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SYSTEM AND METHOD FOR
CONCURRENT ODOMETRY AND MAPPING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application i1s related to and claims
priority to the following co-pending application, the entirety
of which 1s mcorporated by reference herein: U.S. Provi-
sional Patent Application Ser. No. 62/3377,987 (Attorney
Docket No. 1500-G16013), entitled “Methods and Systems
for VR/AR Functionality 1n a Portable Device.”

BACKGROUND

Field of the Disclosure

[0002] The present disclosure relates generally to imagery
capture and processing and more particularly to machine
vision using captured imagery.

Description of the Related Art

[0003] Machine vision and display techmiques, such as
simultaneous localization and mapping (SLAM), visual
inertial odometry (VIO), area learning applications, aug-
mented reality (AR), and virtual reality (VR), often rely on
the 1dentification of objects within the local environment of
a device through the analysis of imagery of the local
environment captured by the device. To support these tech-
niques, the device navigates an environment while simulta-
neously constructing a map of the environment or augment-
ing an existing map or maps of the environment. However,
conventional techmques for tracking motion while building
a map of the environment typically take a relatively signifi-
cant amount of time and resources and accumulate errors,
thereby limiting the utility and effectiveness of the machine
vision techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure may be better understood,
and 1ts numerous features and advantages made apparent to
those skilled in the art by referencing the accompanying
drawings. The use of the same reference symbols 1n different
drawings indicates similar or 1dentical items.

[0005] FIG. 1 1s a diagram 1llustrating an electronic device
configured to estimate a pose of an electronic device 1n a
local environment using pose information generated based
on non-image sensor data and image sensor data while
building a map of the local environment in accordance with
at least one embodiment of the present disclosure.

[0006] FIG. 2 1s a diagram illustrating a concurrent odom-
etry and mapping module of the electronic device of FIG. 1
configured to estimate a current pose of the electronic device
and update a map of the environment to localize the esti-
mated current pose 1n accordance with at least one embodi-
ment of the present disclosure.

[0007] FIG. 3 1s a diagram illustrating a motion tracking
module of the concurrent odometry and mapping module of
FIG. 2 configured to generate feature descriptors of spatial
teatures of objects 1n the environment for updating a map of
the environment and estimating a pose of the electronic
device 1n accordance with at least one embodiment of the
present disclosure.

[0008] FIG. 4 1s a diagram 1illustrating a mapping module
of the concurrent odometry and mapping module of FIG. 2
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configured to generate and add to a three-dimensional rep-
resentation of the environment of the electronic device based
on generated feature descriptors and a plurality of stored
maps 1n accordance with at least one embodiment of the
present disclosure.

[0009] FIG. 5 1s a diagram 1illustrating a localization
module of the concurrent odometry and mapping module of
FIG. 2 configured to generate a localized pose of the
clectronic device 1n accordance with at least one embodi-
ment of the present disclosure.

[0010] FIG. 61s a flow diagram illustrating an operation of
an electronic device to track motion and update a three-
dimensional representation of the environment in accor-
dance with at least one embodiment of the present disclo-
sure.

DETAILED DESCRIPTION

[0011] The following description 1s intended to convey a
thorough understanding of the present disclosure by provid-
ing a number of specific embodiments and details mnvolving
the determination of a relative position or relative orienta-
tion of an electronic device based on 1mage-based 1dentifi-
cation of objects 1n a local environment of the electronic
device. It 1s understood, however, that the present disclosure
1s not limited to these specific embodiments and details,
which are examples only, and the scope of the disclosure 1s
accordingly intended to be limited only by the following
claims and equivalents thereof. It 1s further understood that
one possessing ordinary skill in the art, in light of known
systems and methods, would appreciate the use of the
disclosure for its intended purposes and benefits 1n any
number of alternative embodiments, depending upon spe-
cific design and other needs.

[0012] FIGS. 1-6 1llustrate various techniques for tracking
motion of an electronic device 1n an environment while
building a three-dimensional visual representation of the
environment that 1s used to correct drift in the tracked
motion. A front-end motion tracking module receives sensor
data from wvisual, inertial, and depth sensors and tracks
motion (1.e., estimates poses over time) of the electronic
device that can be used by an application programming
interface (API). The front-end motion tracking module esti-
mates poses over time based on feature descriptors corre-
sponding to the visual appearance of spatial features of
objects 1n the environment and estimates the three-dimen-
sional positions (referred to as 3D point positions) of the
spatial features. The front-end motion tracking module also
provides the captured feature descriptors and estimated
device pose to a back-end mapping module. The back-end
mapping module 1s configured to store a plurality of maps
based on stored feature descriptors, and to periodically
receive additional feature descriptors and estimated device
poses from the front-end motion tracking module as they are
generated while the electronic device moves through the
environment. The back-end mapping module builds a three-
dimensional visual representation (map) of the environment
based on the stored plurality of maps and the recerved
teature descriptors. The back-end mapping module provides
the three-dimensional visual representation of the environ-
ment to a localization module, which compares generated
feature descriptors to stored feature descriptors from the
stored plurality of maps, and 1dentifies correspondences
between stored and observed feature descriptors. The local-
ization module performs a loop closure by mimimizing the
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discrepancies between matching feature descriptors to coms-
pute a localized pose. The localized pose corrects drift in the
estimated pose generated by the front-end motion tracking
module, and 1s periodically sent to the front-end motion
tracking module for output to the API.

