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VISUAL ODOMETRY FOR LOW ILLUMINATION CONDITIONS USING FIXED LIGHT
SOURCES

TECHNOLOGICAL FIELD
[0001] Example embodiments relate generally to performing visual odometry in low
illumination conditions. In particular, example embodiments generally relate to performing visual
odometry in low illumination conditions to monitor movement of an object, such as a vehicle, in

real-time or near real-time.

BACKGROUND

[0002] Visual odometry is the process of incrementally estimating the current state of an object
(defined as position and heading) using only camera images. Typical monocular visual odometry
comprises feature extraction, feature matching between images, motion estimation, and local
optimization. The features, typically extracted at corner points (e.g., corners of buildings and/or
the like), are used to establish the correspondence between two temporally spaced monocular
images. A feature matching framework is employed to filter out incorrect correspondences and
return a list of pixel-wise matches. The motion estimation step uses the pairwise matches and the
camera matrix to recover the translation and rotation between the matched features. The local
optimization step constrains the space of rotation and translation so that the visible triangulated
feature points remain consistent across all the frames.

[0003] The feature extraction and matching steps in typical visual odometry are highly
sensitive to illumination conditions. Typical feature locations, such as those associated with corner
points, are unstable across changes in scale, and orientation. Additionally, standard monocular or
stereo visual odometry requires highly textured regions to perform image matching. As a result,
the lack of texture and discernable features in the imagery captured in low illumination conditions,
such as at dusk and during the night, may cause the system to incorrectly estimate the state of the
object. The lack of ambient illumination causes traditional visual odometry systems to fail due to
insufficient discernible features and/or texture to effectively perform the matching of features

between images and the local optimization.

BRIEF SUMMARY
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[0004] Example embodiments allow for visual odometry to be performed under low
illumination conditions. For example, as a mode of transportation is traveling, first image data
comprising a first image may be captured. The first image data may be processed to identify one
or more fixed light sources within the first image and a first ground plane within the first image.
A first intersection may be identified in the first image by extending a virtual lamp post vertically
downward from the center of the fixed light source in the first image to the first ground plane. The
intersection of the virtual lamp post with the first ground plane is the first intersection. As the mode
of transportation travels, second image data that comprises a second image may be captured. The
second image may sufficiently overlap with the first image such that the fixed light source is
present in both the first and second images. A second intersection may be identified in the second
image as the intersection of a second virtual lamp post that extends downward from the center of
the fixed light source in the second image intersecting with the second ground plane in the second
image. The first and second images may be transformed into inverse perspective maps (IPMs),
wherein the first IPM comprises a first transformed intersection that is the mapping of the first
intersection into the first [IPM and the second IPM comprises a second transformed intersection
that is the mapping of the second intersection into the second IPM. The locations of the location
of the first transformed intersection in the first IPM and the location of the second transformed
intersection in the second IPM may be used to determine one or more moﬂlement parameters
describing and/or related to the translation and/or rotation of the mode of transportation between
the moment the first image data was captured and the moment the second image data was captured.
The one or more movement parameters may be determined in real-time or near real-time.

[0005] Methods, apparatus, and computer program products are provided in accordance with
an example embodiment in order to perform visual odometry in low illumination conditions. In
example embodiments, first image data comprising a first image is captured. The first image is
captured by an imaging device. A fixed light source is identified from the first image data. A first
ground plane is determined in the first image data. A first intersection is determined in the first
image. The first intersection is a point in the first image where a virtual lamp post corresponding
to the fixed light source in the first image intersects with the first ground plane. The virtual lamp
post extends vertically from the fixed light source in the first image to the first ground plane.
Second image data comprising a second image is captured. The second image is captured by the

imaging device. The second image sufficiently overlaps with the first image. The fixed light
-
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source is identified in the second image data. A second intersection is determined. The second
intersection is the point in the second image where a virtual lamp corresponding to the fixed light
source in the second image intersects a second ground plane. The first image data and the second
image data are transformed to obtain a first inverse perspective map (IPM) comprising a first
transformed intersection and a second IPM comprising a second transformed intersection. Based
at least in part on the first transformed intersection and the second transformed intersection, one
or more movement parameters related to movement of the imaging device between the capturing
of the first image data and the capturing of the second image data are determined.

[0006] In accordance with an example embodiment, a method is provided. The method
comprises capturing first image data comprising a first image. The first image is captured by an
imaging device. The method further comprises identifying a fixed light source from the first image
data; determining a first ground plane in the first image data; and determining a first intersection.
The first intersection is a point in the first image where a virtual lamp post corresponding to the
fixed light source in the first image intersects with the first ground plane. The virtual lamp post
extends vertically from the fixed light source to the first ground plane. The method further
comprises capturing second image data comprising a second image. The second image is captured
by the imaging device. The second image sufficiently overlaps with the first image. The method
further comprises identifying the fixed light source in the second image data; and determining a
second intersection. The second intersection is the point in the second image where a virtual lamp
post corresponding to the fixed light source in the second image intersects with a second ground
plane. The method further comprises transforming the first image data and the second image data
to obtain a first inverse perspective map comprising a first transformed intersection and a second
inverse perspective map comprising a second transformed intersection; and based at least in part
on the first transformed intersection and the second transformed intersection, determining one or
more movement parameters related to movement of the imaging device between the capturing of
the first image data and the capturing of the second image data.

[0007] In example embodiments, the movement parameters comprise at least one selected
from the group of (a) one or more translation parameters, (b) one or more rotation parameters, (c)
a distance traveled, (d) a position, (e) a speed, (f) a velocity, and (g) a heading. In example
embodiments, the method further comprises determining the second ground plane in the second

image data. In example embodiments, the first ground plane is same as the second ground plane.
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In example embodiments, the imaging device is affixed to a mode of transportation at either a fixed
height, a known height, or both. In example embodiments, the first and/or second ground plane 1s
determined by computing a homography based at least in part on the first or second image data. In
example embodiments the height of the imaging device is determined based on either a length of
a lane marking, the distance between consecutive lane markings, width of a lane between a pair of
lane markings, or combination thereof based on an image captured by the imaging device. In
example embodiments, the first and/or second ground plane is determined using gradients in a
color and/or intensity profile of the first or second image data, changes in the color and/or intensity
profile of the first or second image data, or a combination thereof. In example embodiments, the
first and/or second ground plane is determined based at least in part on one or more local road
features identified in at least the first or second image data and another set of captured image data.
In example embodiments, the first and/or second ground plane is determined based at least in part
on one or more objects identified in the first and/or second images. In example embodiments, a
slope of the first and/or second ground plane is inferred based at least in part on an illumination
profile caused by a light source associated with a mode of transportation to which the imaging
device is affixed reflecting off a surface corresponding to the first and/or second ground plane. In
example embodiments, a slope of the first and/or second ground plane is inferred based on the
position of one or more lane markings within the first or second image data. In example
‘embodiments, the method further comprises performing a full reconstruction of a surface using
dense optical flow techniques for areas illuminated by a light source associated with a mode of
transportation to which the imaging device is affixed, wherein the surface corresponds to the first
and/or second ground plane. In example embodiments, measurements by one or more sensors
associated with a mode of transportation to which the imaging device is affixed captured in real-
or near real-time with the capturing of the first image data are used to determine a slope of the first
ground plane. In example embodiments, the movement parameters are determined in real-time or
near real-time with respect to the capturing of the second image data.
[0008] According to another aspect of the present invention, an apparatus specifically
configured to at least perform visual odometry in low illumination conditions is provided. In an
example embodiment, the apparatus comprises at least one processor and at least one memory
storing computer program code. The at least one memory and the computer program code are

configured to, with the processor, cause the apparatus to at least capture first image data
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comprising a first image. The first image is captured by an imaging device. The at least one
memory and the computer program code are further configured to, with the processor, cause the
apparatus to at least identify a fixed light source from the first image data; determine a first ground
plane in the first image data; and determine a first intersection. The first intersection is a point in
the first image where a virtual lamp post corresponding to the fixed light source in the first image
intersects with the ground plane. The virtual lamp post extends vertically from the fixed light
source to the first ground plane. The at least one memory and the computer program code are
further configured to, with the processor, cause the apparatus to at least capture second image data
comprising a second image. The second image is captured by the imaging device. The second
image sufficiently overlaps with the first image. The at least one memory and the computer
program code are further configured to, with the processor, cause the apparatus to at least identify
the fixed light source in the second image data; and determine a second intersection. The second
intersection is the point in the second image where a virtual lamp post corresponding to the fixed
light source in the second image data intersects with a second ground plane. The at least one
memory and the computer program code are further configured to, with the processor, cause the
apparatus to at least transform the first image data and the second image data to obtain a first
inverse perspective map comprising a first transformed intersection and a second inverse
perspective map comprising a second transformed intersection; and based at least in part on the
first transformed intersection and the second transformed intersection, determine one or more
movement parameters related to movement of the imaging device between the capturing of the
first image data and the capturing of the second image data.

[0009] In example embodiments, the movement parameters comprise at least one selected
from the group of (a) one or more translation parameters, (b) one or more rotation parameters, (c)
a distance traveled, (d) a position, (¢) a speed, (f) a velocity, and (g) a heading. In example
embodiments, the at least one memory and the computer program code are further configured to,
with the processor, cause the apparatus to determine the second ground plane in the second image
data. In example embodiments, the first ground plane is same as the second ground plane. In
example embodiments, the imaging device is affixed to a mode of transportation at either a fixed
height, a known height, or both. In example embodiments, the first and/or second ground plane is
determined by computing a homography based at least in part on the first or second image data. In

example embodiments the height of the imaging device is determined based on either a length of
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a lane marking, the distance between consecutive lane markings, width of a lane between a pair of
lane markings, or combination thereof based on an image captured by the imaging device. In
example embodiments, the first and/or second ground plane is determined using gradients in a
color and/or intensity profile of the first or second image data, changes in the color and/or intensity
profile of the first or second image data, or a combination thereof. In example embodiments, the
first and/or second ground plane is determined based at least in part on one or more local road
features identified in at least the first or second image data and another set of captured image data.
In example embodiments, the first and/or second ground plane is determined based at least in part
on one or more objects identified in the first and/or second images. In example embodiments, a
slope of the first and/or second ground plane is inferred based at least in part on an illumination
profile caused by a light source associated with a mode of transportation to which the imaging
device is affixed reflecting off a surface corresponding to the first and/or second ground plane. In
example embodiments, a slope of the first and/or second ground plane is inferred based on the
position of one or more lane markings within the first or second image data. In example
embodiments, the at least one memory and the computer program code are further configured to,
with the processor, cause the apparatus to perform a full reconstruction of a surface using dense
optical flow techniques for areas illuminated by a light source associated with a mode of
transportation to which the imaging device is affixed, wherein the surface corresponds to the first
and/or second ground plane. In example embodiments, measurements by one or more sensors
associated with a mode of transportation to which the imaging device is affixed captured in real-
or near real-time with the capturing of the first image data are used to determine a slope of the first
ground plane. In example embodiments, the movement parameters are determined in real-time or
near recal-time with respect to the capturing of the second image data.

[0010] According to yet another aspect of the present invention, a computer program product
for performing visual odometry in low illumination conditions is provided. In an example
embodiment, the computer program product comprises at least one non-transitory computer-
readable storage medium having computer-executable program code instructions stored therein.
The computer-executable program code instructions comprise program code instructions
configured to cause first image data comprising a first image to be captured. The first image is
captured by an imaging device. The computer-executable program code instructions further

comprise program code instructions configured to identify a fixed light source from the first image
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data; determine a first ground plane in the first image data; and determine a first intersection. The
first intersection is a point in the first image where a virtual lamp post corresponding to the fixed
light source in the first image intersects with the ground plane. The virtual lamp post extends
vertically from the fixed light source to the first ground plane. The computer-executable program
code instructions further comprise program code instructions configured to cause second image
data comprising a second image to be captured. The second image is captured by the imaging
device. The second image sufficiently overlaps with the first image. The computer-executable
program code instructions further comprise program code instructions configured to identify the
fixed light source in the second image data; and determine a second intersection. The second
intersection is the point in the second image where a virtual lamp post corresponding to the fixed
light source in the second image data intersects with a second ground plane. The computer-
executable program code instructions further comprise program code instructions configured to
transform the first image data and the second image data to obtain a first inverse perspective map
comprising a first transformed intersection and a second inverse perspective map comprising a
second transformed intersection; and based at least in part on the first transformed intersection and
the second transformed intersection, determine one or more movement parameters related to
movement of the imaging device between the capturing of the first image data and the capturing
of the second image data.

