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ABSTRACT

A system is configured to model a magnetic field by measuring a first value for
characteristics of a magnetic field at a first position in the magnetic field. The system
measures a second value characteristics of the magnetic field at a second position in the
magnetic field. The system determines a distance between the first position and the
second position. The system estimates a distortion component of the magnetic field at
approximately the second position in the magnetic field based on each of the distance, the
first value for each of the one or more characteristics, and the second value for each of
the one or more characteristics. The system outputs a model of at least a region of the

magnetic field.
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DISTORTION CORRECTION FOR TRACKING AN
OBJECT IN A MAGNETIC FIELD

TECHNICAL FIELD
This disclosure relates to tracking an object in a magnetic field, specifically
determining distortions in an electromagnetic (EM) signal and correcting the distortions

for tracking an object in the magnetic field.

BACKGROUND
Magnetic Tracking (MT) systems are used to aid location of instruments and
anatomy in medical procedures, virtual reality (VR) settings, and augmented reality (AR)
settings, among others. Such systems can determine a position of a sensor based on

measured field lines of a transmitted magnetic field.

SUMMARY

An Electromagnetic Tracking (EMT) system (also referred to as a magnetic
tracking system) can be used to track a device for a number of applications, such as for
medical applications, AR/VR applications, and so forth. For example, in an AR/VR
setting, the EMT system can be used to track the position and/or orientation of a device
with respect to a head-mounted display (HMD) that is coupled to a user. The display of
the HMD can show a representation of the device in an AR/VR interface at an
approximate position and orientation corresponding to an actual position and orientation
of the device with respect to the user. For example, in a medical setting, the magnetic
tracking system can determine the position and orientation of a surgical device with
respect to an operator or other reference frame. Numerous additional applications for
tracking an object are known.

The magnetic tracking system is configured to determine the position and
orientation of a receiver (e.g., of a tracked device) with respect to an emitter based on a
magnetic signal (also referred to as a magnetic field) emitted by the emitter. Position
refers to a physical location of the receiver with respect to the emitter (or vice versa), and

position data can be expressed as a position vector. Orientation refers to a direction the
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tracked device is facing with respect to the emitter, and can be expressed as an orientation
matrix. The receiver is configured to demodulate the magnetic signal received from the
emitter to obtain position data representing the position of the tracked device with respect
to the receiver, and to obtain orientation data representing the orientation of the receiver
with respect to the emitter. In an aspect, the magnetic signal received from an emitter of
the EMT system is decomposed into a signal matrix. Elements of the signal matrix each
have respective magnitudes that are a function of an amplitude of the received magnetic
signal and a distance between the emitter and the receiver. The calculation of position
and/or orientation can be performed in a coordinate space from the perspective of the
receiver (e.g., wherein the receiver represents the origin of the coordinate system). The
calculation of position and/or orientation can be performed in a coordinate space from the
perspective of the emitter (e.g., wherein the emitter represents the origin of the coordinate
system).

In many situations, the magnetic field emitted by the emitter is distorted or at least
partially distorted. In some implementations, regions of the magnetic field closer to the
emitter can have relatively low distortion or be entirely undistorted. Additionally, regions
further from the emitter can have relatively higher distortions. Distortions can be caused
by objects in the environment of the magnetic tracking system, such as metallic objects.

The magnetic tracking system is configured to determine what distortions are
present in the magnetic field emitted by the emitter so that the position and orientation of
the tracked device can be accurately determined, even in the distorted regions of the
magnetic field. The magnetic tracking system is configured to map the distortions of the
magnetic field by comparing measurements of the magnetic ficld in low-distortion
regions of the magnetic field to measurements of the magnetic field in higher-distortion
regions of the magnetic field. Generally, the magnetic tracking system is configured to
build out a model of the distortions of the magnetic field from areas near the emitter
(which have low distortions) to areas further from the emitter (which may have greater
distortions). Once distortions have been determined for a particular region of the
magnetic field, that region becomes a trusted region and can be used as a baseline for

further mapping of distorted regions (e.g., to another distorted region).
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The magnetic tracking system includes an inertial measurement unit (IMU)
configured to provide motion data representing motion of the tracked device. The motion
data can include linear acceleration data measured by one or more accelerometers. The
motion data can include angular velocity data provided by one or more gyroscopes. The
IMU is coupled to the tracked device, which includes the receiver.

