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(57) ABSTRACT

A wearable computing device, including a device body
configured to be affixed to a body of a user. The wearable
computing device may further include an inertial measure-
ment unit (IMU) and a processor. The processor may receive
kinematic data from the IMU while the device body is
affixed to the body of the user. The processor may perform
a first coordinate transformation on the kinematic data into
atraining coordinate frame of a training wearable computing
device. At a first machine learning model trained using
training data including training kinematic data collected at
the training wearable computing device, the processor may
compute a training-frame velocity estimate for the wearable
computing device based on the transformed kinematic data.
The processor may perform a second coordinate transfor-
mation on the training-frame velocity estimate to obtain a
runtime-frame velocity estimate and may output the run-
time-frame velocity estimate to a target program.
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ESTIMATING RUNTIME-FRAME VELOCITY
OF WEARABLE DEVICE

BACKGROUND

Pose estimation is frequently performed during use of
wearable computing devices. The pose of a wearable com-
puting device includes the position and angular orientation
of the wearable computing device in space. When the pose
of a wearable computing device is estimated, the pose may
be used as an input for various computing processes. For
example, when the wearable computing device includes a
display, the wearable computing device may utilize pose
data to determine the positions of content items that are
displayed to the user. As another example, the wearable
computing device may use the position and angular orien-
tation of the device as inputs for a navigation application
program.

SUMMARY

According to one aspect of the present disclosure, a
wearable computing device is provided, including a device
body configured to be affixed to a body of a user. The
wearable computing device may further include an inertial
measurement unit (IMU) including an accelerometer and a
gyroscope coupled to the device body at a first IMU mount-
ing location. The wearable computing device may further
include a processor electronically coupled to the IMU. The
processor may be configured to receive kinematic data from
the IMU while the device body is affixed to the body of the
user. The kinematic data may be in a runtime coordinate
frame. The processor may be further configured to perform
a first coordinate transformation on the kinematic data from
the runtime coordinate frame into a training coordinate
frame of a training wearable computing device to obtain
transformed kinematic data. The training wearable comput-
ing device may have a second device body with a second
IMU mounting location that differs from the first IMU
mounting location. At a first machine learning model trained
using training data including training kinematic data col-
lected at a training IMU of the training wearable computing
device, the processor may be further configured to compute
a training-frame velocity estimate for the wearable comput-
ing device based at least in part on the transformed kine-
matic data. The processor may be further configured to
perform a second coordinate transformation on the training-
frame velocity estimate from the training coordinate frame
into the runtime coordinate frame to obtain a runtime-frame
velocity estimate for the wearable computing device. The
processor may be further configured to output the runtime-
frame velocity estimate to a target program.

This Summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used to limit
the scope of the claimed subject matter. Furthermore, the
claimed subject matter is not limited to implementations that
solve any or all disadvantages noted in any part of this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows an example wearable computing device in
the form of a head-mounted display device configured to
present a mixed-reality environment, according to one
example embodiment.
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FIG. 1B shows the wearable computing device of FIG. 1A
when a device body of the wearable computing device is
affixed to the body of a user.

FIG. 2 schematically shows the wearable computing
device of FIG. 1A when kinematic data is received at a
processor.

FIG. 3 shows an example runtime coordinate frame and
an example training coordinate frame when the user is
wearing the wearable computing device, according to the
example of FIG. 1A.

FIG. 4 schematically shows the wearable computing
device of FIG. 1A when kinematic data and additional
kinematic data are received at the processor from an inertial
measurement unit (IMU) and an additional IMU, respec-
tively.

FIG. 5 schematically shows a training wearable comput-
ing device during training of a first machine learning model,
according to the example of FIG. 1A.

FIG. 6 shows a plurality of differing IMU mounting
locations of a plurality of training wearable computing
devices, according to the example of FIG. 1A.

FIG. 7 schematically shows the wearable computing
device of FIG. 1A when the processor is configured to
execute a second machine learning model.

FIG. 8 schematically shows the wearable computing
device of FIG. 1A during training of the second machine
learning model.

FIG. 9A shows a flowchart of an example method for use
with a wearable computing device, according to the example
of FIG. 1A.

FIGS. 9B-9C show additional steps of the method of FIG.
9A that may be performed in some examples.

FIG. 10 shows a schematic view of an example computing
environment in which the wearable computing device of
FIG. 1A may be included.

DETAILED DESCRIPTION

Pose estimation for a wearable computing device is
frequently performed using imaging data of the environment
surrounding the wearable computing device. Simultaneous
localization and mapping (SLAM) may be performed on the
imaging data in order to estimate the position and angular
orientation of the wearable computing device relative to its
surroundings. Pose estimation may additionally or alterna-
tively be performed using Global Positioning System (GPS)
data that indicates the location of the wearable computing
device. However, the wearable computing device may be
unable to obtain accurate GPS data and imaging data in
some scenarios. In such scenarios, an inertial measurement
unit (IMU) included in the wearable computing device may
be used to perform inertial odometry (also referred to as
dead reckoning) for the wearable computing device. Inertial
odometry may include estimating the pose of the wearable
computing device based on measurements received from the
IMU.

When inertial odometry is performed, drift between the
estimated pose of the wearable computing device and the
true pose of the wearable computing device may occur. This
drift may increase super-linearly over time. In order to
reduce pose drift, a machine learning model may be used to
estimate the pose of the wearable computing device from the
IMU measurements. Using a machine learning model to
perform inertial odometry may result in significant increases
is pose estimation accuracy over alternative approaches.

It will be appreciated if a machine learning model is
trained to estimate a pose of a wearable computing device
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from IMU measurements, the model typically will be spe-
cific to the particular device from which the IMU measure-
ments are received, since the relationship between the IMU
signals and pose will be specific to the physical configura-
tion of the wearable computing device that is used during
training, and in particular to the position of the IUs within
the wearable computing device, relative to the user’s body.
A challenge to development of such machine learning mod-
els is that significant resources must be devoted to the
development and training of a separate machine learning
model for each different configuration of wearable comput-
ing device that a manufacturer develops, which can be cost
prohibitive. Conversely, since machine learning models for
performing inertial odometry may be expensive to train, any
changes in the physical configuration of a wearable com-
puting device in a new version of the device may incur high
costs associated with retraining the inertial odometry
machine learning model for the updated physical configu-
ration of the wearable computing device.

In order to address the above challenges, a wearable
computing device 10 is provided, as shown in the example
of FIG. 1A. In the example of FIG. 1A, the wearable
computing device 10 is a head-mounted display (HMID)
device configured to present a mixed-reality environment.
The wearable computing device 10 may include a device
body 20 configured to be affixed to a body of a user 80, as
shown in the example of FIG. 1B. As depicted in the
example of FIG. 1B, the device body 20 may be a frame that
holds a display 32, which takes the form of a near-eye
display in this example, close to the user’s eyes. Returning
to FIG. 1A, the device body 20 may support additional
components of the wearable computing device 10, such as,
for example, a processor 12 and memory 14. The processor
12 may be operatively coupled to the memory 14 and may
be configured to provide image signals to the display 32, to
receive sensor data from input devices, and to enact various
control processes.

In some examples, the wearable computing device 10
may further include a communication device suite, which
may include a receiver 16A and a transmitter 16B. The
receiver 16A and the transmitter 16B may be respectively
configured to receive and transmit wireless communication
signals. Via the receiver 16A and the transmitter 16B,
respectively, the processor 12 may be configured to receive
data from, and transmit data to, an oftboard computing
device 70. The oftboard computing device 70 may include
an offboard device processor 72 that is communicatively
coupled to oftboard device memory 74. The oftboard com-
puting device 70 may, for example, be configured to perform
computations on the data received from the wearable com-
puting device 10 and to transmit the results of those com-
putations to the wearable computing device 10. Thus, com-
putationally expensive tasks may be offloaded to the
oftboard computing device 70 by the processor 12. In
another example, the wearable computing device 10 may be
networked with one or more other wearable computing
devices via the receiver 16A and the transmitter 16B.