[0013] By separately tracking motion based on visual and
inertial sensor data and building a three-dimensional repre-
sentation of the environment based on a plurality of stored
maps as well as periodically updated generated feature
descriptors, and correcting drift in the tracked motion by
performing a loop closure between the generated feature
descriptors and the three-dimensional representation, the
clectronic device can perform highly accurate motion track-
ing and map-building of an environment even with con-
strained resources, allowing the electronic device to record
a representation of the environment and therefore recognize
re-visits to the same environment over multiple sessions. To
illustrate, 1n at least one embodiment the front-end motion
tracking module maintains only a limited history of tracked
motion (e.g., tracked motion data for only a single prior
session, or a single prior time period) and treats any previ-
ously-generated feature point position estimates as fixed,
thus limiting the computational burden of calculating an
estimated current pose and 3D point positions and thus
enabling the front-end tracking module to update the esti-
mated current pose at a relatively high rate. The back-end
mapping module maintains a more extensive history of the
3D point positions in the environment and poses of the
clectronic device, thus enabling the back-end mapping mod-
ule to build a more accurate three-dimensional representa-
tion of the environment based on the stored maps and the
observed feature descriptors received from the front-end
motion tracking module. Because the back-end mapping
module carries a heavier computational burden to build the
three-dimensional representation of the environment based
on a plurality of stored maps and to update the three-
dimensional representation based on periodic mputs of addi-
tional generated feature descriptors from the front-end
motion tracking module, the back-end mapping module
updates the three-dimensional representation of the environ-
ment at a relatively slow rate. In addition, the localization
module optimizes the three-dimensional representation and
estimated current pose by solving a co-optimization algo-
rithm that treats previously-generated 3D point positions as
variable. The localization module thus corrects drift 1n the
estimated current pose to generate a localized pose, and

sends the localized pose to the front-end motion tracking
module for output to the API.

[0014] FIG. 1 illustrates an electronic device 100 config-
ured to support location-based functionality, such as SLAM,
VR, or AR, using image and non-visual sensor data in
accordance with at least one embodiment of the present
disclosure. The electronic device 100 can include a user-
portable mobile device, such as a tablet computer, comput-
ing-enabled cellular phone (e.g., a “smartphone”™), a head-
mounted display (HMD), a notebook computer, a personal
digital assistant (PDA), a gaming system remote, a televi-
sion remote, and the like. In other embodiments, the elec-
tronic device 100 can include another type of mobile device,
such as an automobile, robot, remote-controlled drone or
other airborne device, and the like. For ease of illustration,
the electronic device 100 1s generally described herein in the
example context ol a mobile device, such as a tablet com-
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puter or a smartphone; however, the electronic device 100 1s
not limited to these example implementations.

[0015] In the depicted example, the electronic device 100
includes a housing 102 having a surface 104 opposite
another surface 106. In the example, thin rectangular block
form-factor depicted, the surfaces 104 and 106 are substan-
tially parallel and the housing 102 further includes four side
surfaces (top, bottom, left, and right) between the surface
104 and surface 106. The housing 102 may be implemented
in many other form factors, and the surfaces 104 and 106
may have a non-parallel orientation. For the 1llustrated tablet
implementation, the electronic device 100 includes a display
108 disposed at the surface 106 for presenting visual infor-
mation to a user 110. Accordingly, for ease of reference, the
surface 106 1s referred to herein as the “forward-facing”
surface and the surface 104 1s referred to herein as the
“user-facing’” surface as a reflection of this example orien-
tation of the electronic device 100 relative to the user 110,
although the orientation of these surfaces 1s not limited by
these relational designations.

[0016] The electronic device 100 includes a plurality of
sensors to obtain information regarding a local environment
112 of the electronic device 100. The electronic device 100
obtains visual information (1magery) for the local environ-
ment 112 via imaging sensors 114 and 116 and a depth
sensor 120 disposed at the forward-facing surface 106 and
an 1maging sensor 118 disposed at the user-facing surface
104. In one embodiment, the imaging sensor 114 1s imple-
mented as a wide-angle 1maging sensor having a fish-eye
lens or other wide-angle lens to provide a wider-angle view
of the local environment 112 facing the surface 106. The
imaging sensor 116 1s implemented as a narrow-angle 1imag-
ing sensor having a typical angle of view lens to provide a
narrower angle view of the local environment 112 facing the
surface 106. Accordingly, the imaging sensor 114 and the
imaging sensor 116 are also referred to herein as the “wide-
angle 1maging sensor 114” and the “narrow-angle 1imaging
sensor 116,” respectively. As described in greater detail
below, the wide-angle imaging sensor 114 and the narrow-
angle 1imaging sensor 116 can be positioned and oriented on
the forward-facing surface 106 such that their fields of view
overlap starting at a specified distance from the electronic
device 100, thereby enabling depth sensing of objects 1n the
local environment 112 that are positioned 1n the region of
overlapping fields of view via image analysis. The imaging
sensor 118 can be used to capture image data for the local
environment 112 facing the surface 104. Further, in some
embodiments, the 1maging sensor 118 1s configured for
tracking the movements of the head 122 or for facial
recognition, and thus providing head tracking information
that may be used to adjust a view perspective of 1imagery
presented via the display 108.