The motion data provided by the IMU is used by the magnetic tracking system to
determine a distortion component of the magnetic field in the region of the magnetic field
in which the receiver is measuring the magnetic field. The tracked device, including the
receiver and the IMU, is moved from a first region of the magnetic field having low or
known distortions to a second region of the magnetic field having higher and/or unknown
distortions. The measured movement of the tracked device can be used to estimate the
new position and orientation of the tracked device in the second region of the magnetic
field relative to the emitter. The measurement of the magnetic field in the low distortion
region is used to estimate an undistorted magnetic field in the second region of the
magnetic field. The distortion component of the second region can be determined by
finding the difference between the measured magnetic field in the second region and the
estimation of the undistorted magnetic field at the second region.

The tracked device can include a first magnetic receiver and a second magnetic
receiver that are coupled together on the tracked device. The first and second magnetic
receivers are disposed at a predetermined distance from one another. The first and second
receivers are configured to measure the magnetic field at a first region of the magnetic
field and at a second region of the magnetic field, respectively. In some implementations,
the first and second receivers can be configured to simultaneously measure the magnetic
field at the first and second regions. Similar to the example described above, the first
region is a low distortion region (e.g., a region of known distortion), and the second
region is a region of greater distortion (e.g., a region of unknown distortion). The
magnetic tracking system is configured to determine the distortion component of the
second region by determining, based on the measurement in the first region, what the
undistorted magnetic field would be at the second region. The magnetic tracking system
then determines a difference between the measured magnetic field in the second region

and the estimated magnetic field in the second region to determine the distortion
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component of the magnetic field in the second region. The second region becomes a
trusted region, and can be used by the magnetic tracking system as a baseline for further
mapping of the distortions (e.g., in other distorted regions of the magnetic field).

The techniques described herein include one or more of the following advantages.
Absolute position reference can be obtained directly from the electromagnetic tracking
system when the tracked device is located in the low distortion region of the emitted
magnetic field. The EMT system can determine the position using data including only a
relative position of the tracked device from the undistorted region of the magnetic field.
The magnetic tracking system does not require a second tracking means (e.g., an optical
means, a second tracking system, etc.) to perform distortion correction and/or obtain
undistorted positions of the tracked device when the tracked device is located in the
distorted region.

A sensor array of the magnetic tracking system can speed up the process of
correcting the distortions of the magnetic field and generating a model of the distortions
of the magnetic field, as more of the distorted region can be corrected in a given time.
Redundant data available from a sensor array can assist the system for selecting which
sensor(s), or a point resulting from a combination thereof (e.g., a virtual point on the
tracked device), should be used to determine the position and orientation of the tracked
device. The determined position and orientation can be used by the magnetic tracking
system to locate the other sensor(s) in the magnetic field.

A process for distortion correction for tracking an object in a magnetic field by a
magnetic tracking system includes measuring, by a magnetic sensor, a first value for each
of one or more characteristics of a magnetic field at a first position in the magnetic field.
The process includes measuring, by the magnetic sensor, a second value for each of the
one or more characteristics of the magnetic field at a second position in the magnetic
field. The process includes determining, by a computing device in communication with
the magnetic sensor, a distance between the first position and the second position. The
process includes estimating a distortion component of the magnetic field at
approximately the second position in the magnetic field. The estimation can be based on
each of the distance, the first value for each of the one or more characteristics, and the

second value for each of the one or more characteristics. The process includes outputting,
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from the computing device based on the estimating, a model of at least a region of the
magnetic field.

In an aspect, the action including determining the distance between the first
position and the second position in the magnetic field includes additional actions
including measuring, by an inertial measurement unit (IMU), motion data representing
movement of the magnetic sensor from the first position to the second position. The
actions include determining, based on the motion data, the first value for each of one or
more characteristics, and the second value for each of the one or more characteristics, the
distance between the first position and the second position.

In an aspect, a first value for each of the one or more characteristics of the
magnetic field is measured by a first magnetic sensor. The second value for each of the
one or more characteristics of the magnetic field is measured by a second magnetic
sensor that is different from the first magnetic sensor.

In an aspect, the first magnetic sensor and the second magnetic sensor are
connected and separated by an offset distance. The distance between the first position and
the second position in the magnetic field is approximately equal to the offset distance.

In an aspect, the first position is in a region of the magnetic field having less

- distortion than another region of the magnetic field including the second position. In

some implementations, estimating the distortion component includes retrieving a model
of the magnetic field corresponding to the second position, determining a third value of
the one or more characteristics of the magnetic field corresponding to an undistorted
received magnetic field at the second position according to the model, and determining a
difference between the third value for each of the one or more characteristics of the
magnetic field and the second value for each of the one or more characteristics that are
measured at the second position. The difference represents the distortion component of
the magnetic field.