The display 32 may be configured to enable the user 80 of
the wearable computing device 10 to view physical, real-
world objects in the physical environment through one or
more partially transparent pixels displaying virtual object
representations. Thus, the physical objects and the virtual
object representations may both be included in a mixed-
reality environment. The display 32 may include image-
producing elements such as, for example, a see-through
Organic Light-Emitting Diode (OLED) display. As another
example, the wearable computing device 10 may include a
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light modulator on an edge of the display 32. In this
example, the display 32 may serve as a light guide for
delivering light from the light modulator to the eyes of the
user 80. In other examples, the display 32 may utilize a
liquid crystal on silicon (LCOS) display.

In addition to the display 32, the wearable computing
device 10 may further include one or more output devices.
In the example of FIG. 1A, the wearable computing device
10 includes a left speaker 34A and a right speaker 34B
configured to output sound. The left speaker 34A and the
right speaker 34B may be positioned to be near the user’s
left ear and right ear respectively when worn. Thus, the
wearable computing device 10 may be configured to pro-
duce stereo sound outputs via the left speaker 34A and the
right speaker 34B. The wearable computing device 10 may
further include one or more haptic feedback devices 36
configured to produce touch output (e.g. vibration).

The wearable computing device 10 shown in FIG. 1A
further includes a plurality of input devices, including vari-
ous sensors and related systems to provide information to
the processor 12. Such sensors may include an IMU 26 and
a GPS receiver 30, as discussed in further detail below. The
plurality of input devices may further include one or more
imaging sensors, which may include one or more outward-
facing imaging sensors 22 and one or more inward-facing
imaging sensors 24. The one or more inward-facing imaging
sensors 24 may be configured to acquire image data in the
form of gaze tracking data from a wearer’s eyes. The one or
more outward-facing imaging sensors 22 may be configured
to capture and/or measure physical environment attributes of
the physical environment in which the wearable computing
device 10 is located. In one example, the one or more
outward-facing imaging sensors 22 may include a visible-
light camera or RGB camera configured to collect a visible-
light image of a physical space. Further, the one or more
outward-facing imaging sensors 22 may include a depth
camera configured to collect a depth image of a physical
space. The depth camera may, for example, be an infrared
time-of-flight depth camera. In another example, the depth
camera may be an infrared structured light depth camera.

Data from outward-facing imaging sensors 22 may be
used by the processor 12 to generate and/or update a
three-dimensional (3D) model of the physical environment.
The data from the outward-facing imaging sensors 22 may
be used by the processor 12 to identify surfaces of the
physical environment and/or measure one or more surface
parameters of the physical environment. The processor 12
may be configured to execute instructions to generate or
update virtual scenes displayed on display 32, identify
surfaces of the physical environment, and recognize objects
based on the identified surfaces in the physical environment.
The position and orientation of the wearable computing
device 10 relative to the physical environment may, for
example, be assessed so that augmented-reality images may
be accurately displayed in desired real-world locations with
desired orientations. The 3D model of the physical environ-
ment may include surface reconstruction information, which
may include a geometric representation, such as a geometric
mesh, of the physical environment.

In examples in which a GPS receiver 30 is included in the
wearable computing device 10, the GPS receiver may be
configured to receive global positioning signals that indicate
the position of the wearable computing device 10. For
example, a global positioning signal may indicate a latitude
and a longitude at which the wearable computing device 10
is located. The global positioning signals may, for example,
be received from a GPS satellite.
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The IMU 26 of the wearable computing device 10 may be
configured to provide position and/or orientation data of the
wearable computing device 10 to the processor 12. The IMU
26 may be coupled to the device body 20 at a first IMU
mounting location, as discussed in further detail below. In
one implementation, the IMU 26 may be configured as a
six-degree of freedom (6DOF) position sensor system. Such
a configuration may include three accelerometers 26A and
three gyroscopes 26B to indicate or measure a change in
location of the wearable computing device 10 along three
orthogonal spatial axes (e.g., X, y, and z) and a change in
device orientation about three orthogonal rotation axes (e.g.,
yaw, pitch, and roll). Coordinate axes indicating the x, y, z,
yaw, pitch, and roll directions in the reference frame of the
user 80 are shown in FIG. 1B. In some examples, the IMU
26 may further include one or more magnetometers 26C
configured to measure a strength and direction of a magnetic
field. The orientation derived from the sensor signals of the
IMU 26 may be used to display, via the display 32, one or
more holographic images with a realistic and stable position
and orientation.

FIG. 2 schematically shows the wearable computing
device 10 of FIG. 1A at runtime while the device body 20
is affixed to the body of the user 80, according to one
example. As shown in the example of FIG. 2, the processor
12 may be configured to receive kinematic data 40 from the
IMU 26. The kinematic data 40 may, for example, include
acceleration data 40A received from an accelerometer and
angular velocity data 40B received from a gyroscope 26B.
In some examples, the kinematic data 40 may further include
magnetic field data 40C received from a magnetometer 26C.
The acceleration data 40A, the angular velocity data 40B,
and the magnetic field data 40C may be collected at respec-
tive sampling frequencies and may be processed as time
series data. Thus, the values included in the kinematic data
40 may be associated with corresponding timesteps 46 in
which the processor 12 receives the kinematic data 40. In
some examples, the kinematic data 40 may be stored in a
kinematic data buffer in the memory 14.

The processor 12 may receive the acceleration data 40A,
the angular velocity data 40B, and the magnetic field data
40C as quantities from which an acceleration rate, and
angular velocity, and a magnetic field strength for the
wearable computing device 10 may be computed, rather
than as the values of the acceleration rate, angular velocity,
and magnetic field strength themselves. The relationships
between the acceleration data 40A, the angular velocity data
40B, the angular acceleration, and the angular velocity may
be expressed by the following equations. The equations
below are provided for an IMU A, which may be a training
IMU of a training wearable computing device in this
example. The equations below may also be used to express
the relationships between the acceleration data 40A, the
angular velocity data 40B, the angular acceleration, and the
angular velocity for an IMU B, which may be the IMU 26
of the wearable computing device 10.

G40 = O+l +1i0

ay = Ry )\ai(t) - gw) + b1 + 7 ©)
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-continued
A

g _ .4
A Mg (8

(Equations la-1d)

In the first equation, @,(t) is an angular velocity measure-
ment for the IMU A, @"(t) is the true angular velocity for the
IMU A, b_(t) is a gyroscope bias for the IMU A, and 1, ()
is Gaussian white noise in the angular velocity measurement
for the IMU A. In the second equation, 4, is an angular
velocity measurement for the IMU A, R, () is a rotational
offset of the IMU A relative to a world frame, ay*(t) is the
acceleration of the IMU A in the world frame, g, is a
constant gravity vector in the world frame, b,*(t) is an
accelerometer bias for the IMU A, and 1,*(t) is Gaussian
white noise for the acceleration measurement for the IMU A.
In the third and fourth equations, 1,,,*(t) is Gaussian white
noise in the accelerometer bias for the IMU A, and 1) bgA(t)
is Gaussian white noise in the gyroscope bias for the IMU
A.

When the processor 12 receives the kinematic data 40, the
kinematic data 40 may be expressed in a runtime coordinate
frame 62, as shown in the example of FIG. 3. FIG. 3 shows
an example top view of the head of the user 80 when the user
is wearing the wearable computing device 10. The runtime
coordinate frame 62, in the example of FIG. 3, is centered
at the first IMU mounting location 64 at which the IMU 26
is located within the device body 20. In other examples, the
runtime coordinate frame 62 may be centered at some other
location, such as between the user’s eyes.

FIG. 3 further shows a training wearable computing
device 110 including a training IMU 126. The training
wearable computing device 110 may be a wearable com-
puting device at which a machine learning model used at the
wearable computing device 10 was trained, as discussed in
further detail below. As shown in the example of FIG. 3, the
training wearable computing device 110 may have a second
device body 120 with a second IMU mounting location 164
that differs from the first IMU mounting location 64. Thus,
the training wearable computing device 110 may have a
training coordinate frame 162. The first IMU mounting
location 64 may have a translational pose offset r relative to
the second IMU mounting location 164. In addition, the
training coordinate frame 162 may have a rotational mount-
ing pose offset R , ; from the runtime coordinate frame 62 to
the training coordinate frame 162.