[0017] The depth sensor 120, 1n one embodiment, uses a
modulated light projector 119 to project modulated light
patterns from the forward-facing surface 106 into the local
environment, and uses one or both of imaging sensors 114
and 116 to capture reflections of the modulated light patterns
as they reflect back from objects 1n the local environment
112. These modulated light patterns can be either spatially-
modulated light patterns or temporally-modulated light pat-
terns. The captured reflections of the modulated light pat-
terns are referred to herein as “depth imagery.” The depth
sensor 120 then may calculate the depths of the objects, that
1s, the distances of the objects from the electronic device
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100, based on the analysis of the depth imagery. The
resulting depth data obtained from the depth sensor 120 may
be used to calibrate or otherwise augment depth information
obtained from 1mage analysis (e.g., stereoscopic analysis) of
the image data captured by the imaging sensors 114 and 116.
Alternatively, the depth data from the depth sensor 120 may
be used 1n place of depth information obtained from image
analysis. To illustrate, multiview analysis typically 1s more
suited for bright lighting conditions and when the objects are
relatively distant, whereas modulated light-based depth
sensing 1s better suited for lower light conditions or when the
observed objects are relatively close (e.g., within 4-5
meters). Thus, when the electronic device 100 senses that 1t
1s outdoors or otherwise in relatively good lighting condi-
tions, the electronic device 100 may elect to use multiview-
based reconstruction to determine object depths. Con-
versely, when the electronic device 100 senses that 1t 1s
indoors or otherwise 1n relatively poor lighting conditions,
the electronic device 100 may switch to using modulated
light-based depth sensing via the depth sensor 120.

[0018] The electronic device 100 also may rely on non-
visual pose information for pose detection. This non-visual
pose mformation can be obtained by the electronic device
100 via one or more non-visual sensors (not shown 1n FIG.
1), such as an IMU including one or more gyroscopes,
magnetometers, and accelerometers. In at least one embodi-
ment, the IMU can be employed to generate pose informa-
tion along multiple axes of motion, including translational
axes, expressed as X, Y, and 7 axes of a frame of reference
for the electronic device 100, and rotational axes, expressed
as roll, pitch, and yaw axes of the frame of reference for the
clectronic device 100. The non-visual sensors can also
include ambient light sensors and location sensors, such as

GPS sensors, or other sensors that can be used to 1dentify a
location of the electronic device 100, such as one or more

wireless radios, cellular radios, and the like.

[0019] To facilitate drift-free, highly accurate motion
tracking that can run on a resource-constrained mobile
device, the electronic device 100 includes a concurrent
odometry and mapping module 150 to track motion of the
clectronic device 100 based on the 1image sensor data 134,
136 and the non-image sensor data 142 and to build a
three-dimensional representation of the local environment
112. The concurrent odometry and mapping module 150
periodically updates the three-dimensional representation of
the local environment 112 with feature descriptors generated
based on the image sensor data and the non-visual sensor
data. The concurrent odometry and mapping module 150
uses the updated three-dimensional representation of the
local environment 112 to correct drift and other pose errors
in the tracked motion.

[0020] In operation, the electronic device 100 uses the
image sensor data and the non-visual sensor data to track
motion (estimate a pose) of the electronic device 100. In at
least one embodiment, after a reset the electronic device 100
determines an initial estimated pose based on geolocation
data, other non-visual sensor data, visual sensor data as
described further below, or a combination thereof. As the
pose of the electromic device 100 changes, the non-visual
sensors generate, at a relatively high rate, non-visual pose
information retlecting the changes i the device pose. Con-
currently, the visual sensors capture images that also retlect
device pose changes. Based on this non-visual and visual
pose 1nformation, the electronic device 100 updates the

Nov. 9, 2023

initial estimated pose to reflect a current estimated pose, or
tracked motion, of the device.

[0021] The electronic device 100 generates visual pose
information based on the detection of spatial features 1n
image data captured by one or more of the 1imaging sensors
114, 116, and 118. To illustrate, 1n the depicted example of
FdG 1 the local environment 112 includes a hallway of an
oflice building that includes three corners 124, 126, and 128,
a baseboard 130, and an electrical outlet 132. The user 110
has positioned and oriented the electronic device 100 so that
the forward-facing imaging sensors 114 and 116 capture
wide angle imaging sensor image data 134 and narrow angle
imaging sensor image data 136, respectively, that includes
these spatial features of the hallway In this example, the
depth sensor 120 also captures depth data 138 that reflects
the relative distances of these spatial features relative to the
current pose of the electronic device 100. Further, the
user-facing 1maging sensor 118 captures 1mage data repre-
senting head tracking data 140 for the current pose of the
head 122 of the user 110. Non-visual sensor data 142, such
as readings from the IMU, also 1s collected by the electronic
device 100 1n 1ts current pose.

[0022] From this mput data, the electronic device 100 can
determine an estimate of 1ts relative pose, or tracked motion,
without explicit absolute localization information from an
external source. To illustrate, the electronic device 100 can
perform analysis of the wide-angle 1maging sensor image
data 134 and the narrow-angle 1maging sensor image data
136 to determine the distances between the electronic device
100 and the comers 124, 126, 128. Alternatively, the depth
data 138 obtained from the depth sensor 120 can be used to
determine the distances of the spatial features. From these
distances the electronic device 100 can triangulate or oth-
erwise infer 1ts relative position in the ofl

ice represented by
the local environment 112. As another example, the elec-
tronic device 100 can identify spatial features present in one
set of captured images of the image data 134 and 136,
determine the initial distances to these spatial features, and
then track the changes in position and distances of these
spatial features in subsequent captured imagery to determine
the change in pose of the electronic device 100 in a free
frame of reference. In this approach, certain non-visual
sensor data, such as gyroscopic data or accelerometer data,
can be used to correlate spatial features observed in one
image with spatial features observed 1n a subsequent 1mage.