In an aspect, the one or more characteristics of the magnetic field include a field
strength of the magnetic field. The field strength is based on a distance of the magnetic
sensor from a transmitter configured to generate the magnetic field. In some
implementations, the first value for each of one or more characteristics is measured in

response to determining that the magnetic sensor is in a region of the magnetic field
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having approximately no distortion or that the magnetic sensor is in the region of the
magnetic field having a known distortion.

In an aspect, process includes expanding the region having the known distortion
of the magnetic field. The first position comprises a position in the magnetic field that is
inside the region having the known distortion of the magnetic field. The second position
comprises a position in the magnetic field that is outside the region having the known
distortion of the magnetic field.

In an aspect, the process includes determining a corrected position of the
magnetic sensor in the magnetic field based on the model of at least the region of the
magnetic field, generating a graphical representation of the corrected position of the
magnetic sensor in the magnetic field, and causing display of the graphical representation
in a user interface.

In an aspect, the magnetic tracking system includes a source device configured to
generate a magnetic field. The magnetic tracking system includes a tracked device that
includes a magnetic sensor configured to measure the magnetic field and generate
magnetic data representing the magnetic field and an inertial measurement unit (IMU)
configured to generate motion data based on a motion of the IMU. The IMU is coupled
to the magnetic sensor. The magnetic tracking system includes a computing device that
includes at least one processor. The computing device is configured to perform the
following operations. The operations include receiving, from the magnetic sensor, first
magnetic data representing a first position of the magnetic sensor. The operations include
receiving, from the magnetic sensor, second magnetic data representing a second position
of the magnetic sensor. The second position is in a relatively more distorted region of the
magnetic field than the first position. The operations include determining a distance
between the first position and the second position based on motion data received from the
IMU representing motion of the magnetic sensor from the first position to the second
position. The operations include determining, based on the distance, the first magnetic
data, and the second magneticv data, a distortion component of the magnetic field. The
operations include outputting a model of the magnetic field based on the distortion

component.
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In an aspect, the magnetic tracking system can include a transmitter is configured
to generate the magnetic field. The transmitter is configured to generate a magnetic field
including a plurality of axes using a plurality of transmitter axes. The magnetic sensor is
configured to measure the magnetic field by measuring each of the transmitted axes of
the magnetic field. In some implementations the motion data comprises linear
acceleration data and angular acceleration data. The IMU comprises one or more
accelerometers and one or more gyroscopes.

In an aspect, estimating the distortion component by the magnetic tracking system
includes retrieving a model of the magnetic field corresponding to the second position,
determining a value of the magnetic field corresponding to an undistorted received
magnetic field at the second position according to the model, and determining a
difference between the value of the magnetic field and a value of the second magnetic
data that is measured at the second position. The difference represents the distortion
component of the magnetic field. In some implementations, the operations further
include determining a corrected position of the magnetic sensor in the magnetic field
based on the model the magnetic field, generating a graphical representation of the
corrected position of the magnetic sensor in the magnetic field, and causing display of the
graphical representation in a user interface.

In an aspect, the magnetic tracking system includes a source device configured to
generate a magnetic field. The magnetic tracking system includes a tracked device
including a first magnetic sensor configured to measure the magnetic field and generate
magnetic data representing the magnetic field at a first position relative to the source
device. The tracked device includes a second magnetic sensor coupled to the first
magnetic sensor at a particular distance and configured to measure the magnetic field and
generate magnetic data representing the magnetic field at a second position relative to the
source device and at the particular distance from the first position. The magnetic tracking
system includes a computing device including at least one processor. The computing
device is configured to perform operations including receiving, from the first magnetic
sensor, first magnetic data representing the magnetic field at the first position, receiving,
from the second magnetic sensor, second magnetic data representing the magnetic field at

a second position, the second position being in a relatively more distorted region of the
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first magnetic data, and the second magnetic data, a distortion component the magnetic
field, and outputting a model of the magnetic field based on the distortion component.

In an aspect, the magnetic tracking system is configured to include non-transitory
computer readable medium storing instructions that are executable by one or more
processors configured to perform operations including obtaining, from a magnetic sensor,
a first value for each of one or more characteristics of a magnetic field at a first position
in the magnetic field. The operations include obtaining, from the magnetic sensor, a
second value for each of the one or more characteristics of the magnetic field at a second
position in the magnetic field. The operations include determining, a distance between
the first position and the second position. The operations include estimating, based on
each of the distance, the first value for each of the one or more characteristics, and the
second value for each of the one or more characteristics, a distortion component of the
magnetic field at approximately the second position in the magnetic field. The operations
include outputting, based on the estimating, a model of at least a region of the magnetic
field.