Returning to FIG. 2, the processor 12 may be further
configured to perform a first coordinate transformation on
the kinematic data 40 from the runtime coordinate frame 62
into a training coordinate frame 162 of a training wearable
computing device 110. When the processor 12 performs the
first coordinate transformation on the kinematic data 40, the
processor 12 may obtain transformed kinematic data 50. The
transformed kinematic data 50 may include transformed
acceleration data 50A, transformed angular velocity data
50B, and/or transformed magnetic field data 50C. The
processor 12 may be configured to perform the first coor-
dinate transformation at least in part by computing a plu-
rality of calibration parameters 42 for the wearable comput-
ing device 10, computing a plurality of runtime correction
parameters 44 for the wearable computing device 10 based
on the kinematic data 40, and computing the first coordinate
transformation as specified by the plurality of calibration
parameters 42 and the plurality of runtime correction param-
eters 44.
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The plurality of calibration parameters 42 may be com-
puted for the wearable computing device 10 prior to runtime,
during a calibration phase. In some examples, the plurality
of calibration parameters 42 may include the translational
mounting pose offset r between the second IMU mounting
location 164 and the first IMU mounting location 64 and the
rotational mounting pose offset R between the runtime
coordinate frame 62 and the training coordinate frame 162.
The translational mounting pose offset r may be computed as
a three-dimensional vector and may indicate translational
offsets in the X, y, and z directions. The rotational mounting
pose offset R,z may be computed as a 3x3 rotation matrix
and may indicate rotational offsets in the pitch, roll, and yaw
directions. In some examples, r may additionally or alter-
natively be computed as a translational offset from the
second IMU mounting location to the first IMU mounting
location, and a rotational mounting pose offset R, may be
computed from the training coordinate frame 162 to the
runtime coordinate frame 62. The rotational mounting pose
offset Rz, may be generated from the rotational mounting
pose offset R,z via matrix inversion. Similarly, the rotational
mounting pose offset R,z may be generated by inverting
Ry,

In the calibration phase for the wearable computing
device 10, the plurality of calibration parameters may, for
example, be computed at the processor 12 via a single point
active alignment method. When the single point active
alignment method is performed, the user 80 may align
two-dimensional crosshairs displayed on the display 32 with
a point in the physical environment that has known spatial
coordinates. The processor 12 may be further configured to
use SLAM to determine the pose of the wearable computing
device 10 relative to a world frame of the physical environ-
ment when the crosshairs are aligned with the point. The
processor 12 may be further configured to solve a perspec-
tive-n-point problem with the location of the crosshairs and
the pose of the wearable computing device 10 relative to the
world frame as inputs and the pose of the IMU 26 relative
to the eyes of the user 80 (or relative to some other point on
the user’s body) as an output. For example, the processor 12
may be configured to solve the perspective-n-point problem
using the P3P algorithm or the Efficient PnP algorithm.

During a training calibration phase, the single point active
alignment method may also be performed for the training
wearable computing device 110. The single point active
alignment method may be used to determine the pose of a
training IMU included in the training wearable computing
device 110 relative to a training user’s eyes or some other
point on the training user’s body. During the calibration
phase for the wearable computing device 10, the processor
12 may be further configured to compute the translational
mounting pose offset r and the rotational mounting pose
offset R,z by computing a difference between the poses
computed as solutions to the perspective-n-point problems
in the training calibration phase and the calibration phase.

The plurality of runtime correction parameters 44 may
include an angular velocity correction parameter , an
angular acceleration correction parameter o, and a runtime
world-frame orientation Ry, of the IMU 26 relative to a
world frame. In the example of FIG. 2, the angular velocity
correction parameter m and the angular acceleration correc-
tion parameter o are the angular velocity and the angular
acceleration of the wearable computing device 10 that are
respectively computed from the acceleration data 40A and
the angular velocity data 40B. The world frame relative to
which the processor 12 may compute the runtime world-
frame orientation Rz, may be a reference frame centered at
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a fixed location in the physical environment in which the
wearable computing device 10 is located.

In some examples, the processor 12 may be configured to
compute the plurality of runtime correction parameters 44 at
least in part by applying a Kalman filter 52 to the kinematic
data 40. In such examples, the Kalman filter 52 may be
iteratively applied to the kinematic data 40 over the plurality
of timesteps 46 for which the kinematic data 40 is received.
At the Kalman filter 52, the processor 12 may be configured
to generate state estimates m(t), a(t), and Rz ,(t), where t is
a current timestep 46. The processor 12 may be further
configured to generate predicted values of the state estimates
w(t), a(t), and Rz ,(t) for a subsequent timestep 46. At the
subsequent timestep 46, the processor 12 may be further
configured to update the predicted values of the state esti-
mates based on the kinematic data 40 received from the IMU
26 at that timestep 46 to determine updated values of the
state estimates. Thus, at the Kalman filter 52, the processor
12 may be configured to update the estimated values of the
runtime correction parameters 44 as the kinematic data 40 is
received over a plurality of timesteps 46.

In some examples, as shown in FIG. 4, the wearable
computing device 10 may further include an additional IMU
27. The additional IMU 27 may, for example, include an
additional accelerometer 27A, and additional gyroscope
27B, and an additional magnetometer 27C. While the device
body 20 is mounted on the body of the user 80, the processor
12 may be further configured to receive additional kinematic
data 41 from the additional IMU 27. The additional kine-
matic data 41 may, for example, include additional accel-
eration data 41A, additional angular velocity data 41B, and
additional magnetic field data 41C. The additional kinematic
data 41 may be received for the timesteps 46 for which the
kinematic data 40 is also received.

In examples in which the processor 12 is configured to
receive the additional kinematic data 41, the processor 12
may be further configured to compute the angular accelera-
tion correction parameter o based at least in part on the
additional kinematic data 41 as well as the kinematic data
40. For example, computing the angular acceleration param-
eter oo may include applying a Kalman filter or a differen-
tiator to the angular velocity data 40B. Using both the
kinematic data 40 received from the IMU 26 and the
additional kinematic data 41 received from the additional
IMU 27 may allow the processor 12 to compute the angular
acceleration correction parameter o with higher accuracy.

Returning to FIG. 2, After the processor 12 has estimated
the values of the calibration parameters 42 and the runtime
correction parameters 44, the processor 12 may be further
configured to perform the first coordinate transformation to
generate the transformed kinematic data 50. The relationship
between the angular velocity and angular acceleration of the
training IMU 126 (IMU A) and the angular velocity and
angular acceleration of the IMU 26 (IMU B) may be
expressed in the following equations:

o (1)=R 4p0(¢)

ay? (D=ay® (O+Rpp OB Exr-0P()x (0P (t)xr)]  (Equations 2a-2b)

By substituting equations 2a-2b into equation 1d, an accel-
eration measurement at the IMU A may be expressed as
follows:

a4 R @) (an” (O+RypO)[0® (@)xr-0? Ox (@ (@)x
P=-gmi+b 40, =R pRpm(0)(@n? (-2 ) +Rp.s-
b AD+R M OV+R 15 (0P (@)= 0P (@) (0P ()
7)) (Equation 3)



US 11,886,245 B2

9

In Equation 3, the terms Ry (t)(a,”(t)-g,)+Ry b, 2(0)+
R, M, (1) have the form of an acceleration measurement at
the IMU B with a rotation applied to the bias and the
Gaussian white noise. However, since the bias and the
Gaussian white noise are assumed to be random processes
with isotropic probability distributions, the bias and the
Gaussian white noise are unaffected by the rotation.