[0023] In at least one embodiment, the electronic device
100 uses the image data and the non-visual data to generate
teature descriptors for the spatial features i1dentified in the
captured imagery. Each of the generated feature descriptors
describes the orientation, gravity direction, scale, and other
aspects of one or more of the 1dentified spatial features. The
generated feature descriptors are compared to a set of stored
descriptors (referred to for purposes of description as
“known feature descriptors’™) of a plurality of stored maps of
the local environment 112 that each identifies previously
identified spatial features and their corresponding poses. In
at least one embodiment, each of the known feature descrip-
tors 1s a descriptor that has previously been generated, and
its pose definitively established, by either the electronic
device 100 or another electronic device. The estimated
device poses, 3D point positions, and known feature descrip-
tors can be stored at the electronic device 100, at a remote
server (which can combine data from multiple electronic
devices) or other storage device, or a combination thereof.
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Accordingly, the comparison of the generated {feature
descriptors can be performed at the electronic device 100, at
the remote server or other device, or a combination thereof.

[0024] In at least one embodiment, a generated feature
descriptor 1s compared to a known feature descriptor by
comparing each aspect of the generated feature descriptor
(e.g., the orientation of the corresponding feature, the scale
ol the corresponding feature, and the like) to the correspond-
ing aspect of the known feature descriptor and determining
an error value idicating the variance between the compared
teatures. Thus, for example, if the orientation of feature 1n
the generated feature descriptor 1s 1dentified by a vector A,
and the orientation of the feature in the known feature
descriptor 1s 1dentified by a vector B, the electronic device
100 can identify an error value for the orientation aspect of
the feature descriptors by calculating the diflerence between
the vectors A and B. The error values can be combined
according to a specified statistical techmique, such as a least
squares technique, to identily a combined error value for
cach known feature descriptor being compared, and the
matching known feature descriptor identifies as the known
teature descriptor having the smallest combined error value.

[0025] FEach of the known feature descriptors includes one
or more fields i1dentifying the point position of the corre-
sponding spatial feature and camera poses from which the
corresponding spatial feature was seen. Thus, a known
feature descriptor can include pose information indicating
the location of the spatial feature within a specified coordi-
nate system (e.g., a geographic coordinate system represent-
ing Farth) within a specified resolution (e.g., 1 c¢cm), the
orientation of the point of view of the spatial feature, the
distance of the point of view from the feature and the like.
The observed feature descriptors are compared to the feature
descriptors stored in the map to identify multiple matched
known feature descriptors. The matched known {feature
descriptors are then stored together with non-visual pose
data as localization data that can be used both to correct driit
in the tracked motion (or estimated pose) of the electronic
device 100 and to augment the plurality of stored maps of a
local environment for the electronic device 100.

[0026] In some scenarios, the matching process will 1den-
tify multiple known feature descriptors that match corre-
sponding observed feature descriptors, thus indicating that
there are multiple features 1n the local environment of the
clectronic device 100 that have previously been identified.
The corresponding positions of the matching known feature
descriptors may vary, indicating that the electronic device
100 1s not 1n a particular one of the poses indicated by the
matching known feature descriptors. Accordingly, the elec-
tronic device 100 may refine its estimated pose by interpo-
lating its pose between the poses indicated by the matching
known {feature descriptors and the pose computed using
conventional interpolation techniques. In some scenarios, 1f
the error/difference between matching known {feature
descriptors and the computed online estimate 1s above a
threshold, the electronic device 100 may snap 1ts estimated
pose to the pose indicated by the known feature descriptors.

[0027] In at least one embodiment, the concurrent odom-
etry and mapping module 150 generates estimated poses
(1.e., tracks motion) of the electronic device 100 at a
relatively high rate based on the 1image sensor data 134, 136
and the non-image sensor data 142 for output to an API. The
concurrent odometry and mapping module 150 also gener-
ates feature descriptors based on the image sensor data and
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the non-visual sensor data. The concurrent odometry and
mapping module 150 stores a plurality of maps contaiming
known feature descriptors, from which 1t builds a three-
dimensional representation of the local environment 112.
The concurrent odometry and mapping module 150 uses the
known feature descriptors to map the local environment. For
example, the concurrent odometry and mapping module 150
can use the known feature descriptors to generate a map file
that indicates the position of each feature included in the
known feature descriptors 1in a frame of reference for the
clectronic device 100. As the concurrent odometry and
mapping module 150 generates new Ifeature descriptors
based on the image sensor data and the non-visual sensor
data, 1t periodically augments the three-dimensional repre-
sentation of the local environment 112 by matching the
generated feature descriptors to the known feature descrip-
tors. The concurrent odometry and mapping module 1350
uses the three-dimensional representation of the environ-
ment 112 to periodically correct drift in the tracked motion.
In this manner, the concurrent odometry and mapping mod-
ule 150 generates a locally accurate estimated pose for
output to the API at a relatively high frequency, and peri-
odically corrects global driit in the estimated pose to gen-
crate a localized pose using the three-dimensional represen-
tation of the local environment 112. The estimated and
localized poses can be used to support any of a variety of
location-based services. For example, in one embodiment
the estimated and localized poses can be used to generate a

virtual reality environment, or portion thereof, representing,
the local environment of the electronic device 100.