[0011] In example embodiments, the movement parameters comprise at least one selected
from the group of (a) one or more translation parameters, (b) one or more rotation parameters, (c)
a distance traveled, (d) a position, (e) a speed, (f) a velocity, and (g) a heading. In example
embodiments, the computer-executable program code instructions further comprise program code
instructions configured to determine the second ground plane in the second image data. In example
embodiments, the first ground plane is same as the second ground plane. In example embodiments,
the imaging device is affixed to a mode of transportation at either a fixed height, a known height,
or both. In example embodiments, the first and/or second ground plane is determined by computing
a homography based at least in part on the first or second image data. In example embodiments
the height of the imaging device 1s determined based on either a length of a lane marking, the
distance between consecutive lane markings, width of a lane between a pair of lane markings, or
combination thereof based on an image captured by the imaging device. In example embodiments,

the first and/or second ground plane is determined using gradients in a color and/or intensity profile
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of the first or second image data, changes in the color and/or intensity profile of the first or second
image data, or a combination thereof. In example embodiments, the first and/or second ground
plane is determined based at least in part on one or more local road features identified in at least
the first or second image data and another set of captured image data. In example embodiments,
the first and/or second ground plane is determined based at least in part on one or more objects
identified in the first and/or second images. In example embodiments, a slope of the first and/or
second ground plane is inferred based at least in part on an illumination profile caused by a light
source associated with a mode of transportation to which the imaging device is affixed reflecting
off a surface corresponding to the first and/or second ground plane. In example embodiments, a
slope of the first and/or second ground plane is inferred based on the position of one or more lane
markings within the first or second image data. In example embodiments, the computer-executable
program code instructions further comprise program code instructions configured to perform a full
reconstruction of a surface using dense optical flow techniques for areas illuminated by a light
source associated with a mode of transportation to which the imaging device is affixed, wherein
the surface corresponds to the first and/or second ground plane. In example embodiments,
measurements by one or more sensors associated with a mode of transportation to which the
imaging device is affixed captured in real- or near real-time with the capturing of the first image
data are used to determine a slope of the first ground plane. In example embodiments, the
movement parameters are determined in real-time or near real-time with respect to the capturing
of the second image data.

[0012] In accordance with yet another example embodiment of the present invention, an
apparatus is provided. The apparatus comprises means for capturing first image data comprising a
first image. For example, the apparatus may comprise an imaging device for capturing the first
image. The apparatus further comprises means for identifying a fixed light source from the first
image data. The apparatus further comprises means for determining a first ground plane in the first
image data. The apparatus further comprises means for determining a first intersection. The first
intersection is a point in the first image where a virtual lamp post corresponding to the fixed light
source in the first image intersects with the first ground plane. The virtual lamp post extends
vertically from the fixed light source to the first ground plane. The apparatus further comprises
means for capturing second image data comprising a second image. For example, the apparatus

may comprise an imaging device for capturing the second image. The second image sufficiently
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overlaps with the first image. The apparatus further comprises means for identifying the fixed light
source in the second image data. The apparatus further comprises means for determining a second
intersection. The second intersection is the point in the second image where a virtual lamp post
corresponding to the fixed light source in the second image intersects with a second ground plane.
The apparatus further comprises means for transforming the first image data and the second image
data to obtain a first inverse perspective map comprising a first transformed intersection and a
second inverse perspective map comprising a second transformed intersection. The apparatus
further comprises means for based at least in part on the first transformed intersection and the
second transformed intersection, determining one or more movement parameters related to
movement of the imaging device between the capturing of the first image data and the capturing
of the second image data.

[0013] Methods, apparatus, and computer program products are provided in accordance with
an example embodiment in order to determine one or more movement parameters using visual
odometry in low illumination conditions. In example embodiments, a first image is captured. The
first image is captured by an imaging device on board a mode of transportation. Based at least in
part on a fixed light source in the first image data and a first ground plane in the first image data,
a first intersection is determined in the first image. Second image comprising a second image is
captured. The second image is captured by the imaging device. Based at least in part on the fixed
light source in the second image data and a second ground plane in the second image data, a second
intersection in the second image is determined. The first image data and the second image data is
transformed to obtain a first inverse perspective map comprising a first transformed intersection
and a second inverse map comprising a second transformed intersection. Based at least in part on
the first transformed intersection and the second transformed intersection, determining one or more
movement parameters related to movement of the mode of transportation between the capturing
of the first image data and the capturing of the second image data. A communication comprising
at least one of the one or more movement parameters are provided to a remote computing entity.
[0014] In an example embodiment, the communication comprises an identifier configured to
indicate that the at least one of the one or more movement parameters were determined using visual

odometry or low illumination condition visual odometry.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0015] Having thus described certain example embodiments in general terms, reference will
hereinafter be made to the accompanying drawings, which are not necessarily drawn to scale, and
wherein:

[0016] Figure 1A is a block diagram of a system that may be used to implement an example
embodiment;

[0017] Figure 1B is a block diagram of an apparatus that may be specifically configured in
accordance with an example embodiment;

[0018] Figure 2 is a flowchart illustrating operations performed, such as by the apparatus of
Figure 1B, in accordance with an example embodiment;

[0019] Figures 3A and 3B illustrate examples of processing captured image data, in
accordance with an example embodiment;

[0020] Figures 4A, 4B, and 4C illustrates examples of inverse perspective maps (IMPs), in
accordance with an example embodiment; and

[0021] Figure 5 is a flowchart illustrating operations performed, such as by the apparatus of

Figure 1B, in accordance with an example embodiment.

DETAILED DESCRIPTION

[0022] Some embodiments will now be described more fully hereinafter with reference to the
accompanying drawings, in which some, but not all, embodiments of the invention are shown.
Indeed, various embodiments of the invention may be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein; rather, these embodiments
are provided so that this disclosure will satisfy applicable legal requirements. Like reference
numerals refer to like elements throughout. As used herein, the terms ‘“data,” “content,”
“information,” and similar terms may be used interchangeably to refer to data capable of being
transmitted, received and/or stored in accordance with embodiments of the present invention.
Thus, use of any such terms should not be taken to limit the spirit and scope of embodiments of
the present invention.

[0023] Additionally, as used herein, the term ‘circuitry’ refers to (a) hardware-only circuit
implementations (e.g., implementations in analog circuitry and/or digital circuitry); (b)
combinations of circuits and computer program product(s) comprising software and/or firmware

instructions stored on one or more computer readable memories that work together to cause an
-10 -
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apparatus to perform one or more functions described herein; and (c) circuits, such as, for example,
a microprocessor(s) or a portion of a microprocessor(s), that require software or firmware for
operation even if the software or firmware is not physically present. This definition of ‘circuitry’
applies to all uses of this term herein, including in any claims. As a further example, as used
herein, the term ‘circuitry’ also includes an implementation comprising one or more processors
and/or portion(s) thereof and accompanying software and/or firmware. As another example, the
term ‘circuitry’ as used herein also includes, for example, a baseband integrated circuit or
applications processor integrated circuit for a mobile phone or a similar integrated circuit in a
server, a cellular network device, other network device, and/or other computing device.

[0024] As defined herein, a “computer-readable storage medium,” which refers to a non-
transitory physical storage medium (e.g., volatile or non-volatile memory device), can be
differentiated from a ‘“computer-readable transmission medium,” which refers to an

electromagnetic signal.

L General Overview

[0025] Example embodiments of the present invention provide methods, systems, apparatuses,
and computer program products for performing visual odometry in low illumination conditions.
Some non-limiting examples of low illumination conditions are dusk, night, heavy cloud cover,
and/or the like. In low illumination conditions, the identification of feature points in images and
the matching of feature points across two or more images becomes difficult and/or impossible. In
particular, traditional visual odometry requires matching of multiple feature points across two or
more images such that the feature points remain consistent across all the considered images.
[0026] In example embodiments, a camera or other imaging device is mounted and/or affixed
to a mode of transportation. For example, a camera or other imaging device may be mounted and/or
affixed to an automobile, truck, bus, airplane or other aircraft, train, subway, vehicle, car, boat,
motorcycle, bicycle, a self-driving car, robot, and/or the like. The camera or other imaging device
may be part of and/or in communication with an apparatus that is on board the mode of
transportation and/or remote thereto. Visual odometry may be used to track, determine, monitor,
compute, and/or the like the movement of the mode of transportation between the moment first
image data is captured and the moment second image data is captured. For example, the movement

of the mode of transportation may include a translation (e.g., a change in position) and/or rotation
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(e.g., a change in heading). For example, the position and orientation of the mode of transportation
may be determined.

[0027] In example embodiments of the present invention, first image data is captured
comprising a first image. At least one fixed light source is identified in the first image. In example
embodiments, a fixed light source may be a street light, a reflective sign that is, for example,
reflecting light from a vehicle’s headlamps, and/or the like. The ground plane in the first image is
identified. Next, a first intersection is identified. To identify the first intersection, a virtual lamp
post may be extended vertically downward from the center of the fixe light source in the first image
to the ground plane in the first image. The first intersection is a point representing the region, area,
pixel, collection of pixels, and/or the like in the first image where the ground plane and the virtual
lamp post that extends vertically downward from the center of the fixed light source intersect.
[0028] In example embodiments, second image data is captured. The second image data
comprises a second image that sufficiently overlaps with the first image. In particular, the second
image overlaps with the first image at least in the vicinity of the fixed light source. For example,
the fixed light source may be identified in the second image and a second intersection where a
virtual lamp post that extends vertically from the center of the fixed light source in the second
image to the ground plane in the second image may be determined. In example embodiments, the
ground plane identified and/or determined in the first image may be used to determine the ground
plane in the second image. In other embodiments, the ground plane in the second image is
identified and/or determined independently of the first image and used to determine the second
intersection.

[0029] The first and second images may be synthetically warped, transformed, and/or the like
to obtain first and second inverse perspective maps (IPMs) corresponding to the first and second
images. The first IPM may comprise a first transformed intersection that is the mapping of the first
intersection into the first IPM. The second IPM may comprise a second transformed intersection
that is the mapping of the second intersection into the second IPM. The relative difference in
position between the first transformed intersection in the first IPM and the second transformed
intersection in the second IPM indicates the relative movement of the camera or other imaging
device (e.g., the mode of transportation the camera or other imaging device is mounted and/or
affixed to) between the moment when the first image data was captured and the moment with the

second image data was captured.
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[0030] Figure 1A provides an illustration of an example system that can be used in conjunction
with various embodiments of the present invention. For example, the system may comprise one or
more apparatuses 10 each on board a mode of transportation 5 and one or more computing entity
30. In particular, Figure 1A illustrates a mode of transportation 5 (e.g., automobile, truck, bus,
airplane or other aircraft, train, subway, vehicle, car, boat, motorcycle, bicycle, a self-driving car,
robot, and/or the like) having an apparatus 10 on board. In example embodiments, the apparatus
10 may be affixed to the mode of transportation 5 or may simply be on board the mode of
transportation 5. The apparatus 10 may be in communication with computing entity 30 through
network 35. In example embodiments, the computing entity 30 may be a server or other computing
device. For example, the computing entity 30 may comprise one or more processing elements, on
Or more memories, one or more communication interfaces, one or more user interfaces, and/or the
like. In example embodiments, the computing entity 30 may be remotely located with respect to
the apparatus 10. Each of the components of the system may be in electronic communication with,
for example, one another over the same or different wireless or wired networks 35 including, for
example, a wired or wireless Personal Area Network (PAN), Local Area Network (LAN),
Metropolitan Area Network (MAN), Wide Area Network (WAN), cellular network, and/or the
like. In some embodiments, a network 35 may comprise the automotive cloud, digital
transportation infrastructure (DTI), radio data system (RDS)/ high definition radio (HD) or other
digital radio system, and/or the like. For example, an apparatus 10 may be in communication with
a computing entity 30 via the network 35. For example, the apparatus 10 may communicate with
the computing entity 30 via the Cloud.

[0031] Figure 1B provides an illustration of an example apparatus that can be specifically
configured to perform visual odometry in low illumination conditions, in accordance with
embodiments of the present invention. In example embodiments, an apparatus 10 may comprise
components similar to those shown in the example apparatus 10 diagrammed in Figure 1B.