The transformed acceleration data S0A and the trans-
formed angular velocity data 50B may be computed as
pseudo-measurements in the training coordinate frame 162
that are computed using the acceleration data 40A, the
angular velocity data 40B, the calibration parameters r and
Rz, and the runtime correction parameters w®, o, and
Ry~ The transformed acceleration data 50A and the trans-
formed angular velocity data 50B may be computed using
the following equations:

G(D=R 4p[dz(O+a® Oxr+0P (O)x (0P (H)xr)]

0A(D=R 4505 (7) (Equations 4a-4b)

The processor 12 may be further configured to compute a
training-frame velocity estimate 56 for the wearable com-
puting device 10 based at least in part on the transformed
kinematic data 50. The training-frame velocity estimate 56
may be computed at a first machine learning model 54,
which may be a recurrent neural network (RNN). For
example, the first machine learning model 54 may be a long
short-term memory (LSTM), a gated recurrent unit (GRU),
a temporal convolutional network (TCN), or some other
type of RNN. The training-frame velocity estimate 56 may
be a pseudo-measurement generated according to the fol-
lowing equation:

1,4()=DNN(@4(1),44()) (Equation 5)

In the above equation, DNN is the function encoded by the
first machine learning model 54.

FIG. 5 shows the training wearable computing device 110
when the first machine learning model 54 is trained, accord-
ing to one example. As shown in the example of FIG. 5, the
first machine learning model 54 may be trained at a training
device processor 112 of the training wearable computing
device 110. Training device memory 114 included in the
training wearable computing device 110 may also be utilized
when training the first machine learning model 54. In some
examples, the first machine learning model 54 may be
trained at least in part at an offboard computing device 70
configured to communicate with the training wearable com-
puting device 110. The training device processor 112 may be
configured to offload one or more computational tasks to the
oftboard computing device 70.

The first machine learning model 54 may be trained using
training data 160 including training kinematic data 140
collected at a training IMU 126 of the training wearable
computing device 110. The training kinematic data 140 may,
for example, include training acceleration data 140A
received from a training accelerometer 126 A of the training
IMU 126 and training angular velocity data 140B received
from a training gyroscope 126B of the training IMU 126. In
some examples, the training kinematic data 140 may further
include training magnetic field data 140C received from a
training magnetometer 126C of the training IMU 126. The
training kinematic data 140 may be received at a training
device processor 112 of the training wearable computing
device 110 in a plurality of training timesteps 146.

In addition to the training kinematic data 140, the training
data 160 may further include a plurality of ground-truth
velocity measurements 150 collected for the training wear-
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able computing device 110. For example, the plurality of
ground-truth velocity measurements 150 may be determined
via SLAM based on imaging data received from one or more
training outward-facing imaging sensors 122 included in the
training wearable computing device 110. Additionally or
alternatively, the plurality of ground-truth velocity measure-
ments 150 may be received at least in part from a training
GPS receiver 130 included in the training wearable com-
puting device 110. In some examples, the plurality of
ground-truth velocity measurements 150 may additionally
or alternatively be received from one or more additional
imaging sensors 124 that are located outside the wearable
computing device 110 and configured to image the training
wearable computing device 110 as the training wearable
computing device 110 moves through the physical environ-
ment.

In some examples, the training kinematic data 140 may be
collected at a plurality of training wearable computing
devices 110 including the training wearable computing
device 110. In such examples, the plurality of training
wearable computing devices 110 may each have the second
IMU mounting location 164. Alternatively, the plurality of
training wearable computing devices 110 may have a plu-
rality of differing IMU mounting locations. FIG. 6 shows a
first differing IMU mounting location 164A, a second dif-
fering IMU mounting location 164B, a third differing IMU
mounting location 164C, and a fourth differing mounting
location 164D, according to one example. The plurality of
training IMUs 126 in the example of FIG. 6 also have
different rotational offsets relative to the world frame. In
examples in which the plurality of training wearable com-
puting devices 110 have a plurality of differing IMU mount-
ing locations, the training coordinate frame 162 may be a
canonical location 166 for the plurality of training wearable
computing devices 110. The canonical location 166 may, for
example, be a location between the eyes of the user 80 or at
a specific IMU mounting location among the plurality of
differing IMU mounting locations. In the example of FIG. 6,
the canonical location 166 is located between the eyes of the
user 80.

In examples in which the plurality of training wearable
computing devices 110 have a plurality of differing IMU
mounting locations, training the first machine learning
model 54 may further include transforming the training
kinematic data 140 collected at each of the plurality of
training wearable computing devices 110 into the training
coordinate frame 162. The training kinematic data 140
collected at each of the plurality of training wearable com-
puting devices 110 may be transformed into the training
coordinate frame 162 as though it were runtime kinematic
data using the techniques discussed above.

Returning to FIG. 2, after the processor 12 has generated
the training-frame velocity estimate 56, the processor 12
may be further configured to perform a second coordinate
transformation on the training-frame velocity estimate 56
from the training coordinate frame 162 into the runtime
coordinate frame 62. Thus, the processor 12 may be further
configured to obtain a runtime-frame velocity estimate 58
for the wearable computing device 10. The processor 12
may be configured to perform the second coordinate trans-
formation according to the following equation:

(6=t (D) +Rp 0 (D)7 (Equation 6)

Thus, the processor 12 may be configured to generate an
accurate estimate of the velocity of the wearable computing
device 10 from the kinematic data 40 without having to train
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a machine learning model that is specific to the hardware
configuration of the wearable computing device 10.

The processor 12 may be further configured to output the
runtime-frame velocity estimate 58 to a target program 60.
For example, the target program 60 may be a navigation
application program configured to determine a spatial posi-
tion of the wearable computing device 10. As another
example, the runtime-frame velocity estimate 58 may be
output to a target program 60 that is configured to display
virtual images to the user 80 in a mixed-reality environment.
In some examples, at the target program 60, the processor 12
may be further configured to estimate a pose of the wearable
computing device 10 based on the runtime-frame velocity
estimate 58.

In some examples, the processor 12 computes the plural-
ity of runtime correction parameters 44, the processor 12
may be further configured to perform fixed-point iteration
using the first machine learning model 54 to update the
Kalman filter 52. In such examples, the processor 12 may be
configured to generate a plurality of iterations of the train-
ing-frame velocity estimate 56 prior to outputting a last
iteration of the training-frame velocity estimate 56 to the
target program 60. The processor 12 may be configured to
repeat the following steps until the training-frame velocity
estimate 56 converges to a fixed value, within a predefined
convergence threshold:

5O =DNN(@ 0,0, 0: M) +o(O)xr

g (0,050 Raw ()=2(a5(),05(0),5°(1)

@ 4(0=R 15[a5(0 )+ (ag" Oxr=0 5 (Ox (g (Dx)]
0.4(0=R.150°(2)

k=k+1 (Algorithm1)

In the fixed-point iteration algorithm shown above, the
superscript k denotes the value of a variable at the kth
iteration, M, denotes the parameters of the first machine
learning model 54, and g denotes the Kalman filter 52. Using
fixed-point iteration to update the Kalman filter 52 may
result in more accurate estimates of the runtime correction
parameters 44.

In some examples, as shown in FIG. 7, the processor 12
may be configured to compute the plurality of runtime
correction parameters 44 at least in part at a second machine
learning model 90. The second machine learning model 90
may be a machine learning model that is specific to the
wearable computing device 10 but has a lower computa-
tional cost of training relative to the first machine learning
model 54. For example, the second machine learning model
90 may have fewer parameters than the first machine learn-
ing model 54. In addition, the second machine learning
model 90 may be trained using less training data than the
first machine learning model 54. The second machine learn-
ing model 90 may be an RNN, such as an LSTM, a GRU,
a TCN, or some other type of RNN. In examples in which
the processor 12 is configured to implement the second
machine learning model 90, fixed-point iteration may be
performed to determine the runtime correction parameters
44 using the second machine learning model 90 in place of
the Kalman filter 52.

