry information associated with operation of the autonomous
ground vehicle since the alignment of the overhead annotated image of the unstructured
cnvironment with the overhead annotated refercoce map of the unstructured environment was
determuined; and

aligning the second overhead annotated image of the unstroctared environment to the
overhead annotated reference map of the unstructured eavironment,

wherein aligning the second overhead annotated image of the unstructured
environment to the overhead ammotated reference map of the wnstructured environment is
based at least in part on the odometry information and the alignment of the overhead
ammotated image of the unstructured envirorauent with the overhead anvotated reference map

of the unstructured enviromment,

11, The computer-tnplemented method of claim 10, wherein the overhead annotated
reference map includes a first binary representation of the wnstractured environment, the first
binary representation including non-zere values corresponding to the second plurality of Time
features;

and wheremn the overhead annotated image includes a second binary representation of
the wnstructured environment, the sccond binary representation incloding non-zero values

corresponding to the first plurality of line features.
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12, An antonomous ground vehicle, comprising:
at least one image sensor to capture at least one perspective vigw tmage;
at least one positional sgnsor to provide odometry mformation; and
a control system including a processor and program instructions that, when
executed by the proccssor, cause the processor to at least:

receive an overhead annotated reference map having a first plurality of
line features of an unstructured environment, the first plurality of line features
corresponding to a plurality of environmental features in the unstructured
environment;

construct, based at least i part on the at least one perspective view
image, an overhead annotated image of the unstructured environment having a
second plurality of line features;

determing a transiation and a rotation to align the overhead annotated
image to the overhead annotated reference map; and

determine at least one of a position and an orientation of the
autonomous ground vehicle based at least in part on the translation and the

rotation.

13 The autonomous ground vehicle of claim 12, wherein the program instructions
mclude further instructions that, when executed by the processor, cause the processor io at
least determine a first relative positioming of the overhead anmotated image 1o the overhead

annotated reference map based at least in part on the odometry formation.

14 The autonomous ground vehicle of claim 12, wheremn the program instructions
mclade further instructions that, when executed by the processor, cause the processor to at
least identify, prior to a determination of the translation and the rotation to align the overhead
annotated mmage to the overhead annotated reference map, at least one arca of the overhead
annotated reference map where the first plurality of line features and the second plarality of
linc features provent aligning the overhead annotated image of the unstructured envircoment

to the overhead annotated reference map of the unstructured environment m a first direction.
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15 The autonomous ground vehicle of clasm 12, wherein the program mstractions
mehude further mstructions that, when executed by the processor, cause the processor o at
least update the overhead annotated reference map based on a determination of the translation
and the rotation to align the overhead annotated 1mage to the overhead annotated reference

map.
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