[0032] In example embodiments, the apparatus 10 may comprise a processor 12, memory 14,
a communications interface 16, a user interface 18, one or more sensors 20 (e.g., a location sensor
such as a GPS sensor; camera(s); 2D and/or 3D LiDAR(s); long, medium, and/or short range
RADAR; ultrasonic sensors; electromagnetic sensors; (near-)IR cameras, 3D cameras, 360°
cameras, accelerometer(s), gyroscope(s), illumination or light sensors, inertial measurement units

(imus), and/or other sensors that enable the vehicle apparatus to determine one or more features of
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the corresponding vehicle’s surroundings), one or more imaging devices 22 (e.g., visual camera(s))
and/or other components configured to perform various operations, procedures, functions or the
like described herein). Example embodiments of the apparatus 10 are described in more detail

below with respect to Figure 1B.

I1. Exemplary Operation

[0033] In example embodiments, the apparatus 10 may be configured to monitor, track,
determine, compute, and/or the like one or movement parameters describing and/or related to the
movement of a mode of transportation 5. In example embodiments, the movement parameters may
comprise one or more of (a) one or more translation parameters, (b) one or more rotation
parameters (e.g., indicating a change in heading), (c) a distance traveled, (d) a position, (e) a speed,
(f) a velocity, (g) a heading, and/or the like. In example embodiments, the apparatus 10 may be on
board the corresponding mode of transportation 5. However, in one embodiment, the apparatus 10
is remote from the corresponding mode of transportation 5 and is configured to receive image data
captured by an imaging device 22 on board the mode of transportation 5 by way of a wired or
wireless network or other data transmission. In example embodiments, the apparatus 10 may be
configured to monitor, track, determine, compute, and/or the like the movement of the mode of
transportation 5, at least partially, using visual odometry. In particular, the apparatus 10 may use
visual odometry to monitor, track, determine, compute, and/or the like the movement of the mode
of transportation 5 in areas where geo-positioning methods are inaccurate and/or unavailable (e.g.,
in urban canyons, in tunnels, and/or the like).

[0034] In example embodiments, the apparatus 10 may comprise one or more sensors 20. The
one or more sensors 20 may comprise an illumination sensor or other light sensor configured to
determine when the mode of transportation 5 is traveling under low illumination conditions. In
another example embodiment, the imaging device 22 may capture image data and the apparatus
10 (e.g., the processor 12) may be configured to determine when the illumination level, brightness,
feature resolution, image texture, and/or the like indicates that the mode of transportation is
traveling under low illumination conditions. In an example embodiment, a clock associated with
the apparatus 10 may be used to predict when the mode of transportation 5 1s traveling under low
illumination conditions. For example, when the clock indicates that it is dusk or night time, it may

be expected that the mode of transportation 5 is traveling under low illumination conditions. When
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it is determined (e.g., based on captured image data and/or based on measurements, readings,
and/or the like captured by an illumination or other light sensor, based on a clock, and/or the like)
that the transportation mode is traveling under low illumination conditions, the apparatus 10 may
be configured to a monitor, track, determine, compute, and/or the like the movement of the mode
of transportation 5 using the visual odometry for low illumination conditions provided herein.
[0035] In example embodiments of the present invention, first image data is captured
comprising a first image. A fixed light source is identified in the first image. For example, the
fixed light source may be a blob of light in the first image. For example, the fixed light source may
be a street lamp, a traffic light, a reflective sign that is reflecting light provided by the headlamps
of the mode of transportation 5 or other light source, and/or the like. In example embodiments,
multiple fixed light sources may be identified in the first image and used to monitor, track,
determine, compute, and/or the like the movement of the mode of transportation 5 (e.g., one or
more movement parameters). For example, multiple sets of movement parameters (e.g., describing
and/or related to the translation and rotation of the mode of transportation) may be determined
using multiple fixed light sources. The movement parameters may then be averaged and/or
otherwise combined to provide a combined set of movement parameters. For the sake of clarity,
the determination of the movement parameters will be described with reference to one fixed light
source; however, one of skill in the art should understand that multiple fixed light sources may be
used to perform visual odometry in low illumination conditions based on the teachings provided
herein.

[0036] The first ground plane in the first image is determined based on the height of the
imaging device 22 and the intrinsic parameters of the imaging device 22. For example, the intrinsic
parameters of the imaging device 22 may comprise the focal length and distortion parameters. For
example, the intrinsic parameters of the imaging device 22 may comprise the F number, the lens
aperture, the smallest F number of the lens, the actual focal length of the lens, f-stops, and/or the
like. In example embodiments, the imaging device 22 may be mounted and/or affixed to the mode
of transportation 5 at a known and fixed height. In some example embodiments, the height of the
imaging device 22 and/or one or more parameters of the imaging device 22 may be determined,
estimated, computed, and/or the like based on analysis of one or more images (e.g., the first image,
the second image, and/or the like). For example, the parameters of the imaging device 22 may be

determined using a calibration method (either offline or online in the field). In some example
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embodiments, the first ground plane may be assumed to be generally flat. In some example
embodiments, the first ground plane may be assumed to be locally planar, but not generally flat.
For example, it may be assumed and/or determined that the first ground plane is sloped. In example
embodiments, the slope of the first ground plane may be determined through a variety of methods,
as will be discussed in more detail below.

[0037] Once the fixed light source and the ground plane have been identified and/or
determined in the first image, a virtual lamp post may be extended vertically downward from the
center of the fixed light source to the first ground plane within the first image. The first intersection
is the point, area, region, pixel, set of pixels, and/or the like where the virtual lamp post intersects
the first ground plane within the first image. The first intersection is a fixed point. The first image,
having the first intersection marked, identified, tagged, and/or the like therein, may be transformed,
synthetically warped, and/or the like to obtain a first IPM. In example embodiments, the first [PM
may be obtained, based at least in part, on the intrinsic parameters (e.g., focal length, distortion
parameters, and/or the like) of the imaging device 22 and the determined ground plane. The first
intersection may be mapped from the first image into a first transformed intersection in the first
IPM.

[0038] Similarly, at some moment after the capturing of the first image data, second image
data may be captured. The second image data may comprise a second image that sufficiently
overlaps with the first image. For example, the second image also contains the identified fixed
light source. A second intersection may be determined, identified, and/or the like based on where
a vertical lamp post that extends vertically downward from the fixed light source in the second
image intersects the ground plane of the second image. In example embodiments, the determined
first ground plane in the first image may be used to estimate the ground plane in the second image
for purposes of determining, identifying, and/or the like the second intersection. In some example
embodiments, a second ground plane (e.g., the ground plane in the second image) may be
determined, identified, and/or the like. Methods used to determine, identify, and/or the like the
second ground plane may be similar to those described with respect to the ground plan determined,
identified, and/or the like in the first image.

[0039] After determining, identifying, and/or the like the second intersection, the second
image, having the second intersection marked, identified, tagged, and/or the like therein, may be

transformed, synthetically warped, and/or the like to obtain a second IPM. In example
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embodiments, the second IPM may be obtained, based at least in part, on the intrinsic parameters
(e.g., focal length, distortion parameters, and/or the like) of the imaging device 22 and the
determined ground plane. In example embodiments, the first image 50 and the second image 60
are captured by the same imaging device 22 in a fixed setting (e.g., the focal length and lens
aperture unchanged between the capturing of the first image and the capturing of the second image)
distortions in the first image and the second image are generally similar. The second intersection
may be mapped from the second image into the second IPM to provide a second transformed
intersection. As the first intersection and the second intersection relate to the same fixed point on
the ground, the location of the first transformed intersection in the first IPM and the second
transformed intersection in the second IPM may be compared to determine the movement
parameters describing and/or related to the movement of the mode of transportation between the
moment the first image data was captured and the moment the second image data was captured.
For example, the relative positions of the first transformed intersection in the first IPM and the
second transformed intersection in the second IPM may be used to determine the movement
parameters the for the mode of transportation between the moment the first image data was
captured and the moment the second image data was captured.

[0040] Figure 2 provides a flowchart illustrating processes and operations performed, such as
by the apparatus 10, to determine the movement parameters of a mode of transportation 5
performing visual odometry under low illumination conditions. Starting at block 102, first image
data is captured. For example, the apparatus 10 may capture first image data. For example, the
apparatus 10 may comprise means, such as the processor 12, memory 14, sensor(s) 20, imaging
device 22, and/or the like, for capturing first image data. In example embodiments, the first image
data comprises a first image (e.g., captured by the imaging device 22) and associated metadata
(e.g., timestamp, sensor information/data captured in real-time or near real-time with the capture
of the first image by one or more sensors 20, and/or the like). In the present context, real-time is
taken to mean the actual time during which a process or event occurs or within milliseconds or
microseconds thereof. Similarly, near real-time is taken to mean delayed from real-time only
and/or primarily by data processing, network transmission, and/or similar processes. At block 104,
a fixed light source is identified in the first image. For example, the apparatus 10 may identify a
fixed light source in the first image. For example, the apparatus 10 may comprise means, such as

processor 12 and/or the like, for identifying a fixed light source in the first image. In example
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embodiments, a fixed light source may be identified in the first image based at least in part on the
first image data. In example embodiments, the fixed light source may be identified by identifying
a region of the first image that is brighter than the adjacent regions of the first image. In example
embodiments, the position of the fixed light source in the first image may be identified by
identifying a local maximum in the brightness of the image space. In example embodiments, the
fixed light source is identified as a blob-like pattern in the first image. In some embodiments, the
blob-like pattern may be identified in the first image using a Laplacian or Gaussian filter. In
example embodiments, a fixed light source may be identified by a convolutional neural network
trained on a large number of labeled images of fixed light sources in low illumination conditions.
In example embodiments, a lamp detector module may be defined such that the apparatus 10 may
call and execute the lamp detector module on the first image data to identify the fixed light source.
In example embodiments, the identified light sources within the first image (e.g., the identified
blob-like patterns) may be filtered to remove light sources that are not fixed light sources (e.g.,
headlights from other cars, and/or the like). For example, a lamp detector module may be trained
(e.g., using a supervised machine learning approach) to discern fixed light sources (e.g., street
lights, reflective street signs, and/or the like) from other light sources in an image. For example,
geometric context in the scene may be used to filter out light sources from objects on the ground,
such as cars. In another example, a mask approach may be used to filter out some irrelevant light
sources by masking specific areas of the image (e.g., straight upfront on the road, far ahead field
up in the sky) where non-fixed light sources are likely to be located. Thus, in example
embodiments, a lamp detector module may be configured to identify all blob-like patterns within
an image and then filter and/or classify the identified light sources into fixed light sources that may
be used and non-fixed light sources that are ignored.

[0041] Figure 3A provides an example of a first image 50 comprising a fixed light source 70.
In this illustrated example, the fixed light source 70 is a reflective sign. The fixed light source 70
may be identified based on the blob-like shape and brightness, in example embodiments.

[0042] Returning to Figure 2, at block 106, a first ground plane is determined in the first image.
In example embodiments, the first ground plane may be a plane or other two dimensional surface,
or a projection thereof, in the first image representing the location of the ground surface. For
example, the apparatus 10 may determine the location of a ground plane in the first image. For

example, the apparatus 10 may comprise means, such as processor 12 and/or the like, for
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determining a first ground plan in the first image. For example, as shown in Figure 3A, the first
ground plane 81 may be determined and/or identified. In example embodiments, the determination
of the first ground plane may be based at least in part on one or more intrinsic parameters of the
imaging device 22 that captured the first image. In example embodiments, the first ground plane
may be determined and/or identified based on the height of the imaging device 22 that captured
the first image. In example embodiments, the height of imaging device 22 may be known. For
example, the imaging device 22 may be affixed at a known and/or fixed height on the mode of
transportation 5. For example, using the height of the imaging device 22, the ground plane may be
directly determined, identified, computed and/or the like using a homography.

[0043] In some example embodiments, the height of the imaging device 22 may not be known
and/or may need to be (re)calibrated. In such example embodiments, the height of the imaging
device 22 may be determined by processing (e.g., by the processor 12) one or more images
captured by the imaging device 22. In an example embodiment, the length and/or distance between
successive lane markings and/or the width of a lane as indicated by the bracketing lane markings
may be used to determine the height of the imaging device 22 and/or (re)calibrate the height of the
imaging device 22. For example, lane markings tend to be highly visible under low illumination
conditions wherein headlights and/or the like provided by the mode of transportation 5 may be
emitting light into the field of view of the imaging device 22. Lane markings generally correspond
to a fixed length. For example, highways in the United States generally have a lane width of 3.7
meters, lane markings of length 3.04 meters, and a spacing between consecutive lane markings of
30 meters. Therefore, applying one or more of these known quantities to the first image (or another
image captured by the imaging device 22), the scale of the image may be determined and basic
geometry may be used to determine, compute, and/or the like the height of the imaging device 22.