FIG. 8 schematically shows the wearable computing
device 10 during training of the second machine learning
model 90. The second machine learning model 90 may be
trained using additional training data 260, which may
include additional training kinematic data 240 and a plural-
ity of additional ground-truth velocity measurements 250.
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The additional training kinematic data 240 may include
additional training acceleration data 240A received from an
accelerometer 26A included in the IMU 26 and additional
angular velocity data 240B received from a gyroscope 26B
included in the IMU 26. In some examples, the additional
training kinematic data 240 may further include additional
training magnetic field data 240C received from a magne-
tometer 26C included in the IMU 26. The additional training
kinematic data 240 may be received in each of a plurality of
additional training timesteps 246.

The additional ground-truth velocity measurements 250
may be received at least in part from the outward-facing
imaging sensor 22 of the wearable computing device 10.
When the additional ground-truth velocity measurements
250 are received at least in part from the outward-facing
imaging sensor 22, the processor 12 may be further config-
ured to perform preliminary processing on the optical data
received from the outward facing imaging sensor 22 prior to
using the optical data as training data for the second machine
learning model 90. For example, the processor 12 may be
configured to perform SLAM on the optical data to convert
the optical data into the plurality of additional ground-truth
velocity measurements 250. In some examples, the plurality
of additional ground-truth velocity measurements 250 may
additionally or alternatively be received at least in part from
the GPS receiver 30. Additionally or alternatively, the plu-
rality of additional ground-truth velocity measurements 250
may be received at least in part from one or more additional
imaging sensors 124 that are located externally to the
wearable computing device 10 and are configured to image
the wearable computing device 10. The plurality of addi-
tional ground-truth velocity measurements 250 may corre-
spond to the plurality of additional training timesteps 246 for
which the additional training kinematic data 240 is received.

The second machine learning model 90 may, in some
examples, be trained at least in part at an offboard computing
device 70 configured to communicate with the processor 12
of the wearable computing device 10. The processor 12 may
be configured to offload one or more computational tasks
performed when training the second machine learning model
90 to the offboard computing device 70.

FIG. 9 shows a flowchart of a method 300 for use with a
wearable computing device. The method 300 may, for
example, be used with the wearable computing device 10 of
FIG. 1A. The steps of the method 300 may be performed at
a processor of the wearable computing device. At step 302,
the method 300 may include, while a device body of the
wearable computing device is affixed to a body of a user,
receiving kinematic data from an IMU included in the
wearable computing device. The IMU may include an
accelerometer and a gyroscope coupled to the device body
at a first IMU mounting location. The kinematic data
received from the IMU may include acceleration data for the
wearable computing device received from the accelerometer
and angular velocity data for the wearable computing device
received from the gyroscope. In some examples, the IMU
may further include a magnetometer. The kinematic data
may, in such examples, further include magnetic field data
received from the magnetometer. The kinematic data may be
expressed in a runtime coordinate frame. The runtime coor-
dinate frame may, for example, be a 6DOF coordinate frame
that includes X, y, z, pitch, roll, and yaw directions. In some
examples, the runtime coordinate frame may be centered at
the first IMU mounting location.

At step 304, the method 300 may further include per-
forming a first coordinate transformation on the kinematic
data from the runtime coordinate frame into a training



US 11,886,245 B2

13

coordinate frame of a training wearable computing device.
Thus, the method 300 may include obtaining transformed
kinematic data. The training wearable computing device
may be a wearable computing device at which a first
machine learning model was trained and may have a second
device body with a second IMU mounting location that
differs from the first IMU mounting location. The training
coordinate frame may be a 6DOF coordinate frame that
includes X, v, z, pitch, roll, and yaw directions, and may, for
example, be centered at the second IMU mounting location.

At step 306, the method 300 may further include com-
puting a training-frame velocity estimate for the wearable
computing device based at least in part on the transformed
kinematic data. The training-frame velocity estimate may be
computed at a first machine learning model trained using
training data including training kinematic data collected at a
training IMU of the training wearable computing device.
The training data may further include a plurality of ground-
truth velocity measurements collected for the training wear-
able computing device. For example, the plurality of
ground-truth velocity measurements may be collected via
imaging-based SLLAM and/or GPS. The first machine learn-
ing model may be an RNN; such as an LSTM, a GRU, a
TCN, or some other type of RNN.

When the first machine learning model is trained, in some
examples, the training kinematic data may be collected at a
plurality of training wearable computing devices including
the training wearable computing device. In such examples,
the plurality of training wearable computing devices may
each include respective training IMUs mounted at the sec-
ond IMU mounting location. Alternatively, the plurality of
training wearable computing devices may have a plurality of
differing IMU mounting locations. When the plurality of
training IMUs have a plurality of differing IMU mounting
locations, training the first machine learning model may
further include transforming the training kinematic data
collected at each of the plurality of training wearable com-
puting devices into the training coordinate frame. The train-
ing coordinate frame may, in such examples, be centered at
a canonical location such as a point between the eyes of the
user. The training kinematic data collected at the plurality of
training wearable computing device may be transformed
into the training coordinate frame using the techniques by
which the kinematic data collected at runtime is transformed
into the training coordinate frame.

At step 308, the method 300 may further include per-
forming a second coordinate transformation on the training-
frame velocity estimate from the training coordinate frame
into the runtime coordinate frame to obtain a runtime-frame
velocity estimate for the wearable computing device. Thus,
the runtime-frame velocity estimate may be expressed in the
same coordinate frame as the kinematic data. At step 310,
the method 300 may further include outputting the runtime-
frame velocity estimate to a target program.

FIG. 9B shows additional steps of the method 300 that
may be performed in some examples when the first coordi-
nate transformation is performed at step 304. At step 312, the
method 300 may further include computing a plurality of
calibration parameters for the wearable computing device.
The plurality of calibration parameters may include a trans-
lational mounting pose offset between the second IMU
mounting location and the first IMU mounting location. In
addition, the plurality of calibration parameters may further
include a rotational mounting pose offset between the run-
time coordinate frame and the training coordinate frame.
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The calibration parameters may be determined during a
calibration phase for the wearable computing device that is
performed prior to runtime.

At step 314, the method 300 may further include com-
puting a plurality of runtime correction parameters for the
wearable computing device based on the kinematic data. The
plurality of runtime correction parameters may, for example,
include an angular velocity correction parameter, an angular
acceleration correction parameter, and a runtime world-
frame orientation of the IMU relative to a world frame. In
such examples, the world frame relative to which the ori-
entation of the IMU is determined may be centered at a fixed
location in the physical environment in which the wearable
computing device is located.

In some examples, step 314 may further include, at step
314A, applying a Kalman filter to the kinematic data. At the
Kalman filter, predicted values of the angular velocity
correction parameter, the angular acceleration correction
parameter, and the runtime world-frame orientation of the
IMU may be generated for a subsequent timestep. In addi-
tion, the predicted values may be updated based on the
kinematic data when kinematic data for the subsequent
timestep is received. In examples in which step 314A is
performed, step 314 may further include, at step 314B,
performing fixed-point iteration using the first machine
learning model to update the Kalman filter. Thus, in
examples in which step 314B is performed, the runtime
correction parameters may be iteratively updated until the
runtime correction parameters converge to stable values.

As an alternative to computing the plurality of runtime
correction parameters using a Kalman filter, step 314 may, in
some examples, include computing the plurality of runtime
correction parameters at least in part at a second machine
learning model. The second machine learning model may be
configured to receive the kinematic data as input. The
second machine learning model may be specific to the
wearable computing device and may be trained using addi-
tional training kinematic data collected at the wearable
computing device. The training data for the second machine
learning model may further include additional ground-truth
velocity data collected for the wearable computing device,
which may be collected at a GPS receiver and/or via
imaging-based SLAM.

At step 316, the method 300 may further include com-
puting the first coordinate transformation as specified by the
plurality of calibration parameters and the plurality of run-
time correction parameters.

FIG. 9C shows additional steps of the method 300 that
may be performed in examples in which a plurality of
runtime correction parameters including an angular accel-
eration correction parameter are computed. At step 318, the
method 300 may further include, while the device body is
affixed to the body of the user, receiving additional kine-
matic data from an additional IMU included in the wearable
computing device. At step 320, the method 300 may further
include computing the angular acceleration correction
parameter based at least in part on the additional kinematic
data.