The details of one or more embodiments of the subject matter described herein are
set forth in the accompanying drawings and the description below. Other features,
objects, and advantages of the subject matter will be apparent from the description and

drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1A shows an example of a magnetic tracking system including an Inertial
Measurement Unit (IMU).

FIG. 1B shows an example representation of an error map generated based on
measurements form the magnetic tracking system of FIG. 1A.

FIG. 2 shows an example of a magnetic tracking system including a first magnetic
field receiver and a second magnetic field receiver.

FIG. 3 shows a flow diagram representing an example process for determining

distortions in a magnetic field for tracking a device in the magnetic field.
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FIG. 4 shows a flow diagram representing an example process for determining
distortions in a magnetic field using the magnetic tracking system of FIG. 1A.

FIG. 5 shows a flow diagram representing an example process for determining
distortions in a magnetic field using the magnetic tracking system of FIG. 2.

FIG. 6 is a block diagram of an example computer system.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

An Electromagnetic Tracking (EMT) system (also called a magnetic tracking
system) can be used in medical settings, virtual reality (VR) settings, augmented reality
(AR) settings, etc., to track a device. For example, in a surgical setting, the EMT system
can be used to track medical equipment, robotic arms, etc., thereby allowing the three-
dimensional position (e.g., location) and the orientation of the device to be known to a
medical professional (e.g., a surgeon) during a medical procedure.

In many situations, a magnetic field emitted by an emitter (of an EMT system) is
distorted or at least partially distorted. In some implementations, regions of the magnetic
field closer to the emitter can have relatively low distortion or be entirely undistorted.
Additionally, regions further from the emitter can have relatively higher amounts of
distortion. Such distortions can be caused by objects in the environment of the magnetic
tracking system, such as metallic objects.

The magnetic tracking system is configured to determine what distortions are
present in the magnetic field emitted by the emitter so that the position and orientation of
the tracked device can be accurately determined, even in the distorted regions of the
magnetic field. The magnetic tracking system is configured to map the distortions of the
magnetic field by comparing measurements of the magnetic field in low-distortion
regions (e.g., regions of known distortions, undistorted regions, etc.) of the magnetic field
to measurements of the magnetic field in higher-distortion regions (e.g., regions of
unknown distortions, etc.) of the magnetic field. Generally, the magnetic tracking system
is configured to produce a model of the distortions of the magnetic field from areas near
the emitter (typically having low distortions) to areas further from the emitter (which may
have greater distortions). Once distortions have been determined for a particular region

9
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of the magnetic field, that region can be considered a trusted region and can be used as a
baseline for further mapping of distorted regions (e.g., to another distorted region).

FIG. 1A shows an exemplary embodiment of a magnetic tracking system 100,
which can be used for determining a position of a tracked device 104 (e.g., a surgical
scalpel?) in a magnetic field 116 relative to a tracking device 102 of the magnetic field.
In general, the tracking device 102 includes an emitter (also referred to as a source) that
is configured to generate the magnetic field 116 (e.g., a magnetic signal), such as by one
or more ficld-emitting coils.

The tracked device 104 of the system 100 includes a magnetic field receiver 114
(also called a magnetic sensor) that is configured to measure characteristics of the
magnetic field 116, for example, by employing one or more field-measuring coils. The
tracked device 104 also includes an inertial measurement unit (IMU) 112 configured to
generate motion data based on movement of the tracked device 104. The receiver 114 is
configured to measure the magnetic field 116 and determine a distance R1 that the
tracked device 104 is displaced from the tracking device 102. For example, knowing the
strength of the magnetic ficld at the tracking device 102 and the field strength at the
receiver 114, the distance R1 can be calculated. In FIG. 1A, the distance R1 is along the
y-axis of the coordinate system, but the tracked device 104 can be positioned anywhere
in the magnetic field 116 relative to the tracking device 102 and the distance can be
represented with other coordinates (e.g., x-axis coordinates, z-axis coordinates,
coordinate combinations, etc.).

The receiver 114 is configured to measure position data in the magnetic field 116
with respect to the emitter of the tracking device 102. The position of the tracked device
104 represents a physical location of the receiver 114 with respect to the emitter of the
tracking device 102 (or vice versa). In some implementations, position data can be
expressed as a position vector of position coordinates (e.g., X, y, z coordinates). Various
perspectives can be employed to define a coordinate system (e.g., for quantifying
distances, etc.); for example, a system in which the tracking 102, the tracked device 104,
etc. can be placed at the origin of the coordinate system. In this example, the receiver 114

uses a Cartesian coordinate system (with X, y, and z coordinates) to represent space;
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however, other types of coordinate systems (e.g., cylindrical, spherical, etc.) may be
utilized.