[0044] In example embodiments, the first ground plane 81 may be determined by determining,

identifying, and/or the like the road edge based on gradients and/or changes in the color and/or
intensity profile of the first image. A homography may then be computed using points from the
edge of the road to determine the first ground plane 81 in the first image 50. In example
embodiments, local road features (e.g., cracks in the pavement, potholes, and/or the like) and/or
road edges may be matched between consecutive and/or near consecutive images (e.g., images 1

and 3 or 1 and 4 of a series of images) captured by the imaging device 22. A two-frame structure

from motion, as determined from the consecutive and/or near consecutive images (e.g., the first
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and second images), may provide an estimate of the height of the imaging device 22. A
homography may then be computed based on the estimated height of the imaging device 22 to
determine, identify, compute, and/or the like the first ground plane 81. In example embodiments,
whole image context maybe used to estimate the first ground plane. For example, parked or moving
vehicles (or other objects) in the scene may be identified in the first image 50. Based on the location
of the vehicles (or other objects) in the first image 50, the first ground plane 81 may be estimated.
[0045] In example embodiments, it may be assumed that the first ground plane 81 is locally
planar. In some example embodiments, it may be assumed that the first ground plane 81 is
generally flat. For example, the homography based on the height of the imaging device 22 may be
computed assuming that the first ground plane 81 is generally flat and locally planar. In some
example embodiments, a road profile may be determined that may be used to determine and/or
identify the first ground plane 81 without assuming that the first ground plane is flat. In example
embodiments, the road profile may correspond to the profile (flat, slanted, upslope, downslope,
the roll and/or pitch of the road, and/or the like) of a road, path, and/or the like located on/in the
first ground plane 81 and along which the mode of transportation 5 is traveling. In some example
embodiments, the road profile may be determined based on the reflection profile of the headlights
(or other light source provided by the mode of transportation 5 and projected into a field of view
of the imaging device 22 and/or one or more sensors 20) as they are reflected off of the road surface
or other element of the first ground plane 81. For example, the headlights of a mode of
transportation reflect differently off an upwardly sloping road surface than headlights reflecting
off of a downwardly sloping road surface. In an example embodiment, a supervised learning
technique may be trained to predict a road profile based on an illumination and/or reflection profile
of the of the headlights (or other light source provided by the mode of transportation 5 and
projected into a field of view of the imaging device 22 and/or one or more sensors 20). For
example, the supervised learmning technique may be trained based on a collection of samples of
different known road profiles and the corresponding illumination and/or reflection profiles. Thus,
given a new illumination and/or reflection profile, the apparatus 10 (e.g., the processor 12 and/or
the like) may predict the corresponding road profile. In an example embodiment, the position of
lane markings may be used to predict a road profile. For example, the position of a lane marking
may be used to infer a road profile local to the lane marking. It may then be assumed that the local

road profile is a better estimation of the road profile for determining the first ground plane 81 than
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simply assuming that the ground surface is flat. In an example embodiment, the roll and/or pitch
of the road profile may be determined based on sensor information/data collected, captured,
measured, and/or the like by one or more sensors 20 onboard the mode of transportation 5. For
example, the one or more sensors may comprise one or more gyroscopes and/or other intertial
measurement units (IMUs) that may provide direct and/or indirect measurements of the roll and/or
pitch of the road surface in the vicinity of the mode of transportion 5 (e.g., with respect to the
location of the tires/wheels of the mode of transportation, and/or the like). In an example
embodiment, a road profile may be determined by performing a full reconstruction of the road
surface. For example, the full reconstruction of the road surface may be determined using dense
optical flow techniques in the areas illuminated by the headlights or other light sources of the mode
of transportation 5.

[0046] Continuing with Figure 2, at block 108, a first intersection 91 may be identifed,
determined, and/or the like. For example, the apparatus 10 may be configured to identify,
determine, and/or the like the first intersection 91. In example embodiments, the first intersection
91 is the region, area, pixel, collection of pixels, and/or the like in the first image 50 where the first
ground plane 81 and a virtual lamp post 75 that extends vertically downward from the center of
the fixed light source 70 intersect. In example embodiments, the first intersection 91 may be a
point representing the region, area, pixel, collection of pixels, and/or the like in the first image 50
where the first ground plane and a virtual lamp post 75 that extends vertically downward from the
center of the fixed light source 70 intersect. For example, a virtual lamp post 75 may be extended
vertically downward from the center of the fixed light source 70 (e.g., the center of the bright blob
in the first image identified as the fixed light source) until the virtual lamp post 75 intersects the
first ground plane 81. For example, Figure 3A shows a virtual lamp post 75 extending vertically
downward from the center of the blob comprising, indicating, and/or the like the location of fixed
light source 70 in the first image 50. The virtual lamp post 75 extends vertically downward from
the center of the blob until reaching, intersecting, and/or the like the first ground plane 81. The
area, region, pixel, collection of pixels, and/or the like in the first image where the virtual lamp
post 75 intersects the first ground plane 81 is the first intersection 91.

[0047] Returning to Figure 2, at block 110, the first image 50 is synthetically warped,
transformed, and/or the like the first image to obtain a first IPM. In example embodiments, the

first IPM may be a bird’s eye view version of the first image. For example, the apparatus 10 may
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synthetically warp, transform and/or the like the first image 50 to obtain the first IPM. For example,
the apparatus 10 may comprise means, such as the processor 12 and/or the like, for synthetically
warping, transforming, and/or the like the first image 50 to obtain the first IPM. Figure 4A shows
an example of the first IPM 55. In example embodiments, the synthetic warping, transforming
and/or the like of the first image 50 to obtain the first IPM 55 may be based at least in part on the
height of the imaging device 22 and/or the determined first ground plane. In some embodiments,
the synthetic warping, transforming, and/or the like of the first image 50 to obtain the first IPM 55
may assume that the first ground plane is generally planar and/or locally planar. In example
embodiments, the first IPM 55 comprises the second transformed intersection 95, which is the
mapping of the first intersection 91 from the first image 50 into the first IPM 55. As can be seen
in Figure 4A, the transformation from the first image 50 to the first IPM 55 causes the virtual lamp
post 75° to be warped. However, the first intersection 91 may be mapped into the first IPM 55, as
the first transformed intersection 95 thereby providing a fixed point with respect to the first and
second IPMs 55, 65. For example, the first and second transformed intersections 95, 96 provide a
common reference position between the first and second IPMs 55, 65.

[0048] Returning to Figure 2, at some point after capturing the first image data, second image
data is captured, at block 112. The second image data coniprises a second image 60 that overlaps
sufficiently with the first image 50. For example, as shown by Figures 3A and 3B, the second
image 60 overlaps with the first image 50 at least in the vicinity of the fixed light source 70. For
example, the second image 60 may overlap sufficiently with the first image 50 if the fixed light
source 70 is present in both the first image 50 and the second image 60. In some embodiments, the
second image 60 may overlap sufficiently with the first image 50 if the second intersection 92
(e.g., the region, area, pixel, collection of pixels in the first image, and/or a point representative
thereof, where the second ground plane 82 and a virtual lamp post 76 that extends vertically
downward from the center of the fixed light source 70 intersect) is present in and/or may be
determined from the second image 60. In example embodiments, the apparatus 10 may capture
second image data. In example embodiments, the apparatus 10 may comprise means, such as
processor 12, memory 14, sensor(s) 20, imaging device 22, and/or the like, for capturing second
image data. In example embodiments, the second image data comprises a second image 60 (e.g.,
captured by the imaging device 22) and associated metadata (e.g., timestamp, sensor

information/data captured in real-time or near real-time with the capture of the second image data
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by one or more sensors 20, and/or the like). In example embodiments, the second image data may
be captured at any point after the capturing of the first image data and such that the second image
sufficiently overlaps the first image.

[0049] At block 114, the fixed light source 70 is identified in the second image 60. For
example, the apparatus 10 may identify the fixed light source 70 in the second image 60. For
example, the apparatus 10 may comprise means, such as processor 12 and/or the like, for
identifying the fixed light source 70 in the second image 60. In example embodiments, a fixed
light source 70 may be identified in the second image 60 based at least in part on the second image
data. In example embodiments, the fixed light source may be identified by identifying a region of
the second image that is brighter than the regions of the second image surrounding the brighter
region. In example embodiments, the position of the fixed light source in the second image may
be identified by identifying a local maximum in the brightness of the image space. In example
embodiments, the fixed light source is identified as a blob-like pattern in the second image. In
some embodiments, the blob-like pattern may be identified in the second image using a Laplacian
or Gaussian filter. In example embodiments, the fixed light source may be identified by a
convolutional neural network trained on a large number of labeled images of fixed light sources in
low illumination conditions. In example embodiments, a lamp detector module may be defined
such that the apparatus 10 may call and execute the lamp detector module on the second image
data to identify the fixed light source. In example embodiments, the identified light sources within
the second image (e.g., the identified blob-like patterns) may be filtered to remove light sources
that are not fixed light sources (e.g., headlights from other cars, and/or the like). For example, a
lamp detector module may be trained (e.g., using a supervised machine learning approach) to
discern fixed light sources (e.g., street lights, reflective street signs, and/or the like) from other
light sources in an image. For example, geometric context in the scene may be used to filter out
light sources from objects on the ground, such as cars. In another example, a mask approach may
be used to filter out some irrelevant light sources by masking specific areas of the image (e.g.,
straight upfront on the road, far ahead field up in the sky) where non-fixed light sources are likely
to be located. Thus, in example embodiments, a lamp detector module may be configured to
identify all blob-like patterns within an image and then filter and/or classify the identified light

sources into fixed light sources that may be used and non-fixed light sources that are ignored.
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[0050] Figure 3B provides an example of a second image 60 comprising the fixed light source
70. The fixed light source 70 may be identified based on the blob-like shape and brightness, in
example embodiments. As maybe seen by comparing Figures 3A and 3B, the position of the fixed
light source 70 in the first image 50 and the second image 60 has changed due to movement of the
mode of transportation 5 between the capturing of the first image data and the capturing of the
second image data. However, the fixed light source 70 is present in both the first image 50 and the
second image 60. Thus, the second image sufficiently overlaps the first image.

[0051] Returning to Figure 2, at block 116, a second ground plane 82 is determined in the
second image. In example embodiments, the second ground plane 82 may be a plane or other two
dimensional surface, or a projection thereof, in the second image representing the location of the
ground surface in the second image 60. For example, the apparatus 10 may determine the location
of a second ground plane 82 in the second image 60. For example, the apparatus 10 may comprise
means, such as processor 12 and/or the like, for determining a second ground plane 82 in the
second image 60. For example, as shown in Figure 3B, the second ground plane 82 may be
determined and/or identified. In example embodiments, the first ground plane 81 may be assumed
to also be the second ground plane 82. For example, the first ground plane 81 determined,
identified, and/or the like in the first image 50 and/or based on the first image data may be assumed
to represent the ground surface in the second image 60. In other example embodiments, a second
ground plane 82 may be determined/identified through a process that is informed by the
determination of the first ground plane 81 without assuming that the second ground plane 82 is the
same as the first ground plane 81. For example, if the height of the imaging device 22 was
determined to determine/identify the first ground plane 81, the determined height of the imaging
device 22 may be applied in determining/identifying the second ground plane 82 in order to
increase the efficiency of the process and reduce unnecessary redundancy. In some embodiments,
a second ground plane 82 may be independently determined and/or identified in the second image
60, without using information/data determined for determining and/or identifying the first ground
plane 81.

[0052] In example embodiments, the determination of the second ground plane 82 may be
based at least in part on one or more intrinsic parameters of the imaging device 22 that captured
the second image 60. In example embodiments, the second ground plane 82 may be determined

and/or identified based on the height of the imaging device 22 that captured the second image 60.
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In example embodiments, the height of imaging device 22 may be known. For example, the
imaging device 22 may be affixed at a known and/or fixed height on the mode of transportation 5.
For example, using the height of the imaging device 22, the second ground plane 82 may be
directly determined, identified, computed and/or the like using a homography based on the height
of the imaging device 22, the second image data, and/or the like.