Using the devices and methods discussed above, a first
machine learning model trained at one wearable computing
device may be used to perform inertial odometry at another
wearable computing device that has a different hardware
configuration. Thus, costs associated with training a separate
machine learning model for each hardware configuration
may be avoided. The devices and methods discussed above
may allow wearable computing devices to be more easily
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customized in ways that change the location of an IMU
while maintaining accurate inertial odometry capabilities.

In some embodiments, the methods and processes
described herein may be tied to a computing system of one
or more computing devices. In particular, such methods and
processes may be implemented as a computer-application
program or service, an application-programming interface
(API), a library, and/or other computer-program product.

FIG. 10 schematically shows a non-limiting embodiment
of'a computing system 400 that can enact one or more of the
methods and processes described above. Computing system
400 is shown in simplified form. Computing system 400
may embody the wearable computing device 10 described
above and illustrated in FIG. 1A. Components of the com-
puting system 400 be included in one or more personal
computers, server computers, tablet computers, home-enter-
tainment computers, network computing devices, gaming
devices, mobile computing devices, mobile communication
devices (e.g., smart phone), and/or other computing devices,
and wearable computing devices such as smart wristwatches
and head mounted augmented reality devices.

Computing system 400 includes a logic processor 402
volatile memory 404, and a non-volatile storage device 406.
Computing system 400 may optionally include a display
subsystem 408, input subsystem 410, communication sub-
system 414, and/or other components not shown in FIG. 4.

Logic processor 402 includes one or more physical
devices configured to execute instructions. For example, the
logic processor may be configured to execute instructions
that are part of one or more applications, programs, routines,
libraries, objects, components, data structures, or other logi-
cal constructs. Such instructions may be implemented to
perform a task, implement a data type, transform the state of
one or more components, achieve a technical effect, or
otherwise arrive at a desired result.

The logic processor may include one or more physical
processors (hardware) configured to execute software
instructions. Additionally or alternatively, the logic proces-
sor may include one or more hardware logic circuits or
firmware devices configured to execute hardware-imple-
mented logic or firmware instructions. Processors of the
logic processor 402 may be single-core or multi-core, and
the instructions executed thereon may be configured for
sequential, parallel, and/or distributed processing. Indi-
vidual components of the logic processor optionally may be
distributed among two or more separate devices, which may
be remotely located and/or configured for coordinated pro-
cessing. Aspects of the logic processor may be virtualized
and executed by remotely accessible, networked computing
devices configured in a cloud-computing configuration. In
such a case, these virtualized aspects are run on different
physical logic processors of various different machines, it
will be understood.

Non-volatile storage device 406 includes one or more
physical devices configured to hold instructions executable
by the logic processors to implement the methods and
processes described herein. When such methods and pro-
cesses are implemented, the state of non-volatile storage
device 406 may be transformed—e.g., to hold different data.

Non-volatile storage device 406 may include physical
devices that are removable and/or built-in. Non-volatile
storage device 406 may include optical memory (e.g., CD,
DVD, HD-DVD, Blu-Ray Disc, etc.), semiconductor
memory (e.g., ROM, EPROM, EEPROM, FLLASH memory,
etc.), and/or magnetic memory (e.g., hard-disk drive, floppy-
disk drive, tape drive, MRAM, etc.), or other mass storage
device technology. Non-volatile storage device 406 may
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include nonvolatile, dynamic, static, read/write, read-only,
sequential-access, location-addressable, file-addressable,
and/or content-addressable devices. It will be appreciated
that non-volatile storage device 406 is configured to hold
instructions even when power is cut to the non-volatile
storage device 406.

Volatile memory 404 may include physical devices that
include random access memory. Volatile memory 404 is
typically utilized by logic processor 402 to temporarily store
information during processing of software instructions. It
will be appreciated that volatile memory 404 typically does
not continue to store instructions when power is cut to the
volatile memory 404.

Aspects of logic processor 402, volatile memory 404, and
non-volatile storage device 406 may be integrated together
into one or more hardware-logic components. Such hard-
ware-logic components may include field-programmable
gate arrays (FPGAs), program- and application-specific inte-
grated circuits (PASIC/ASICs), program- and application-
specific standard products (PSSP/ASSPs), system-on-a-chip
(SOC), and complex programmable logic devices (CPLDs),
for example.

The terms “module,” “program,” and “engine” may be
used to describe an aspect of computing system 400 typi-
cally implemented in software by a processor to perform a
particular function using portions of volatile memory, which
function involves transformative processing that specially
configures the processor to perform the function. Thus, a
module, program, or engine may be instantiated via logic
processor 402 executing instructions held by non-volatile
storage device 406, using portions of volatile memory 404.
It will be understood that different modules, programs,
and/or engines may be instantiated from the same applica-
tion, service, code block, object, library, routine, AP, func-
tion, etc. Likewise, the same module, program, and/or
engine may be instantiated by different applications, ser-
vices, code blocks, objects, routines, APIs, functions, etc.
The terms “module,” “program,” and “engine” may encom-
pass individual or groups of executable files, data files,
libraries, drivers, scripts, database records, etc.

When included, display subsystem 408 may be used to
present a visual representation of data held by non-volatile
storage device 406. The visual representation may take the
form of a graphical user interface (GUI). As the herein
described methods and processes change the data held by the
non-volatile storage device, and thus transform the state of
the non-volatile storage device, the state of display subsys-
tem 408 may likewise be transformed to visually represent
changes in the underlying data. Display subsystem 408 may
include one or more display devices utilizing virtually any
type of technology. Such display devices may be combined
with logic processor 402, volatile memory 404, and/or
non-volatile storage device 406 in a shared enclosure, or
such display devices may be peripheral display devices.

When included, input subsystem 410 may comprise or
interface with one or more user-input devices such as a
keyboard, mouse, touch screen, or game controller. In some
embodiments, the input subsystem may comprise or inter-
face with selected natural user input (NUI) componentry.
Such componentry may be integrated or peripheral, and the
transduction and/or processing of input actions may be
handled on- or off-board. Example NUI componentry may
include a microphone for speech and/or voice recognition;
an infrared, color, stereoscopic, and/or depth camera for
machine vision and/or gesture recognition; a head tracker,
eye tracker, accelerometer, and/or gyroscope for motion
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detection and/or intent recognition; as well as electric-field
sensing componentry for assessing brain activity; and/or any
other suitable sensor.

When included, audio subsystem 412 may include one or
more speakers configured to emit audio output. Audio sub-
system 412 may additionally or alternatively include one or
more microphones configured to receive audio input. In
some examples, the one or more microphones may be
included in the NUI componentry of the input subsystem
410.

When included, communication subsystem 414 may be
configured to communicatively couple various computing
devices described herein with each other, and with other
devices. Communication subsystem 414 may include wired
and/or wireless communication devices compatible with one
or more different communication protocols. As non-limiting
examples, the communication subsystem may be configured
for communication via a wireless telephone network, or a
wired or wireless local- or wide-area network, such as a
HDMI over Wi-Fi connection. In some embodiments, the
communication subsystem may allow computing system
400 to send and/or receive messages to and/or from other
devices via a network such as the Internet.

The following paragraphs discuss several aspects of the
present disclosure. According to one aspect of the present
disclosure, a wearable computing device is provided, includ-
ing a device body configured to be affixed to a body of a user.
The wearable computing device may further include an
inertial measurement unit (IMU) including an accelerometer
and a gyroscope coupled to the device body at a first IMU
mounting location. The wearable computing device may
further include a processor electronically coupled to the
IMU. The processor may be configured to, while the device
body is affixed to the body of the user, receive kinematic data
from the IMU. The kinematic data may be in a runtime
coordinate frame. The processor may be further configured
to perform a first coordinate transformation on the kinematic
data from the runtime coordinate frame into a training
coordinate frame of a training wearable computing device to
obtain transformed kinematic data. The training wearable
computing device may have a second device body with a
second IMU mounting location that differs from the first
IMU mounting location. At a first machine learning model
trained using training data including training kinematic data
collected at a training IMU of the training wearable com-
puting device, the processor may be further configured to
compute a training-frame velocity estimate for the wearable
computing device based at least in part on the transformed
kinematic data. The processor may be further configured to
perform a second coordinate transformation on the training-
frame velocity estimate from the training coordinate frame
into the runtime coordinate frame to obtain a runtime-frame
velocity estimate for the wearable computing device. The
processor may be further configured to output the runtime-
frame velocity estimate to a target program.