[0028] FIG. 2 illustrates the components of a concurrent
odometry and mapping module 250 of the electronic device
100 of FIG. 1 The concurrent odometry and mapping
module 250 includes a front-end motion tracking module
210, a back-end mapping module 220, and a localization
module 230. The concurrent odometry and mapping module
250 1s configured to output localized and estimated poses to
an API module 240. The concurrent odometry and mapping
module 250 1s configured to track motion to estimate a
current pose of the electronic device and update a map of the
environment to localize the estimated current pose. In some
embodiments, the concurrent odometry and mapping mod-
ule 250 1s configured to track motion (estimate a pose) at a
first, relatively higher rate, and to update a map of the
environment to be used to localize the estimated pose at a
second, relatively lower rate.

[0029] The front-end motion tracking module 210 1s con-
figured to receive visual sensor data 136 from the imaging
cameras 114 and 116, depth data 138 from the depth sensor
120, and 1nertial sensor data 142 from the non-image sensors
(not shown) of FIG. 1. The front-end motion tracking
module 210 generates estimated poses 214 from the received
sensor data, and generates feature descriptors 215 of spatial
features of objects 1n the local environment 112. In some
embodiments, the front-end motion tracking module 210
stores a limited history of tracked motion (e.g., a single prior
session, or a single prior time period). In some embodi-
ments, the front-end motion tracking module 210 estimates
a current pose of the electronic device 100 by generating
linearization points based on the generated feature descrip-
tors and solving a non-linear estimation of the spatial
features based on the linearization points and previously-
generated linearization points based on stored limited his-
tory of tracked motion. In some embodiments, for purposes
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of solving the non-linear estimation of the spatial features,
the front-end motion tracking module treats any previously-
generated estimates of 3D point positions as a set of fixed
values. Because the previously-generated linearization
points are treated as non-variable, the computational burden
ol solving the non-linear estimation of the spatial features 1s
lower than 1t would be 11 the previously-generated linear-
1zation points were treated as variable. However, any errors
in the previously-generated linearization points may not be
rectified by the solution of the non-linear estimation.
Accordingly, the estimated current pose may differ from the

actual current position and orientation of the electronic
device 100.

[0030] In some embodiments, the front-end motion track-
ing module 210 updates the estimated pose 214 at a rela-
tively high rate, based on a continuous or high-frequency
receipt of sensor data. Based on the sensor data, the front-
end motion tracking module 210 1s configured to generate an
estimated pose 214 that 1s locally accurate, but subject to
global dnift. The front-end motion tracking module 210
provides the estimated pose 214 to an API module 240,
which 1s configured to use the estimated pose 214 to
generate a virtual reality environment, or portion thereof,
representing the local environment of the electronic device
100. The front-end motion tracking module 210 provides the
generated feature descriptors 215 to the mapping module
220. The front-end motion tracking module 210 periodically
queries the localization module 230 to check for a localized
pose 235. When the localization module 230 has generated
a localized pose 235, the localization module 230 provides
the localized pose 235 to the motion tracking module 210,
which provides the localized pose 235 to the API 240. In
some embodiments, the localization module 230 updates the
localized pose 235 at a relatively low rate, due to the

computational demands of generating the localized pose
235.

[0031] The mapping module 220 1s configured to store a
plurality of maps (not shown) including known feature
descriptors and to receive generated feature descriptors 2135
from the motion tracking module 210. The stored plurality
of maps form a compressed history of the environment and
tracked motion of the electronic device 100. The mapping
module 220 1s configured to augment the stored plurality of
maps with newly generated tracked motion. In some
embodiments, the mapping module 220 receives generated
feature descriptors from the motion tracking module 210
periodically, for example, every five seconds. In some
embodiments, the mapping module 220 receives generated
teature descriptors 2135 from the front-end motion tracking
module 210 after a threshold amount of sensor data has been
received by the front-end motion tracking module 210. The
mapping module 220 builds a three-dimensional represen-
tation of the local environment 112 of the electronic device
100 based on the known feature descriptors of the stored
plurality of maps and the generated feature descriptors
received from the motion tracking module 210. The map-
ping module 220 matches the one or more spatial features to
spatial features of the plurality of stored maps to generate the
three-dimensional representation 225 of the electronic
device 100. In some embodiments, the mapping module 220
searches each generated feature descriptor 215 to determine
any matching known feature descriptors of the stored plu-
rality of maps.
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[0032] In some embodiments, the mapping module 220
adds the generated feature descriptors received from the
motion tracking module 210 by generating estimates of 3D
point positions based on the generated feature descriptors
and solving a non-linear estimation of the three-dimensional
representation based on the device poses and 3D point
positions based on the stored feature descriptors and the data
from the nertial sensors. In some embodiments, the previ-
ously-generated linearization points are considered variable
for purposes of solving the non-linear estimation of the
three-dimensional representation. The mapping module 220

provides the three-dimensional representation 225 of the
local environment 112 to the localization module 230.