[0053] In some example embodiments, the height of the imaging device 22 may not be known
and/or may need to be (re)calibrated. In such example embodiments, the height of the imaging
device 22 may be determined by processing (e.g., by the processor 12) one or more images
captured by the imaging device 22 (e.g., the first and/or second images). In an example
embodiment, the length and/or distance between successive lane markings and/or the width of a
lane bracketed by lane markings may be used to determine the height of the imaging device 22
and/or (re)calibrate the height of the imaging device 22. For example, lane markings tend to be
highly visible under low illumination conditions wherein headlights and/or the like provided by
the mode of transportation 5 may be emitting light into the field of view of the imaging device 22.
Lane markings generally correspond to a fixed length. For example, highways in the United States
have a lane width of 3.7 meters, lane markings of length 3.04 meters, and a spacing between
consecutive lane markings of 30 meters. Therefore, applying one or more of these known
- quantities to the second image 60 (or another image captured by the imaging device 22), the scale
of the image may be determined and basic geometry may be used to determine, compute, and/or
the like the height of the imaging device 22.

[0054] In example embodiments, the second ground plane 82 may be determined by
determining, identifying, and/or the like the road edge based on gradients and/or changes in the
color and/or intensity profile of the first image. A homography may then be computed using points
from the edge of the road to determine the second ground plane 82 in the second image 60. In
example embodiments, local road features (e.g., cracks in the pavement, potholes, and/or the like)
and/or road edges may be matched between consecutive and/or near consecutive images (e.g.,
images 1 and 3 or 1 and 4 of a series of images) captured by the imaging device 22 (e.g., the first
and second images). A two-frame structure from motion, as determined from the consecutive
and/or near consecutive images, may provide an estimate of the height of the imaging device 22.
A homography may then be computed based on the estimated height of the imaging device 22 to

determine, identify, compute, and/or the like the second ground plane 82. In example
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embodiments, whole image context maybe used to estimate the second ground plane 82. For
example, parked or moving vehicles (or other objects) in the scene may be identified in the second
image 60. Based on the location of the vehicles (or other objects) in the second image 60, the
second ground plane 82 may be estimated.

[0055] In example embodiments, it may be assumed that the second ground plane 82 is locally
planar. In some example embodiments, it may be assumed that the second ground plane 82 is
generally flat. For example, the homography based on the height of the imaging device 22 may be
computed assuming that the second ground plane 82 is generally flat and locally planar. In some
example embodiments, a road profile may be determined that may be used to determine and/or
identify the second ground plane 82 without assuming that the second ground plane 82 is flat. In
example embodiments, the road profile may correspond to the profile (flat, slanted, upslope,
downslope, the roll and/or ptich of the road, and/or the like) of a road, path, and/or the like located
on/in the second ground plane 82 and along which the mode of transportation 5 is traveling. In
some example embodiments, the road profile may be determined based on the illumination and/or
reflection profile of the headlights (or other light source provided by the mode of transportation 5
and projected into a field of view of the imaging device 22 and/or one or more sensors 20) as they
are reflected off of the road surface or other element of the second ground plane 82. For example,
the headlights of a mode of transportation 5 reflect differently off an upwardly sloping road surface
than headlights reflecting off of a downwardly sloping road surface. In an example embodiment,
a supervised learning technique may be trained to predict a road profile based on an illumination
and/or reflection profile of the headlights (or other light source provided by the mode of
transportation and projected into a field of view of the imaging device 22 and/or one or more
sensors 20). For eample, the supervised learning technique may be trained based on a collection
of samples of different known road profiles and the corresponding illumination and/or reflection
profiles. Thus, given a new illumination and/or reflection profile, the apparatus 10 (e.g., the
processor 12 and/or the like) may predict the corresponding road profile. In an example
embodiment, the position of lane markings may be used to predict a road profile. For example, the
position of a lane marking may be used to infer a road profile local to the lane marking. It may
then be assumed that the local road profile is a better estimation of the road profile for determining
the second ground surface than simply assuming that the ground surface is flat. In an example

embodiment, the roll and/or pitch of the road profile may be determined based on sensor
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information/data collected, captured, measured, and/or the like by one or more sensors 20 onboard
the mode of transportation 5. For example, the one or more sensors may comprise one or more
gyroscopes and/or other intertial measurement units (IMUs) that may provide direct and/or indirect
measurements of the roll and/or pitch of the road surface in the vicinity of the mode of transportion
5 (e.g., with respect to the location of the tires/wheels of the mode of transportation, and/or the
like). In an example embodiment, a road profile may be determined by performing a full
reconstruction of the road surface. For example, the full reconstruction of the road surface may be
determined using dense optical flow techniques in the areas illuminated by the headlights or other
light sources of the mode of transportation 5.

[0056] Continuing with Figure 2, at block 118, a second intersection 92 may be identifed,
determined, and/or the like. For example, the apparatus 10 may be configured to identify,
determine, and/or the like the second intersection 92 in the second image 60. In example
embodiments, the second intersection 92 is the region, area, pixel, collection of pixels, and/or the
like in the second image where the second ground plane 82 and a virtual lamp post 76 that extends
vertically downward from the center of the fixed light source 70 intersect. In example
embodiments, the second intersection 92 may be a point representing the region, area, pixel,
collection of pixels, and/or the like in the second image 60 where the ground plane 82 and a virtual
lamp post 76 that extends vertically downward from the center of the fixed light source 70
intersect. For example, a virtual lamp post 76 may be extended vertically downward from the
center of the fixed light source 70 (e.g., the center of the bright blob in the second image 60
identified as the fixed light source 70) until the virtual lamp post 76 intersects the second ground
plane 82. For example, Figure 3B shows a virtual lamp post 76 extending vertically downward
from the center of the blob comprising, indicating, and/or the like the location of fixed light source
70 in the second image 60. The virtual lamp post 76 extends vertically downward from the center
of the blob until reaching, intersecting, and/or the like the second ground plane 82. The area,
region, pixel, collection of pixels, and/or the like in the second image 60 where the virtual lamp
post 76 intersects the first ground plane 82 is the first intersection 92.

[0057] Returning to Figure 2, at block 120, the second image 60 is synthetically warped,
transformed, and/or the like the first image to obtain a second IPM 65. Figure 4B shows an example
of the second IPM 65. In example embodiments, a second IPM 65 may be a bird’s eye view version

of the second image 60. For example, the apparatus 10 may synthetically warp, transform and/or
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the like the second image 60 to obtain the second IPM 65. For example, the apparatus 10 may
comprise means, such as the processor 12 and/or the like, for synthetically warping, transforming,
and/or the like the second image 60 to obtain the second IPM 65. In example embodiments, the
synthetic warping, transforming and/or the like of the second image 60 to obtain the second IPM
65 may be based at least in part on the height of the imaging device 22 and/or the determined
second ground plane 82. In some embodiments, the synthetic warping, transforming, and/or the
like of the second image 60 to obtain the second IPM 65 may assume that the second ground plane
82 is generally planar and/or locally planar. In example embodiments the second IPM 65 comprises
the second transformed intersection 96, which is the mapping of the second intersection 92 from
the second image 60 into the second IPM 65.

[0058] Continuing with Figure 2, at block 125, after the first [IPM 55 comprising the first
transformed intersection 95 and the second IPM 65 comprising the second transformed intersection
96 have been obtained, or in response thereto, the location of first transformed intersection 95 in
the first IPM 55 and the location of the second transformed intersection 96 in the second IPM 65
may be compared. For example, the apparatus 10 may compare the location of first transformed
intersection 95 in the first IPM 55 and the location of the second transformed intersection 96 in
the second IPM 65. For example, Figure 4C shows the first IPM 55 overlaid on the second IPM
65, showing the difference in the location of the first transformed intersection 95 in the first IPM
55 and the location of the second transformed intersection 96 in the second IPM 65.

[0059] Returning to Figure 2, at block 130, the movement parameters describing and/or related
to the motion of the mode of transportation 5 between the moment the first image data was captured
and the moment the second image data was captured are determined. In example embodiments,
the movement parameters are based on the comparison of the location of first transformed
intersection 95 in the first [IPM 55 and the location of the second transformed intersection 96 in
the second IPM 65. For example, the apparatus 10 may determine the movement parameters based
on the comparison of the location of first transformed intersection 95 in the first IPM 55 and the
location of the second transformed intersection 96 in the second IPM 65. For example, the
apparatus may comprise means, such as the processor 12 and/or the like, for determining the
movement parameters based on the comparison of the location of first transformed intersection 95
in the first IPM 55 and the location of the second transformed intersection 96 in the second IPM

65. For example, the movement parameters may comprise a translation (e.g., a two-dimensional
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translation indicating movement along the ground surface) and a rotation (e.g., a change in
heading, pitch, and/or roll) corresponding to movement of the mode of transportation 5 in the time
between the moment the first image data was captured and the moment the second image data was
captured. For example, as shown in Figure 4C, the first transformed intersection 95 and the second
transformed intersection 96 are separated by a distance of D indicating that the mode of
transportation moved a distance of D along the ground surface between the moment the first image
data was captured and the moment the second image data was captured.

[0060] For example, the first transformed intersection 95 is located at point p; corresponding
to (x1, y1) and the second transformed intersection 96 is located at point p2 corresponding to (x2,
y2). As the first and second transformed intersections 95, 96 are located on the ground plane (e.g.,
the first or second ground plane 81, 82), the ground plane may be assigned the value z=0 and the
determination of the movement parameters may be determined in two dimensions (e.g., x and y),
in example embodiments. In some embodiments, for example for applications concerned with the
slant and/or pitch of the road profile, the movement parameters may be determined in three
dimensions such that the rotation parameters relate not only to a change in heading of the mode of
transportation 5, but may also indicate a change in the roll and/or pitch angles of the mode of
transportation 5.

[0061] In example embodiments, the translation parameters of the movement parameters may
be determined by computing ((x2-X1), (y2-y1)). For example, the distance D traveled by the mode

of transportation 5 between the moment the first image data was captured and the moment the

second image data was captured is D = \/ (x2 - X )2 + (y2 - )2 . To determine the speed or velocity

of the mode of transportation 5 between the moment the first image data was captured and the
moment the second image data was captured (e.g., the average speed or velocity), the translation
parameters may be divided by the amount of time between the first image data was captured and

the moment the second image data was captured. For example, the velocity of the mode of

2 2
transportation 5 is ( _x‘), 02 -2) and the speed is \/(xz )+ =) . In example
(A1) 7 (A) At

embodiments, At is the amount of time between the moment the first image data was captured and
the moment the second image data was captured. In example embodiments, At may be determined
based on the frequency (e.g., in Hz) with which the imaging device 22 captures the images. In
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another example embodiment, the first image data comprises a time stamp indicating a time t; at
which the first image data was captured and the second image data comprises a time stamp
indicating a time t2 at which the second image data was captured. The time At may then be t>-t;.
The rotation parameter of the movement parameters may be determined by computing atan2((x-
X1),(y2-y1)), where atan2 is the two argument arctangent function. In another example, the change
in heading of the mode of transportation may be determined by correlating the shift of second
transformed intersection 96 relative to the first transformed intersection 95. For example, the
location of the first transformed intersection 95 with respect to a left side and a right side of the
first IPM 55 compared to the location of the second transformed intersection 96 with respect to the
left side and the right side of the second IPM may be analyzed to determine a rotation from which
a heading change (and/or a heading) may be derived. In example embodiments, the heading of the
mode of transportation 5 may be determined based on the rotation of the mode of transportation 5
since the previous heading determination.

[0062] One of skill in the art will understand that p; and p> may be generalized as a set of first
transformed intersections 95 in the first [IPM 55 (corresponding to a set of fixed light sources 70)

and a set of second transformed intersections 96 in the second IPM 65 (corresponding to the set of

a

b " o b n
fixed light sources 70). For example, P, = [xl x‘h & } and P, = [xi xi xi} , forn
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identified fixed light sources 70. Computing the movement parameters may then comprise a
generalization of the above to determine the translation and rotation parameters describing and/or
related to the motion of the mode of transportation 5 between the moment the first image data was
captured and the moment the second image data was captured are determined. For example, the
translation parameter of the movement parameters may be determined by computing the difference
in the mean values of the two point sets. For example, the mathematical formalism of a perspective
N-point (pnp) problem may be applied to determine the movement parameters describing and/or
related to the translation and the rotation of the mode of transportation based on singular value
decomposition of Py and Ps.
[0063] In example embodiments, the determination of the movement parameters are
determined in real-time or near real-time. For example, the apparatus 10 may determine the
movement parameters indicating the change in position (e.g., translation) and the change in

heading, and/or possibly pitch and/or roll (e.g., rotation), of the mode of transportation S in real-
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time or near real-time with the capturing of the second image data. For example, the movement
parameters may be determined as quickly as computationally possible after the capturing of the
second image data such that when the movement parameters are determined the position and
heading of the movement parameters are still a good approximation of the current, real-time state
of the mode of transportation 5. In example embodiments, the apparatus 10 may use the determined
movement parameters to make real-time or near real-time decisions regarding the movement of
the mode of transportation 5. In example embodiments, one or more movement parameters (e.g.,
translation parameters, rotation parameters, speed, velocity, heading, and/or the like) may be
provided (e.g., transmitted) to the computing entity 30, for example, through network 35.