According to this aspect, the processor may be configured
to perform the first coordinate transformation at least in part
by computing a plurality of calibration parameters for the
wearable computing device. The processor may be further
configured to perform the first coordinate transformation at
least in part by computing a plurality of runtime correction
parameters for the wearable computing device based on the
kinematic data and computing the first coordinate transfor-
mation as specified by the plurality of calibration parameters
and the plurality of runtime correction parameters.

According to this aspect, the plurality of calibration
parameters may include a translational mounting pose offset
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between the second IMU mounting location and the first
IMU mounting location and a rotational mounting pose
offset between the runtime coordinate frame and the training
coordinate frame.

According to this aspect, the plurality of runtime correc-
tion parameters may include an angular velocity correction
parameter, an angular acceleration correction parameter, and
a runtime world-frame orientation of the IMU relative to a
world frame.

According to this aspect, the processor may be configured
to compute the plurality of runtime correction parameters at
least in part by applying a Kalman filter to the kinematic
data.

According to this aspect, the processor may be further
configured to perform fixed-point iteration using the first
machine learning model to update the Kalman filter when
the plurality of runtime correction parameters are computed.

According to this aspect, the processor may be configured
to compute the plurality of runtime correction parameters at
least in part at a second machine learning model.

According to this aspect, the wearable computing device
may further include an additional IMU. The processor may
be further configured to, while the device body is affixed to
the body of the user, receive additional kinematic data from
the additional IMU. The processor may be further config-
ured to compute the angular acceleration correction param-
eter based at least in part on the additional kinematic data.

According to this aspect, the training data may further
include a plurality of ground-truth velocity measurements
collected for the training wearable computing device.

According to this aspect, the training kinematic data may
be collected at a plurality of training wearable computing
devices including the training wearable computing device.
The plurality of training wearable computing devices may
each have the second IMU mounting location.

According to this aspect, the training kinematic data may
be collected at a plurality of training wearable computing
devices including the training wearable computing device.
The plurality of training wearable computing devices may
have a plurality of differing IMU mounting locations. Train-
ing the first machine learning model may further include
transforming the training kinematic data collected at each of
the plurality of training wearable computing devices into the
training coordinate frame.

According to another aspect of the present disclosure, a
method for use with a wearable computing device is pro-
vided. The method may include, while a device body of the
wearable computing device is affixed to a body of a user,
receiving kinematic data from an inertial measurement unit
(IMU). The IMU may include an accelerometer and a
gyroscope coupled to the device body at a first IMU mount-
ing location. The kinematic data may be expressed in a
runtime coordinate frame. The method may further include
performing a first coordinate transformation on the kine-
matic data from the runtime coordinate frame into a training
coordinate frame of a training wearable computing device to
obtain transformed kinematic data. The training wearable
computing device may have a second device body with a
second IMU mounting location that differs from the first
IMU mounting location. The method may further include, at
a first machine learning model trained using training data
including training kinematic data collected at a training IMU
of the training wearable computing device, computing a
training-frame velocity estimate for the wearable computing
device based at least in part on the transformed kinematic
data. The method may further include performing a second
coordinate transformation on the training-frame velocity
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estimate from the training coordinate frame into the runtime
coordinate frame to obtain a runtime-frame velocity estimate
for the wearable computing device. The method may further
include outputting the runtime-frame velocity estimate to a
target program.

According to this aspect, performing the first coordinate
transformation may include computing a plurality of cali-
bration parameters for the wearable computing device. Per-
forming the coordinate transformation may further include
computing a plurality of runtime correction parameters for
the wearable computing device based on the kinematic data
and computing the first coordinate transformation as speci-
fied by the plurality of calibration parameters and the
plurality of runtime correction parameters.

According to this aspect, the plurality of calibration
parameters may include a translational mounting pose offset
between the second IMU mounting location and the first
IMU mounting location and a rotational mounting pose
offset between the runtime coordinate frame and the training
coordinate frame.

According to this aspect, the plurality of runtime correc-
tion parameters may include an angular velocity correction
parameter, an angular acceleration correction parameter, and
a runtime world-frame orientation of the IMU relative to a
world frame.

According to this aspect, computing the plurality of
runtime correction parameters may include applying a Kal-
man filter to the kinematic data.

According to this aspect, the training data may further
include a plurality of ground-truth velocity measurements
collected for the training wearable computing device.

According to this aspect, the method may further include,
while the device body is affixed to the body of the user,
receiving additional kinematic data from an additional IMU
included in the wearable computing device. The method
may further include computing the angular acceleration
correction parameter based at least in part on the additional
kinematic data.

According to this aspect, the training kinematic data may
be collected at a plurality of training wearable computing
devices including the training wearable computing device.
The plurality of training wearable computing devices may
have a plurality of differing IMU mounting locations. Train-
ing the first machine learning model may further include
transforming the training kinematic data collected at each of
the plurality of training wearable computing devices into the
training coordinate frame.

According to another aspect of the present disclosure, a
wearable computing device is provided, including a device
body configured to be affixed to a body of a user. The
wearable computing device may further include an inertial
measurement unit (IMU) including an accelerometer and a
gyroscope coupled to the device body at a first IMU mount-
ing location. The wearable computing device may further
include a processor electronically coupled to the IMU. The
processor may be configured to, while the device body is
affixed to the body of the user, receive kinematic data from
the IMU. The kinematic data may be in a runtime coordinate
frame. The processor may be further configured to compute
a plurality of calibration parameters for the wearable com-
puting device. The plurality of calibration parameters may
include a translational mounting pose offset between the
second IMU mounting location and the first IMU mounting
location and a rotational mounting pose offset between the
runtime coordinate frame and the training coordinate frame.
The processor may be further configured to compute a
plurality of runtime correction parameters for the wearable
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computing device based on the kinematic data. The plurality
of runtime correction parameters may include an angular
velocity correction parameter, an angular acceleration cor-
rection parameter, and a runtime world-frame orientation of
the IMU relative to a world frame. The processor may be
further configured to perform a first coordinate transforma-
tion, as specified by the plurality of calibration parameters
and the plurality of runtime correction parameters, on the
kinematic data from the runtime coordinate frame into a
training coordinate frame of a training wearable computing
device to obtain transformed kinematic data. The training
wearable computing device may have a second device body
with a second IMU mounting location that differs from the
first IMU mounting location. At a first machine learning
model trained using training data including training kine-
matic data collected at a training IMU of the training
wearable computing device, the processor may be further
configured to compute a training-frame velocity estimate for
the wearable computing device based at least in part on the
transformed kinematic data. The processor may be further
configured to perform a second coordinate transformation on
the training-frame velocity estimate from the training coor-
dinate frame into the runtime coordinate frame to obtain a
runtime-frame velocity estimate for the wearable computing
device. The processor may be further configured to output
the runtime-frame velocity estimate to a target program.

“And/or” as used herein is defined as the inclusive or V,
as specified by the following truth table:

A B AV B
True True True
True False True
False True True
False False False

It will be understood that the configurations and/or
approaches described herein are exemplary in nature, and
that these specific embodiments or examples are not to be
considered in a limiting sense, because numerous variations
are possible. The specific routines or methods described
herein may represent one or more of any number of pro-
cessing strategies. As such, various acts illustrated and/or
described may be performed in the sequence illustrated
and/or described, in other sequences, in parallel, or omitted.
Likewise, the order of the above-described processes may be
changed.

The subject matter of the present disclosure includes all
novel and non-obvious combinations and sub-combinations
of the various processes, systems and configurations, and
other features, functions, acts, and/or properties disclosed
herein, as well as any and all equivalents thereof.