[0033] The localization module 230 1s configured to use
the matched descriptors to align the estimated pose 214 with
the stored plurality of maps, such as by applying a loop-
closure algorithm. Thus, the localization module 230 can use
matched feature descriptors to estimate a transformation for
one or more of the stored plurality of maps, whereby the
localization module 230 transforms geometric data associ-
ated with the generated feature descriptors of the estimated
pose 214 having matching descriptors to be aligned with
geometric data associated with a stored map having a
corresponding matching descriptor. When the localization
module 230 finds a suflicient number of matching feature
descriptors from the generated feature descriptors 2135 and a
stored map to confirm that the generated feature descriptors
215 and the stored map contain descriptions of common
visual landmarks, the localization module 230 performs a
transformation between the generated feature descriptors
215 and the matching known feature descriptors, aligning
the geometric data of the matching feature descriptors.
Thereatter, the localization module 230 can apply a co-
optimization algorithm to refine the alignment of the pose
and scene of the estimated pose 214 of the electronic device
100 to generate a localized pose 235.

[0034] FIG. 3 illustrates the components of a front-end
motion tracking module 310 of FIGS. 1 and 2. The motion
tracking module 310 includes a feature 1dentification module
312 and an environment mapper 320. Each of these modules
represents hardware, soltware, or a combination thereof,
configured to execute the operations as described herein. In
particular, the feature identification module 312 1s config-
ured to recerve imagery 305, representing images captured
by the imaging sensors 114, 116, 118, and the non-visual
sensor data 142. Based on this received data, the feature
identification module 312 identifies features in the imagery
303 by generating feature descriptors 315 and comparing the
teature descriptors to known feature descriptors from the
stored limited history of tracked motion as described above
with respect to FIG. 2. The feature 1dentification module 312
provides the generated feature descriptors 315 to the map-
ping module 220. The feature identification module 312
additionally stores the feature descriptors 3135, together with
any associated non-visual data, as localization data 317. In
at least one embodiment, the localization data 317 can be
used by the electronic device 100 to estimate one or more
poses of the electronic device 100 as 1t 1s moved through
different locations and orientations 1n 1ts local environment.
These estimated poses can be used 1 conjunction with
previously generated and stored map information for the
local environment to support or enhance location based
services of the electronic device 100.
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[0035] The environment mapper 320 1s configured to
generate or modily a locally accurate estimated pose 214 of
the electronic device 100 based on the localization data 317.
In particular, the environment mapper 320 analyzes the
teature descriptors 1n the localization data 317 to 1dentify the
location of the features 1n a frame of reference for the
clectronic device 100. For example, each feature descriptor
can include location data indicating a relative position of the
corresponding feature from the electronic device 100. In
some embodiments, the environment mapper 320 generates
linearization points based on the localization data 317 and
solves a non-linear estimation, such as least squares, of the
environment based on the linearization points and previ-
ously-generated linearization points based on the stored
teature descriptors from the stored limited history of tracked
motion. The environment mapper 320 estimates the evolu-
tion of the device pose over time as well as the positions of
3D points 1n the environment 112. To find matching values
for these values based on the sensor data, the environment
mapper 320 solves a non-linear optimization problem. In
some embodiments, the environment mapper 320 solves the
non-linear optimization problem by linearizing the problem
and applying standard techmiques for solving linear systems
of equations. In some embodiments, the environment map-
per 320 treats the previously-generated linearization points
as fixed for purposes of solving the non-linear estimation of
the environment. The environment mapper 320 can recon-
cile the relative positions of the different features to 1dentity
the location of each feature in the frame of reference, and
store these locations 1n a locally accurate estimated pose
214. The front-end motion tracking module 310 provides
and updates the estimated pose 214 at a relatively high rate
to an API module 240 of the electronic device 100 to, for
example, generate a virtual reality display of the local
environment.

[0036] The environment mapper 320 1s also configured to
periodically query the localization module 230 for an
updated localized pose 235. In some embodiments, the
localization module 230 updates the localized pose 235 at a
relatively low rate. When an updated localized pose 235 1s
available, the localization module 230 provides the updated
localized pose 235 to the environment mapper 320. The

environment mapper 320 provides the updated localized
pose 235 to the API module 240.

[0037] FIG. 4 1s a diagram 1llustrating a back-end mapping
module 420 of the concurrent odometry and mapping mod-
ule 250 of FIG. 2 configured to generate and add to a
three-dimensional representation of the environment of the
clectronic device 100 based on generated feature descriptors
315 and a plurality of stored maps 417 1n accordance with
at least one embodiment of the present disclosure. The
back-end mapping module 420 includes a storage module
415 and a feature descriptor matching module 425.

[0038] The storage module 415 1s configured to store a
plurality of maps 417 of the environment of the electronic
device 100. In some embodiments, the plurality of maps 417
may include maps that were previously generated by the
clectronic device 100 during prior mapping sessions. In
some embodiments, the plurality of maps 417 may also
include VR or AR maps that contain features not found 1n
the physical environment of the electronic device 100. The
plurality of maps 417 include stored (known) {feature
descriptors 422 of spatial features of objects 1n the environ-
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ment that can collectively be used to generate a three-
dimensional representation 2235 of the environment.

[0039] The feature descriptor matching module 425 is
configured to receive generated feature descriptors 315 from
the motion tracking module 210. The feature descriptor
matching module 425 compares the generated feature
descriptors 315 to the known feature descriptors 422. The
feature descriptor matching module 425 builds a three-
dimensional representation 223 of the local environment 112
of the electronic device 100 based on the known feature
descriptors 422 of the stored plurality of maps 417 and the
generated feature descriptors 3135 received from the front-
end motion tracking module 210.