[0064] Figure 5 provides a flowchart illustrating a similar alternative process that may be used
to perform visual odometry in low illumination conditions, in accordance with example
embodiments of the present invention. Starting at block 202, the first image data is captured. For
example, the apparatus 10 may capture the first image data. For example, the apparatus 10 may
comprise means, such as the processor 12, memory 14, sensor(s) 20, imaging device 22, and/or
the like, for capturing the first image data. In example embodiments, the first image data comprises
a first image 50 (e.g., captured by the imaging device 22) and associated metadata (e.g., timestamp,
sensor information/data captured in real-time or near real-time with the capture of the first image
data by one or more sensors 20, and/or the like).

[0065] At block 204, second image data is captured. For example, the apparatus 10 may
capture the second image data. For example, the apparatus 10 may comprise means, such as the
processor 12, memory 14, sensor(s) 20, imaging device 22, and/or the like, for capturing the second
image data. In example embodiments, the second image data comprises a second image 60 (e.g.,
captured by the imaging device 22) and associated metadata (e.g., timestamp, sensor
information/data captured in real-time or near real-time with the capture of the second image data
by one or more sensors 20, and/or the like). The second image data comprises a second image 60
that overlaps sufficiently with the first image 50. For example, the second image 60 overlaps the
first image 50 at least in the vicinity of the fixed light source 70. For example, the second image
60 may overlap sufficiently with the first image 50 if the fixed light source 70 is present in both
the first image and the second image. In some embodiments, the second image 60 may overlap
sufficiently with the first image 50 if the fixed light source 70 and the second intersection 92 (e.g.,

the region, area, pixel, collection of pixels in the second image 60, and/or a point representative
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thereof, where the ground plane 82 and a virtual lamp post 76 that extends vertically downward
from the center of the fixed light source 70 intersect) is present in and/or may be determined from
the second image 60.

[0066] At block 206, a fixed light source 70 is identified in the first and second images 50, 60.
For example, the fixed light source 70 may be identified in both the first and second images 50,
60 substantially simultaneously. In some embodiments, the first and second images 50, 60 may be
processed in parallel to identify the fixed light source 70 and then the first and second images 50,
60 may be matched to ensure that a fixed light source 70 identified in one image corresponds to a
fixed light source identified in the other image. In some embodiments, the first and second images
50, 60 may be processed together to identify a fixed light source 70 present in both the first and
second images 50, 60. For example, the apparatus 10 may identify a fixed light source 70 in the
first and second images 50, 60. For example, the apparatus 10 may comprise means, such as
processor 12 and/or the like, for identifying a fixed light source 70 in the first image 50 and the
second image 60. In example embodiments, a fixed light source 70 may be identified in the first
and second images 50, 60 based at least in part on the first image data and/or the second image
data. In example embodiments, the fixed light source 70 may be identified by identifying a region
of the first image 50 and/or the second image 60 that is brighter than the adjacent regions of the
corresponding image. In example embodiments, the position of the fixed light source 70 in the first
image 50 and/or second image 60 may be identified by identifying a local maximum in the
brightness of the corresponding image space. In example embodiments, the fixed light source 70
is identified as a blob-like pattern in the first image 50 and/or second image 60. In some
embodiments, the blob-like pattern may be identified in the first image 50 and/or second image 60
using a Laplacian or Gaussian filter. In example embodiments, a fixed light source 70 may be
identified by a convolutional neural network trained on a large number of labeled images of fixed
light sources in low illumination conditions. In example embodiments, a lamp detector module
may be defined such that the apparatus 10 may call and execute the lamp detector module on the
first and/or second image data to identify the fixed light source 70. In example embodiments, the
identified light sources within the first and/or second images (e.g., the identified blob-like patterns)
may be filtered to remove light sources that are not fixed light sources (e.g., headlights from other
cars, and/or the like). For example, a lamp detector module may be trained (e.g., using a supervised

machine learning approach) to discern fixed light sources (e.g., street lights, reflective street signs,
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and/or the like) from other light sources in an image. For example, geometric context in the scene
may be used to filter out light sources from objects on the ground, such as cars. In another example,
a mask approach may be used to filter out some irrelevant light sources by masking specific areas
of the image (e.g., straight upfront on the road, far ahead field up in the sky) where non-fixed light
sources are likely to be located. Thus, in example embodiments, a lamp detector module may be
configured to identify all blob-like patterns within an image and then filter and/or classify the
identified light sources into fixed light sources that may be used and non-fixed light sources that
are ignored.

[0067] At block 208, the ground plane (e.g., 81, 82) is determined. In example embodiments,
the ground plane (e.g., 81, 82) may be determined based at least in part on the first image data
and/or the second image data. In example embodiments, it may be assumed that the first ground
plane 81 is the same as the second ground plane 82. In particular in the region of interest (e.g., in
the vicinity of the first and second intersections 91, 92) the ground surface is substantially the same
in the first and second images 50, 60. For example, the apparatus 10 may determine a ground plane
(e.g., 81, 82) in the first and/or second images 50, 60. For example, the apparatus 10 may comprise
means, such as processor 12 and/or the like, for determining a ground plane (e.g., 81, 82) in the
first image 50 and/or second image 60. In example embodiments, the determination of the ground
plane (e.g., the first and second ground planes which are assumed to be the same ground plane or
at least similar enough that only one of the ground planes need be determined to provide sufficient
accuracy in the movement parameters) may be based at least in part on one or more intrinsic
parameters of the imaging device 22 that captured the first and/or second image 50, 60. In example
embodiments, the ground plane (e.g., 81, 82) may be determined and/or identified based on the
height of the imaging device 22 that captured the first and/or second images 50, 60. In example
embodiments, the height of imaging device 22 may be known. For example, the imaging device
22 may be affixed at a known and/or fixed height on the mode of transportation. For example,
using the height of the imaging device 22, the ground plane (e.g., 81, 82) may be directly
determined, identified, computed and/or the like using a homography based on the height of the
imaging device 22, first and/or second image data, and/or the like.

[0068] In some example embodiments, the height of the imaging device 22 may not be known
and/or may need to be (re)calibrated. In such example embodiments, the height of the imaging

device 22 may be determined by processing (e.g., by the processor 12) one or more images
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captured by the imaging device 22 (e.g., the first and/or second images 50, 60). In an example
embodiment, the length and/or distance between successive lane markings and/or the width of a
lane bracketed by lane markings may be used to determine the height of the imaging device 22
and/or (re)calibrate the height of the imaging device 22. For example, lane markings tend to be
highly visible under low illumination conditions wherein headlights and/or the like provided by
the mode of transportation may be emitting light into the field of view of the imaging device 22.
Lane markings generally correspond to a fixed length. For example, highways in the United States
have a lane width of 3.7 meters, lane markings of length 3.04 meters, and a spacing between
consecutive lane markings of 30 meters. Therefore, applying one or more of these known
quantities to the first and/or second image 50, 60 (or another image captured by the imaging device
22), the scale of the image may be determined and basic geometry may be used to determine,
compute, and/or the like the height of the imaging device 22.

[0069] In example embodiments, the ground plane (e.g., 81, 82) may be determined by
determining, identifying, and/or the like the road edge based on gradients and/or changes in the
color and/or intensity profile of the first and/or second images 50, 60. A homography may then be
computed using points from the edge of the road to determine the ground plane (e.g., 81, 82) in
the first and/or second images 50, 60. In example embodiments, local road features (e.g., cracks in
the pavefnent, potholes, and/or the like) and/or road edges may be matched between consecutive
and/or near consecutive images (e.g., images 1 and 3 or 1 and 4 of a series of images) captured by
the imaging device 22 (e.g., first and second images 50, 60). A two-frame structure from motion,
as determined from the consecutive and/or near consecutive images, may provide an estimate of
the height of the imaging device 22. A homography may then be computed based on the estimated
height of the imaging device 22 to determine, identify, compute, and/or the like the ground plane
(e.g., 81, 82). In example embodiments, whole image context maybe used to estimate the ground
plane. For example, parked or moving vehicles (or other objects) in the scene may be identified in
the first and/or second images 50, 60. Based on the location of the vehicles (or other objects) in
the first and/or second images, the ground plane (e.g., 81, 82) may be estimated.

[0070] In example embodiments, it may be assumed that the ground plane (e.g., 81, 82) is
locally planar. In some example embodiments, it may be assumed that the ground plane (e.g., 81,
82) is generally flat. For example, the homography based on the height of the imaging device 22

may be computed assuming that the ground plane (e.g., 81, 82) is generally flat and locally planar.
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In some example embodiments, a road profile may be determined that may be used to determine
and/or identify the ground plane (e.g., 81, 82) without assuming that the ground plane is flat. In
example embodiments, the road profile may correspond to the profile (flat, slanted, upslope,
downslope, the roll and/or ptich of the road, and/or the like) of a road, path, and/or the like located
on/in the ground plane (e.g., 81, 82) and along which the mode of transportation 5 is traveling. In
some example embodiments, the road profile may be determined based on the reflection profile of
the headlights (or other light source provided by the mode of transportation 5 and projected into a
field of view of the imaging device 22 and/or one or more sensors 20) as they are reflected off of
the road surface or other element of the ground plane (e.g., 81, 82). For example, the headlights of
a mode of transportation reflect differently off an upwardly sloping road surface than headlights
reflecting off of a downwardly sloping road surface. In an example embodiment, a supervised
learning technique may be trained to predict a road profile based on an illumination and/or
reflection profile of the of the headlights (or other light source provided by the mode of
transportation 5 and projected into a field of view of the imaging device 22 and/or one or more
sensors 20). For eample, the supervised learning technique may be trained based on a collection
of samples of different known road profiles and the corresponding illumination and/or reflection
profiles. Thus, given a new illumination and/or reflection profile, the apparatus 10 (e.g., the
processor 12 and/or the like) may predict the corresponding road profile. In an example
embodiment, the position of lane markings may be used to predict a road profile. For example, the
position of a lane marking may be used to infer a road profile local to the lane marking. It may
then be assumed that the local road profile is a better estimation of the road profile for determining
the ground plane (e.g., 81, 82) than simply assuming that the ground plane is flat. In an example
embodiment, the roll and/or pitch of the road profile may be determined based on sensor
information/data collected, captured, measured, and/or the like by one or more sensors 20 on board
the mode of transportation 5. For example, the one or more sensors 20 may comprise one or more
gyroscopes and/or other intertial measurement units (IMUs) that may provide direct and/or indirect
measurements of the roll and/or pitch of the road surface in the vicinity of the mode of transportion
5 (e.g., with respect to the location of the tires/wheels of the mode of transportation, and/or the
like). In an example embodiment, a road profile may be determined by performing a full

reconstruction of the road surface. For example, the full reconstruction of the road surface may be
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determined using dense optical flow techniques in the areas illuminated by the headlights or other
light sources of the mode of transportation 5.

[0071] Atblock 210, the first and second intersections 91, 92 are identified, determined, and/or
the like. For example, the apparatus 10 may be configured to identify, determine, and/or the like
the first intersection 91 in the first image 50 and the second intersection 92 in the second image
60. In example embodiments, the first intersection 91 is the region, area, pixel, collection of pixels
and/or the like in the first image 50 where the ground plane (e.g., 81, 82) and a virtual lamp post
75 that extends vertically downward from the center of the fixed light source 70 in the first image
50 intersect. In example embodiments, the second intersection 92 is the region, area, pixel,
collection of pixels, and/or the like in the second image 60 where the ground plane (e.g., 81, 82)
and a virtual lamp post 76 that extends vertically downward from the center of the fixed light
source 70 in the second image 60 intersect. In example embodiments, the first (second) intersection
91 (92) may be a point representing the region, area, pixel, collection of pixels, and/or the like in
the first (second) image 50 (60) where the ground plane (e.g., 81, 82) and a virtual lamp post 75
(76) that extends vertically downward from the center of the fixed light source 70 intersect. For
example, a virtual lamp post 75 (76) may be extended vertically downward from the center of the
fixed light source 70 in the first (second) image 50 (60) (e.g., the center of the bright blob in the
first (second) image identified as the fixed light source) until the virtual lamp post intersects the
ground plane (e.g., 81, 82) in the first (second) image to determine, identify, and/or the like the
first (second) intersection 91 (92).