The invention claimed is:
1. A wearable computing device comprising:
a device body configured to be affixed to a body of a user;
an inertial measurement unit (IMU) including an accel-
erometer and a gyroscope coupled to the device body at
a first IMU mounting location; and
a processor electronically coupled to the IMU, wherein
the processor is configured to:
while the device body is affixed to the body of the user,
receive kinematic data from the IMU, the kinematic
data being in a runtime coordinate frame;
perform a first coordinate transformation on the kine-
matic data from the runtime coordinate frame into a
training coordinate frame of a training wearable
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computing device to obtain transformed kinematic
data, wherein the training wearable computing
device has a second device body with a second IMU
mounting location that differs from the first IMU
mounting location;

at a first machine learning model trained using training
data including training kinematic data collected at a
training IMU of the training wearable computing
device, compute a training-frame velocity estimate
for the wearable computing device based at least in
part on the transformed kinematic data;

perform a second coordinate transformation on the
training-frame velocity estimate from the training
coordinate frame into the runtime coordinate frame
to obtain a runtime-frame velocity estimate for the
wearable computing device; and

output the runtime-frame velocity estimate to a target
program.

2. The wearable computing device of claim 1, wherein the
processor is configured to perform the first coordinate trans-
formation at least in part by:

computing a plurality of calibration parameters for the

wearable computing device;

computing a plurality of runtime correction parameters

for the wearable computing device based on the kine-
matic data; and

computing the first coordinate transformation as specified

by the plurality of calibration parameters and the plu-
rality of runtime correction parameters.

3. The wearable computing device of claim 2, wherein the
plurality of calibration parameters include a translational
mounting pose offset between the second IMU mounting
location and the first IMU mounting location and a rotational
mounting pose offset between the runtime coordinate frame
and the training coordinate frame.

4. The wearable computing device of claim 2, wherein the
plurality of runtime correction parameters include an angu-
lar velocity correction parameter, an angular acceleration
correction parameter, and a runtime world-frame orientation
of the IMU relative to a world frame.

5. The wearable computing device of claim 4, wherein the
processor is configured to compute the plurality of runtime
correction parameters at least in part by applying a Kalman
filter to the kinematic data.

6. The wearable computing device of claim 5, wherein the
processor is further configured to perform fixed-point itera-
tion using the first machine learning model to update the
Kalman filter when the plurality of runtime correction
parameters are computed.

7. The wearable computing device of claim 4, wherein the
processor is configured to compute the plurality of runtime
correction parameters at least in part at a second machine
learning model.

8. The wearable computing device of claim 4, further
comprising an additional IMU, wherein the processor is
further configured to:

while the device body is affixed to the body of the user,

receive additional kinematic data from the additional
IMU; and

compute the angular acceleration correction parameter

based at least in part on the additional kinematic data.

9. The wearable computing device of claim 1, wherein the
training data further includes a plurality of ground-truth
velocity measurements collected for the training wearable
computing device.
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10. The wearable computing device of claim 1, wherein:

the training kinematic data is collected at a plurality of
training wearable computing devices including the
training wearable computing device; and

the plurality of training wearable computing devices each

have the second IMU mounting location.

11. The wearable computing device of claim 1, wherein:

the training kinematic data is collected at a plurality of

training wearable computing devices including the
training wearable computing device;
the plurality of training wearable computing devices have
a plurality of differing IMU mounting locations; and

training the first machine learning model further includes
transforming the training kinematic data collected at
each of the plurality of training wearable computing
devices into the training coordinate frame.

12. A method for use with a wearable computing device,
the method comprising:

while a device body of the wearable computing device is

affixed to a body of a user, receiving kinematic data

from an inertial measurement unit (IMU), wherein:

the IMU includes an accelerometer and a gyroscope
coupled to the device body at a first IMU mounting
location; and

the kinematic data is expressed in a runtime coordinate
frame;

performing a first coordinate transformation on the kine-

matic data from the runtime coordinate frame into a
training coordinate frame of a training wearable com-
puting device to obtain transformed kinematic data,
wherein the training wearable computing device has a
second device body with a second IMU mounting
location that differs from the first IMU mounting loca-
tion;

at a first machine learning model trained using training

data including training kinematic data collected at a
training IMU of the training wearable computing
device, computing a training-frame velocity estimate
for the wearable computing device based at least in part
on the transformed kinematic data;

performing a second coordinate transformation on the

training-frame velocity estimate from the training coor-
dinate frame into the runtime coordinate frame to
obtain a runtime-frame velocity estimate for the wear-
able computing device; and

outputting the runtime-frame velocity estimate to a target

program.

13. The method of claim 12, wherein performing the first
coordinate transformation includes:

computing a plurality of calibration parameters for the

wearable computing device;

computing a plurality of runtime correction parameters

for the wearable computing device based on the kine-
matic data; and

computing the first coordinate transformation as specified

by the plurality of calibration parameters and the plu-
rality of runtime correction parameters.

14. The method of claim 13, wherein the plurality of
calibration parameters include a translational mounting pose
offset between the second IMU mounting location and the
first IMU mounting location and a rotational mounting pose
offset between the runtime coordinate frame and the training
coordinate frame.

15. The method of claim 13, wherein the plurality of
runtime correction parameters include an angular velocity
correction parameter, an angular acceleration correction
parameter, and a runtime world-frame orientation of the
IMU relative to a world frame.
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16. The method of claim 15, wherein computing the
plurality of runtime correction parameters includes applying
a Kalman filter to the kinematic data.

17. The method of claim 12, wherein the training data
further includes a plurality of ground-truth velocity mea-
surements collected for the training wearable computing
device.

18. The method of claim 12, further comprising:

while the device body is affixed to the body of the user,

receiving additional kinematic data from an additional
IMU included in the wearable computing device; and
computing the angular acceleration correction parameter
based at least in part on the additional kinematic data.
19. The method of claim 12, wherein:
the training kinematic data is collected at a plurality of
training wearable computing devices including the
training wearable computing device;
the plurality of training wearable computing devices have
a plurality of differing IMU mounting locations; and

training the first machine learning model further includes
transforming the training kinematic data collected at
each of the plurality of training wearable computing
devices into the training coordinate frame.

20. A wearable computing device comprising:

a device body configured to be affixed to a body of a user;

an inertial measurement unit (IMU) including an accel-

erometer and a gyroscope coupled to the device body at

a first IMU mounting location; and

a processor electronically coupled to the IMU, wherein

the processor is configured to:

while the device body is affixed to the body of the user,
receive kinematic data from the IMU, the kinematic
data being in a runtime coordinate frame;

compute a plurality of calibration parameters for the
wearable computing device, wherein the plurality of
calibration parameters include a translational mount-
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ing pose offset between the second IMU mounting
location and the first IMU mounting location and a
rotational mounting pose offset between the runtime
coordinate frame and the training coordinate frame;

compute a plurality of runtime correction parameters
for the wearable computing device based on the
kinematic data, wherein the plurality of runtime
correction parameters include an angular velocity
correction parameter, an angular acceleration correc-
tion parameter, and a runtime world-frame orienta-
tion of the IMU relative to a world frame;

perform a first coordinate transformation, as specified
by the plurality of calibration parameters and the
plurality of runtime correction parameters, on the
kinematic data from the runtime coordinate frame
into a training coordinate frame of a training wear-
able computing device to obtain transformed kine-
matic data, wherein the training wearable computing
device has a second device body with a second IMU
mounting location that differs from the first IMU
mounting location;

at a first machine learning model trained using training
data including training kinematic data collected at a
training IMU of the training wearable computing
device, compute a training-frame velocity estimate
for the wearable computing device based at least in
part on the transformed kinematic data;

perform a second coordinate transformation on the
training-frame velocity estimate from the training
coordinate frame into the runtime coordinate frame
to obtain a runtime-frame velocity estimate for the
wearable computing device; and

output the runtime-frame velocity estimate to a target
program.