[0040] In some embodiments, the {feature descriptor
matching module 425 adds the generated feature descriptors
315 received from the motion tracking module 210 by
generating linearization points based on the generated fea-
ture descriptors and solving a non-linear estimation of the
three-dimensional representation based on the linearization
points and previously-generated linearization points based
on the known feature descriptors 422. In some embodi-
ments, the previously-generated linearization points are con-
sidered variable for purposes of solving the non-linear
estimation of the three-dimensional representation. The fea-
ture descriptor matching module 425 provides the three-
dimensional representation 225 of the environment to the
localization module 230 and, 1n some embodiments, updates
the three-dimensional representation 225 at a relatively low
rate.

[0041] The mapping module 420 receives generated fea-
ture descriptors 315 from the motion tracking module 210
periodically. In some embodiments, the mapping module
420 receives generated feature descriptors 315 from the
front-end motion tracking module 210 at regular intervals of
time (e.g., every five seconds). In some embodiments, the
mapping module 420 receives generated feature descriptors
315 from the front-end motion tracking module 210 at the
conclusion of a mapping session or aiter a threshold amount
ol sensor data has been received by the front-end motion
tracking module 210.

[0042] FIG. § 1s a diagram 1illustrating a localization
module 530 of the concurrent odometry and mapping mod-
ule 250 of FIG. 2 configured to generate a localized pose 235
ol the electronic device 100 1n accordance with at least one
embodiment of the present disclosure. The localization
module 530 1ncludes a feature descriptor discrepancy detec-
tor 515 and a loop closure module 525.

[0043] The feature descriptor discrepancy detector 515 is
configured to receive a three-dimensional representation 223
of the environment from the back-end mapping module 220
of the concurrent odometry and mapping module 250. The
feature descriptor discrepancy detector 515 analyses the
matched feature descriptors of the three-dimensional repre-
sentation 225 and 1dentifies discrepancies between matched
feature descriptors. The {feature descriptor discrepancy
detector 515 transforms geometric data associated with the
generated feature descriptors of the estimated pose 214
having matching descriptors to be aligned with geometric
data associated with a stored map having a corresponding
matching descriptor. When the localization module 230
finds a suflicient number of matching feature descriptors
from the generated feature descriptors 2135 and a stored map
to confirm that the generated feature descriptors 2135 and the
stored map contain descriptions of common visual land-
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marks, the localization module 230 computes a transforma-
tion between the generated feature descriptors 215 and the
matching known feature descriptors, aligning the geometric
data of the matching feature descriptors.

[0044] The loop closure module 325 1s configured to find
a matching pose of the device given the 3D position points
in the environment and their observations in the current
image by solving a co-optimization algorithm to refine the
alignment of the matching feature descriptors. The co-
optimization problem may be solved by a Gauss-Newton or
Levenberg-Marquardt algorithm, or another known algo-
rithm for optimizing transformations to generate a localized
pose 235 of the electronic device 100. In some embodi-
ments, the loop closure module 525 treats known feature
descriptors as variable. The loop closure module 525 thus
generates a localized pose 235 that corrects drift 1 the
estimated pose 214, and sends the localized pose 2335 to the
front-end motion tracking module 210. The localized pose
235 can be fed to an application executing at the electronic
device 100 to enable augmented reality or other location-
based functionality by allowing the electronic device 100 to
more efliciently and accurately recognize a local environ-
ment 112 that 1t has previously traversed.

[0045] FIG. 6 1s a flow diagram illustrating method 600 of
an electronic device to track motion and update a three-
dimensional representation of the environment i1n accor-
dance with at least one embodiment of the present disclo-
sure. The method 600 initiates at block 602 where the
clectronic device 100 captures imagery and non-visual data
as 1t 15 moved by a user through different poses in a local
environment. At block 604, the front-end motion tracking
module 210 1dentifies features of the local environment
based on the imagery 305 and non-image sensor data 142,
and generates feature descriptors 215 for the identified
teatures for the back-end mapping module 220 and local-
1ization data 317. At block 606, the motion tracking module
210 uses the localization data 317 to estimate a current pose
214 of the electronic device 100 in the local environment
112. The estimated pose 214 can be used to support location-
based functionality for the electromic device 100. For
example, the estimated pose 214 can be used to orient a user
of the electronic device 100 1n a virtual reality or augmented
reality application executed at the electronic device 100.

[0046] At block 608, the back-end mapping module 220
compares the generated feature descriptors 2135 to known
teature descriptors of a plurality of stored maps. At block
610, the back-end mapping module 220 builds and/or
updates a three-dimensional representation 225 of the envi-
ronment of the electronic device which it provides to the
localization module 230. At block 612, the localization
module 230 1dentifies discrepancies between matching fea-
ture descriptors and performs a loop closure to align the
estimated pose 214 with the three-dimensional representa-
tion 225. At block 614, the localization module localizes the
current pose of the electronic device, and the concurrent
odometry and mapping module 250 provides the localized
pose to an API module 240.

[0047] In some embodiments, certain aspects of the tech-
niques described above may implemented by one or more
processors ol a processing system executing software. The
soltware comprises one or more sets ol executable instruc-
tions stored or otherwise tangibly embodied on a non-
transitory computer readable storage medium. The software
can include the instructions and certain data that, when
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executed by the one or more processors, mampulate the one
Oor more processors to perform one or more aspects of the
techniques described above. The non-transitory computer
readable storage medium can include, for example, a mag-
netic or optical disk storage device, solid state storage
devices such as Flash memory, a cache, random access
memory (RAM) or other non-volatile memory device or
devices, and the like. The executable instructions stored on
the non-transitory computer readable storage medium may
be 1n source code, assembly language code, object code, or
other instruction format that i1s interpreted or otherwise
executable by one or more processors.