[0072] At block 212, the first and second IPMs 55, 65 are obtained. For example, the first
image 50 may be synthetically warped, transformed, and/or the like to obtain the first IPM 55 and
the second image 60 may be synthetically warped, transformed, and/or the like to obtain the second
IPM 65. In example embodiments, the first (second) IPM 55 (65) may be a bird’s eye view version
of the first (second) image 50 (60). For example, the apparatus 10 may synthetically warp,
transform, and/or the like the first image 50 to obtain the first IPM 55 and synthetically warp,
transform, and/or the like the second image 60 to obtain the second IPM 65. For example, the
apparatus 10 may comprise means, such as the processor 12 and/or the like, for synthetically
warping, transforming, and/or the like the first image 50 to obtain the first IPM 55 and for
synthetically warping, transforming, and/or the like the second image 60 to obtain the second IPM

65. In example embodiments, the synthetic warping, transforming and/or the like of the first
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(second) image 50 (60) to obtain the first (second) IPM 55 (65) may be based at least in part on
the height of the imaging device 22 and/or the determined ground plane (e.g., 81, 82). In example
embodiments, the first IPM 55 comprises a first transformed intersection 95 corresponding to the
first intersection 91 in the first image 50 and the second IPM 65 comprises a second transformed
intersection 96 corresponding to the second intersection 92 in the second image 60. For example,
the first transformed intersection 95 is the mapping of the first intersection 91 from the first image
50 into the first IPM 55. For example, the second transformed intersection 96 is the mapping of
the first intersection 92 from the second image 60 into the second IPM 65.

[0073] At block 214, after the first IPM 55 comprising the first transformed intersection 95
and the second IPM 65 comprising the second transformed intersection 96 have been obtained, or
in response thereto, the location of the first transformed intersection 95 in the first IPM 55 and the
second transformed intersection 96 in the second IPM 65 may be compared. For example, the
apparatus 10 may compare the location of the first transformed intersection 95 in the first IPM 55
and the second transformed intersection 96 in the second IPM 65. For example, the apparatus 10
may comprise means, such as the processor 12 and/or the like, for comparing the location of the
first transformed intersection 95 in the first IPM 55 and the second transformed intersection 96 in
the second IPM 65.

[0074] At block 216, the movement parameters describing and/or related to the motion of the
mode of transportation between the moment the first image data was captured and the moment the
second image data was captured are determined. In example embodiments, the movement
parameters are based on the comparison of the location of first transformed intersection 95 in the
first IPM 55 and the location of the second transformed intersection 96 in the second IPM 65. For
example, the apparatus 10 may determine the movement parameters based on the comparison of
the location of first transformed intersection 95 in the first IPM 55 and the location of the second
transformed intersection 96 in the second IPM 65. For example, the apparatus may comprise
means, such as the processor 12 and/or the like, for determining the movement parameters based
on the comparison of the location of first transformed intersection 95 in the first IPM 55 and the
location of the second transformed intersection 96 in the second IPM 65. For example, the
movement parameters may comprise a translation (e.g., a two-dimensional translation indicating
movement along the ground surface) and a rotation (e.g., a change in heading, pitch, and/or roll).

For example, the movement parameters may be determined based on the location of first
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transformed intersection 95 in the first IPM 55 and the location of the second transformed
intersection 96 in the second IPM 65 as described above. In example embodiments, one or more
movement parameters may be provided (e.g., transmitted) to the computing entity 30, for example,
through network 35. For example, the apparatus 10 may provide a communication to the
computing entity 30 (e.g., through the network 35) comprising one or more movement parameters
and an identifier configured to indicate that the one or more movement parameters were

deteremined using visual odometry, low illumination condition visual odometry, and/or the like.

1II. Example Apparatus

[0075] The apparatus 10 of an example embodiment may be embodied by or associated with
a variety of computing devices including, for example, such as a navigation system including an
in-vehicle navigation system, a vehicle control system, a personal navigation device (PND) or a
portable navigation device, an advanced driver assistance system (ADAS), a global positioning
system (GPS), a cellular telephone, a mobile phone, a personal digital assistant (PDA), a watch, a
camera, a computer, and/or other device that can perform navigation-related functions, such as
position determination and motion tracking. In example embodiments, the apparatus 10 may be
further configured to perform additional navigation-related functions such as digital routing and
map display. In this regard, Figure 1B depicts an apparatus 10 of an example embodiment that
may be embodied by various computing devices including those identified above. As shown, the
apparatus 10 of an example embodiment may include, may be associated with or may otherwise
be in communication with a processor 12 and a memory device 14 and optionally a communication
interface 16 and/or a user interface 18. The apparatus 10 may further comprise one or more sensors
20 (e.g., a location sensor such as a GPS sensor; camera(s); 2D and/or 3D LiDAR(s); long,
medium, and/or short range RADAR; ultrasonic sensors; electromagnetic sensors; (near-)IR
cameras, 3D cameras, 360° cameras, accelerometer(s), gyroscope(s), illumination or light sensors,
inertial measurement units (IMUs), and/or other sensors that enable the vehicle apparatus to
determine one or more features of the corresponding vehicle’s surroundings), and one or more
imaging devices 22 (e.g., camera(s) and/or other imaging device(s)).

[0076] In some embodiments, the processor 12 (and/or co-processors or any other processing
circuitry assisting or otherwise associated with the processor) may be in communication with the

memory device 14 via a bus for passing information among components of the apparatus. The
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memory device may be non-transitory and may include, for example, one or more volatile and/or
non-volatile memories. In other words, for example, the memory device may be an electronic
storage device (e.g., a computer readable storage medium) comprising gates configured to store
data (e.g., bits) that may be retrievable by a machine (e.g., a computing device like the processor).
The memory device may be configured to store information, data, content, applications,
instructions, or the like for enabling the apparatus to carry out various functions in accordance
with an example embodiment of the present invention. For example, the memory device could be
configured to buffer input data for processing by the processor. Additionally or altemnatively, the
memory device could be configured to store instructions for execution by the processor.

[0077] As described above, the apparatus 10 may be embodied by a computing device.
However, in some embodiments, the apparatus 10 may be embodied as a chip or chip set. In other
words, the apparatus may comprise one or more physical packages (e.g., chips) including
materials, components and/or wires on a structural assembly (e.g., a baseboard). The structural
assembly may provide physical strength, conservation of size, and/or limitation of electrical
interaction for component circuitry included thereon. The apparatus may therefore, in some cases,
be configured to implement an embodiment of the present invention on a single chip or as a single
“system on a chip.” As such, in some cases, a chip or chipset may constitute means for performing
one or more operations for providing the functionalities described herein.

[0078] The processor 12 may be embodied in a number of different ways. For example, the
processor may be embodied as one or more of various hardware processing means such as a
coprocessor, a microprocessot, a controller, a digital signal processor (DSP), a processing element
with or without an accompanying DSP, or various other processing circuitry including integrated
circuits such as, for example, an ASIC (application specific integrated circuit), an FPGA (field
programmable gate array), a microcontroller unit (MCU), a hardware accelerator, a special-
purpose computer chip, or the like. As such, in some embodiments, the processor may include
one or more processing cores configured to perform independently. A multi-core processor may
enable multiprocessing within a single physical package. Additionally or alternatively, the
processor may include one or more processors configured in tandem via the bus to enable
independent execution of instructions, pipelining and/or multithreading.

[0079] In an example embodiment, the processor 12 may be configured to execute instructions

stored in the memory device 14 or otherwise accessible to the processor. Alternatively or
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additionally, the processor may be configured to execute hard coded functionality. As such,
whether configured by hardware or software methods, or by a combination thereof, the processor
may represent an entity (e.g., physically embodied in circuitry) capable of performing operations
according to an embodiment of the present invention while configured accordingly. Thus, for
example, when the processor is embodied as an ASIC, FPGA or the like, the processor may be
specifically configured hardware for conducting the operations described herein. Altematively, as
another example, when the processor is embodied as an executor of software instructions, the
instructions may specifically configure the processor to perform the algorithms and/or operations
described herein when the instructions are executed. However, in some cases, the processor may
be a processor of a specific device (e.g., a pass-through display or a mobile terminal) configured
to employ an embodiment of the present invention by further configuration of the processor by
instructions for performing the algorithms and/or operations described herein. The processor may
include, among other things, a clock, an arithmetic logic unit (ALU) and logic gates configured to
support operation of the processor.

[0080] In some embodiments, the apparatus 10 may include a user interface 18 that may, in
turn, be in communication with the processor 12 to provide output to the user, such as a proposed
route, and, in some embodiments, to receive an indication of a user input. As such, the user
interface may include a display and, in some embodiments, may also include a keyboard, a mouse,
a joystick, a touch screen, touch areas, soft keys, a microphone, a speaker, or other input/output
mechanisms. Alternatively or additionally, the processor may comprise user interface circuitry
configured to control at least some functions of one or more user interface elements such as a
display and, in some embodiments, a speaker, ringer, microphone and/or the like. The processor
and/or user interface circuitry comprising the processor may be configured to control one or more
functions of one or more user interface elements through computer program instructions (e.g.,
software and/or firmware) stored on a memory accessible to the processor (e.g., memory device
14 and/or the like).

[0081] The apparatus 10 may optionally include a communication interface 16. The
communication interface may be any means such as a device or circuitry embodied in either
hardware or a combination of hardware and software that is configured to receive and/or transmit
data from/to a network and/or any other device or module in communication with the apparatus.

In this regard, the communication interface may include, for example, an antenna (or multiple
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antennas) and supporting hardware and/or software for enabling communications with a wireless
communication network. Additionally or alternatively, the communication interface may include
the circuitry for interacting with the antenna(s) to cause transmission of signals via the antenna(s)
or to handle receipt of signals received via the antenna(s). In some environments, the
communication interface may alternatively or also support wired communication. As such, for
example, the communication interface may include a communication modem and/or other
hardware/software for supporting communication via cable, digital subscriber line (DSL),
universal serial bus (USB) or other mechanisms.

[0082] In addition to embodying the apparatus 10 of an example embodiment, a navigation
system may also include or have access to a geographic database that includes a variety of data
(e.g., map information/data) utilized in constructing a route or navigation path and determining the
time to traverse the route or navigation path. For example, a geographic database may include
node data records (e.g., including anchor node data records comprising junction identifiers), road
segment or link data records, point of interest (POI) data records and other data records. More,
fewer or different data records can be provided. In one embodiment, the other data records include
cartographic (“carto”) data records, routing data, and maneuver data. One or more portions,
components, areas, layers, features, text, and/or symbols of the POI or event data can be stored in,
linked to, and/or associated with one or more of these data records. For example, one or more
portions of the POI, event data, or recorded route information can be matched with respective map
or geographic records via position or GPS data associations (such as using known or future map
matching or geo-coding techniques), for example. In example embodiments, the data records (e.g.,
node data records, link data records, POI data records, and/or other data records) may comprise
computer-executable instructions, a reference to an function repository that comprises computer-
executable instructions, one or more coefficients and/or parameters to be used in accordance with
an algorithm for performing the analysis, one or more response criteria for providing a response
indicating a result of the analysis, and/or the like.

[0083] In an example embodiment, the road segment data records are links or segments, e.g.,
maneuvers of a maneuver graph, representing roads, streets, or paths, as can be used in the
calculated route or recorded route information for determination of one or more personalized
routes. The node data records are end points corresponding to the respective links or segments of

the road segment data records. The road link data records and the node data records represent a
-41 -



WO 2018/029318 PCT/EP2017/070369

road network, such as used by vehicles, cars, and/or other entities. Alternatively, the geographic
database can contain path segment and node data records or other data that represent pedestrian
paths or areas in addition to or instead of the vehicle road record data, for example.