[0048] A computer readable storage medium may include
any storage medium, or combination ol storage media,
accessible by a computer system during use to provide
instructions and/or data to the computer system. Such stor-
age media can include, but 1s not limited to, optical media
(e.g., compact disc (CD), digital versatile disc (DVD),
Blu-Ray disc), magnetic media (e.g., floppy disc, magnetic
tape, or magnetic hard drive), volatile memory (e.g., random
access memory (RAM) or cache), non-volatile memory
(e.g., read-only memory (ROM) or Flash memory), or
microelectromechanical systems (MEMS)-based storage
media. The computer readable storage medium may be
embedded in the computing system (e.g., system RAM or
ROM), fixedly attached to the computing system (e.g., a
magnetic hard drive), removably attached to the computing
system (e.g., an optical disc or Universal Serial Bus (USB)-
based Flash memory), or coupled to the computer system via
a wired or wireless network (e.g., network accessible storage

(NAN)).

[0049] Note that not all of the activities or elements
described above 1n the general description are required, that
a portion of a specific activity or device may not be required,
and that one or more further activities may be performed, or
elements 1included, in addition to those described. Still
further, the order in which activities are listed are not
necessarily the order in which they are performed. Also, the
concepts have been described with reference to specific
embodiments. However, one of ordinary skill in the art
appreciates that various modifications and changes can be
made without departing from the scope of the present
disclosure as set forth 1n the claims below. Accordingly, the
specification and figures are to be regarded 1n an 1llustrative
rather than a restrictive sense, and all such modifications are
intended to be included within the scope of the present
disclosure.

[0050] Benefits, other advantages, and solutions to prob-
lems have been described above with regard to specific
embodiments. However, the benefits, advantages, solutions
to problems, and any feature(s) that may cause any benefit,
advantage, or solution to occur or become more pronounced
are not to be construed as a critical, required, or essential
feature of any or all the claims. Moreover, the particular
embodiments disclosed above are illustrative only, as the
disclosed subject matter may be modified and practiced 1n
different but equivalent manners apparent to those skilled 1n
the art having the benefit of the teachings heremn. No
limitations are intended to the details of construction or
design herein shown, other than as described 1n the claims
below. It 1s therefore evident that the particular embodiments
disclosed above may be altered or modified and all such
variations are considered within the scope of the disclosed
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subject matter. Accordingly, the protection sought herein 1s
as set forth 1n the claims below.

1-9. (canceled)

10. A method, comprising:
tracking, at an electronic device, motion of the electronic
device relative to an environment of the electronic
device based on feature descriptors of one or more
spatial features representing one or more objects in the
environment of the electronic device, wherein the fea-
ture descriptors are generated based on images captured
from one or more visual sensors and non-visual data
from one or more non-1mage sensors at a {irst rate;
generating, at the electronic device, a three-dimensional
visual representation of the environment based on a
plurality of stored maps comprising stored feature
descriptors at a second rate; and

matching the one or more spatial features to spatial

features of the plurality of stored maps to generate a
first localized pose of the electronic device.

11. The method of claim 10, further comprising updating
the three-dimensional visual representation by adding the
tracked motion to the three-dimensional visual representa-
tion of the environment.

12. The method of claim 11, wherein adding the tracked
motion comprises generating linearization points based on
the generated feature descriptors and solving a non-linear
estimation of the three-dimensional visual representation
based on the linearization points and the stored feature
descriptors.

13. The method of claim 12, wherein the generated feature
descriptors are periodically added to the three-dimensional
visual representation of the environment.

14. The method of claim 10, further comprising identi-
tying discrepancies between the matched generated feature
descriptors and stored feature descriptors and minimizing
the discrepancies.

15. The method of claim 10, wherein the first rate 1s higher
than the second rate.
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16. An electronic device, comprising:

a motion tracking module configured to track motion of
the electronic device relative to an environment of the
clectronic device based on feature descriptors of one or
more spatial features representing one or more objects
in the environment of the electronic device, wherein the
feature descriptors are generated based on 1mages cap-
tured from one or more visual sensors and non-visual
data from one or more non-image sensors at a {irst rate;

a mapping module configured to generate a three-dimen-
stonal visual representation of the environment of the
clectronic device based on a plurality of stored maps

comprising stored feature descriptors at a second rate;
and

a localization module configured to match the one or more
spatial features to spatial features of the plurality of

stored maps to generate a localized pose of the elec-
tronic device.

17. The electronic device of claim 16, wherein the map-
ping module 1s further to update the three-dimensional
visual representation by adding the tracked motion to the
three-dimensional visual representation of the environment.

18. The electronic device of claim 17, wherein the map-
ping module 1s further to generate linearization points based
on generated feature descriptors and solve a non-linear
estimation of the three-dimensional visual representation
based on the linearization points and the stored feature
descriptors.

19. The electronic device of claim 17, wherein the map-
ping module 1s to periodically add the generated feature
descriptors to the three-dimensional visual representation of
the environment.

20. The electronic device of claim 16, wherein the first
rate 1s higher than the second rate.

21. The electronic device of claim 16, wherein the local-
ization module 1s further to 1dentity discrepancies between
the matched generated feature descriptors and stored feature
descriptors and minimize the discrepancies.
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