[0084] The road/link segments and nodes can be associated with attributes, such as geographic
coordinates, street names, address ranges, speed limits, turn restrictions at intersections, and other
navigation related attributes, as well as POIs, such as gasoline stations, hotels, restaurants,
museums, stadiums, offices, automobile dealerships, auto repair shops, buildings, stores, parks,
etc. The geographic database can include data about the POIs and their respective locations in the
POI data records. The geographic database can also include data about places, such as cities,
towns, or other communities, and other geographic features, such as bodies of water, mountain
ranges, etc. Such place or feature data can be part of the POI data or can be associated with POIs
or POI data records (such as a data point used for displaying or representing a position of a city). In
addition, the geographic database can include and/or be associated with event data (e.g., traffic
incidents, constructions, scheduled events, unscheduled events, etc.) associated with the POI data
records or other records of the geographic database.

[0085] The geographic database can be maintained by the content provider (e.g., a map
developer) in association with the services platform. By way of example, the map developer can
collect geographic data to generate and enhance the geographic database. There can be different
ways used by the map developer to collect data. These ways can include obtaining data from other
sources, such as municipalities or respective geographic authorities. In addition, the map
developer can employ field personnel to travel by vehicle along roads throughout the geographic
region to observe features and/or record information about them, for example. Also, remote
sensing, such as aerial or satellite photography, can be used. In example embodiments, the
geographic database may be updated based on information/data provided by one or more vehicle
apparatuses.

[0086] The geographic database can be a master geographic database stored in a format that
facilitates updating, maintenance, and development. For example, the master geographic database
or data in the master geographic database can be in an Oracle spatial format or other spatial format,
such as for development or production purposes. The Oracle spatial format or
development/production database can be compiled into a delivery format, such as a geographic

data files (GDF) format. The data in the production and/or delivery formats can be compiled or
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further compiled to form geographic database products or databases, which can be used in end user
navigation devices or systems.

[0087] For example, geographic data is compiled (such as into a platform specification format
(PSF) format) to organize and/or configure the data for performing navigation-related functions
and/ of services, such as route calculation, route guidance, map display, speed calculation, distance
and travel time functions, and other functions. The navigation-related functions can correspond to
vehicle navigation or other types of navigation. The compilation to produce the end user databases
can be performed by a party or entity separate from the map developer. For example, a customer
of the map developer, such as a navigation device developer or other end user device developer,
can perform compilation on a received geographic database in a delivery format to produce one or
more compiled navigation databases. Regardless of the manner in which the databases are
compiled and maintained, a navigation system that embodies an apparatus 10 in accordance with
an example embodiment may determine the time to traverse a route that includes one or more turns

at respective intersections more accurately.

IV.  Apparatus, Methods, and Computer Program Products

[0088] As described above, Figures 2 and 5 illustrate flowcharts of apparatus 10, method, and
computer program product according to example embodiments of the invention. It will be
understood that each block of the flowcharts, and combinations of blocks in the flowcharts, may
be implemented by various means, such as hardware, firmware, processor, circuitry, and/or other
devices associated with execution of software including one or more computer program
instructions. For example, one or more of the procedures described above may be embodied by
computer program instructions. In this regard, the computer program instructions which embody
the procedures described above may be stored by the memory device 14 of an apparatus employing
an embodiment of the present invention and executed by the processor 12 of the apparatus. As
will be appreciated, any such computer program instructions may be loaded onto a computer or
other programmable apparatus (e.g., hardware) to produce a machine, such that the resulting
computer or other programmable apparatus implements the functions specified in the flowchart
blocks. These computer program instructions may also be stored in a computer-readable memory
that may direct a computer or other programmable apparatus to function in a particular manner,

such that the instructions stored in the computer-readable memory produce an article of
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manufacture the execution of which implements the function specified in the flowchart blocks.
The computer program instructions may also be loaded onto a computer or other programmable
apparatus to cause a series of operations to be performed on the computer or other programmable
apparatus to produce a computer-implemented process such that the instructions which execute on
the computer or other programmable apparatus provide operations for implementing the functions
specified in the flowchart blocks.

[0089] Accordingly, blocks of the flowcharts support combinations of means for performing
the specified functions and combinations of operations for performing the specified functions for
performing the specified functions. It will also be understood that one or more blocks of the
flowcharts, and combinations of blocks in the flowcharts, can be implemented by special purpose
hardware-based computer systems which perform the specified functions, or combinations of
special purpose hardware and computer instructions.

[0090] In some embodiments, certain ones of the operations above may be modified or further
amplified. Furthermore, in some embodiments, additional optional operations may be included.
Modifications, additions, or amplifications to the operations above may be performed in any order
and in any combination.

[0091] Many modifications and other embodiments of the inventions set forth herein will come
to mind to one skilled in the art to which these inventions pertain having the benefit of the teachings
presented in the foregoing descriptions and the associated drawings. Therefore, it is to be
understood that the inventions are not to be limited to the specific embodiments disclosed and that
modifications and other embodiments are intended to be included within the scope of the appended
claims. Moreover, although the foregoing descriptions and the associated drawings describe
example embodiments in the context of certain example combinations of elements and/or
functions, it should be appreciated that different combinations of elements and/or functions may
be provided by alternative embodiments without departing from the scope of the appended claims.
In this regard, for example, different combinations of elements and/or functions than those
explicitly described above are also contemplated as may be set forth in some of the appended
claims. Although specific terms are employed herein, they are used in a generic and descriptive

sense only and not for purposes of limitation.
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THAT WHICH IS CLAIMED:

L. A method comprising:

capturing first image data comprising a first image, the first image captured by an
imaging device;

identifying a fixed light source from the first image data;

determining a first ground plane in the first image data;

determining a first intersection wherein the first intersection is a point in the first image
where a virtual lamp post corresponding to the fixed light source in the first image intersects with
the first ground plane, wherein the virtual lamp post extends vertically from the fixed light
source to the first ground plane;

capturing second image data comprising a second image, the second image captured by
the imaging device, wherein the second image sufficiently overlaps with the first image;

identifying the fixed light source in the second image data;

determining a second intersection, the second intersection is the point in the second
image where a virtual lamp post corresponding to the fixed light source in the second image data
intersects with a second ground plane;

transforming the first image data and the second image data to obtain a first inverse
perspective map comprising a first transformed intersection and a second inverse perspective
map comprising a second transformed intersection; and

based at least in part on the first transformed intersection and the second transformed
intersection, determining one or more movement parameters related to movement of the imaging

device between the capturing of the first image data and the capturing of the second image data.

2. A method according to Claim 1, wherein the movement parameters comprise at
least one selected from the group of (a) one or more translation parameters, (b) one or more
rotation parameters, (c) a distance traveled, (d) a position, (e) a speed, (f) a velocity, and (g) a

heading..

3. A method according to Claim 1, further comprising;

determining the second ground plane in the second image data.
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4. A method according to Claim 1, wherein the first ground plane is applied as the

second ground plane.

5. A method according to Claim 1, wherein the imaging device is affixed to a mode

of transportation at either a fixed height, a known height, or both.

6. A method according to Claim 1, wherein the first and/or second ground plane is
determined by computing a homography based at least in part on the first and/or second 1mage

data.

7. A method according to Claim 1, wherein the height of the imaging device 1s
determined based on either a length of a lane marking, the distance between consecutive lane
markings, width of a lane between a pair of lane markings, or combination thereof based on an

image captured by the imaging device.

8. A method according to Claim 1, wherein the first and/or second ground plane is
determined using gradients in a color and/or intensity profile of the first or second image data,
changes in the color and/or intensity profile of the first or second image data, or a combination

thereof.

9. A method according to Claim 1, wherein the first and/or second ground plane is
determined based at least in part on one or more local road features identified in at least the first

or second image data and another set of captured image data.

10. A method according to Claim 1, wherein the first and/or second ground plane 1s
determined based at least in part on one or more objects identified in the first and/or second

image.

11. A method according to Claim 1, wherein a slope of the first and/or second ground

plane is inferred based at least in part on an illumination profile caused by a light source
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associated with a mode of transportation to which the imaging device is affixed reflecting off a

surface corresponding to the first or second ground plane.

12. A method according to Claim 1, wherein a slope of the first and/or second ground
plane is inferred based on the position of one or more lane markings within the first or second

image data.

13. A method according to Claim 1, further comprising

performing a full reconstruction of a surface using dense optical flow techniques for areas
illuminated by a light source associated with a mode of transportation to which the imaging
device is affixed,

wherein the surface corresponds to the first or second ground plane.

14. A method according to Claim 1, wherein measurements by one or more sensors
associated with a mode of transportation to which the imaging device is affixed captured in real-
or near real-time with the capturing of the first or second image data are used to determine a

slope of the first and/or second ground plane.

15. A method according to Claim 1, wherein the movement parameters are

determined in real-time or near real-time with respect to the capturing of the second image data.

16.  An apparatus comprising at least one processor and at least one memory storing
computer program code, the at least one memory and the computer program code configured to,
with the processor, cause the apparatus to at least:

capture first image data comprising a first image, the first image captured by an imaging
device;

identify a fixed light source from the first image data;

determine a first ground plane in the first image data;

determine a first intersection wherein the first intersection is a point in the first image
where a virtual lamp post corresponding to the fixed light source in the first image intersects with

the first ground plane, wherein the virtual lamp post extends vertically from the fixed light
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source to the first ground plane;

capture second image data comprising a second image, the second image captured by the
imaging device, wherein the second image sufficiently overlaps with the first image;

identify the fixed light source in the second image data;

determine a second intersection, the second intersection is the point in the second image
where a virtual lamp post corresponding to the fixed light source in the second image data
intersects with a second ground plane;

transform the first image data and the second image data to obtain a first inverse
perspective map comprising a first transformed intersection and a second inverse perspective
map comprising a second transformed intersection; and

based at least in part on the first transformed intersection and the second transformed
intersection, determine one or more movement parameters related to movement of the imaging

device between the capturing of the first image data and the capturing of the second image data.

17.  An apparatus according to Claim 16, wherein the movement parameters are

determined in real-time or near real-time with respect to the capturing of the second image data.

18.  An apparatus according to Claim 16, wherein to determine the first ground plane,
the at least one memory and the computer program code are configured to, with the processor,
cause the apparatus to at least compute a homography based at least in part on the first image

data.

19. A method according to Claim 1, wherein the movement parameters comprise at
least one selected from the group of (a) one or more translation parameters, (b) one or more
rotation parameters, (c) a distance traveled, (d) a position, (e) a speed, (f) a velocity, and (g) a

heading..

20. A computer program product comprising at least one non-transitory computer-
readable storage medium having computer-executable program code instructions stored therein,
the computer-executable program code instructions comprising program code instructions

configured to:
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cause first image data comprising a first image to be captured, the first image captured by
an imaging device;

identify a fixed light source from the first image data;

determine a first ground plane in the first image data;

determine a first intersection wherein the first intersection is a point in the first image
where a virtual lamp post corresponding to the fixed light source in the first image intersects with
the first ground plane, wherein the virtual lamp post extends vertically from the fixed light
source to the first ground plane;

cause second image data comprising a second image to be captured, the second image
captured by the imaging device, wherein the second image sufficiently overlaps with the first
image;

identify the fixed light source in the second image data;

determine a second intersection, the second intersection is the point in the second image
where a virtual lamp post corresponding to the fixed light source in the second image data
intersects with a second ground plane;

transform the first image data and the second image data to obtain a first inverse
perspective map comprising a first transformed intersection and a second inverse perspective
map comprising a second transformed intersection; and

based at least in part on the first transformed intersection and the second transformed
intersection, determine one or more movement parameters related to movement of the imaging

device between the capturing of the first image data and the capturing of the second image data.

21. A method comprising:

capturing first image data comprising a first image, the first image captured by an
imaging device on board a mode of transportation;

based at least in part on a fixed light source in the first image data and a first ground
plane in the first image data, determining a first intersection in the first image;

capturing second image data comprising a second image, the second image captured by
an imaging device;

based at least in part on the fixed light source in the second image data and a second

ground plane in the second image data, determining a second intersection in the second image;
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transforming the first image data and the second image data to obtain a first inverse
perspective map comprising a first transformed intersection and a second inverse perspective
map comprising a second transformed intersection;

based at least in part on the first transformed intersection and the second transformed
intersection, determining one or more movement parameters related to movement of the mode of
transportation between the capturing of the first image data and the capturing of the second
image data; and

providing a communication comprising at least one of the one or more movement

parameters to a remote computing entity.

22. The method of Claim 21, wherein the communication comprises an identifier
configured to indicate that the at least one of the one or more movement parameters were

determined using visual odometry or low illumination condition visual odometry.
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