The receiver 114 is mechanically coupled to the IMU 112. For example, the
receiver can be coupled to the IMU 112 by a member 124 (e.g., a bar or other type of
structure and the member 124 can be a rigid or semi-rigid material. The length of the
rigid member 124 is generally known, so that the distance R2 between the receiver 114
and the IMU 112 is known by the magnetic tracking system 100. Being known, the
distance R2 can be used by the magnetic tracking system 100 to determine the position of
the receiver 114 in the magnetic field 116. For example, when the tracked device 104 is
moved, rotated, etc. in the magnetic field 116 the IMU 112 generates inertial data (e.g.,
motion data). The distance R2 is used to determine a trajectory of the receiver 112
moving in the magnetic field 116, such as illustrated by arrow 126. The dimensions of the
member 124 (which are known by the magnetic tracking system 100) are used by the
tracking system to determine the position of the receiver 114 with respect to the IMU
112. In the example of FIG. 1A, the IMU 112 is displaced R2 along a y-axis from the
receiver 114. For example, if the IMU 112 is rotated about the x-axis, the magnetic
tracking system 100 can determine that the trajectory of the receiver is an arc with radius
R2 through the magnetic field 116. The IMU 112 is configured to measure the motion
(e.g., linear and angular accelerations) of the tracked device 104 through the coordinate
system (e.g., along the three coordinate axes). Potential rotations and/or movements
about x, y, and z axes are shown in FIG. 1A represented by graphical symbols associated
with each individual axis.

The orientation of the tracked device 104 refers to a direction the tracked device is
facing with respect to the tracking device 102, and can be expressed similarly by using a
coordinate system and represented, for example, as a vector of orientation coordinates
(e.g., azimuth (y), altitude (8), and roll (@) angles). While orientation can be represented
as coordinates in the perspective of the tracked device 102 where the tracked device 104
is the origin, orientation can alternatively be represented as a coordinates in the
perspective of the tracking device 102, in which the emitter is the origin. In this way, the

tracked device 104 may act as a six degree of freedom (6DoF) sensor that is configured to
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allow for measurement of position and orientation information related to a forward/back
position, up/down position, left/right position, azimuth, altitude, and roll.

The motion data represents motion of the tracked device 104 relative to a fixed
device of an environment of the system 100 (e.g., global acceleration values such as
gravity are corrected by normalizing the motion data). Various types of motion (e.g.,
linear and/or angular velocity, linear and/or angular acceleration, etc.) may be determined
by employing one or more measurement techniques. For example, motion data can
include linear acceleration data measured by one or more accelerometers, angular
velocity data provided by one or more gyroscopes, etc.

The tracking device 102 includes a transceiver (not shown) that generally includes
a transmitter and a receiver. In one example the transceiver is connected to an antenna
and is configured to receive motion data from the IMU 112 of the tracked device 104 by
a communication channel (e.g., over a wireless communication channel). For example,
the tracking device 102 is configured to provide the measurements (e.g., position and
orientation measurements) of the tracked device 104 to a computing device 110, e.g.,
over a channel 120. The computing device 110 determines information related to the
tracked device 104 (e.g., position information, orientation information, both, etc.) based
on the measurements. In some implementations, the tracked device 104 is configured to
send the position and orientation data directly to the computing device 110, such as over
a channel 118. The motion data can be transmitted from the tracked device 104 to the
tracking device 104 by communication protocols such as Bluetooth, WiFi, ZigBee, etc.

In some aspects, the tracking device 102 is coupled to a head-mounted display
(HMD) that can be worn by a user and provide a graphical user interface to the user. The
tracking device 102 can be coupled to (or otherwise a part of) a computing device 110
configured to perform the calculations for determining the position and the orientation of
the tracked device 102 for the system 100. The tracked device 104 can be one or more of
a controller, a surgical tool, etc. that is represented by the HMD. For example, a surgeon
(or other user) can view a representation of a scalpel which accounts for the position and
orientation of this surgical tool with respect to the relative location of the surgeon.

The computing device 110 comprises one or more processors and is configured to

receive the position data, the orientation data, and the motion data that are measured
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and/or received by the tracking device 104. The tracked device 104 measures the
magnetic signal 116 emitted by the tracking device 104 and converts the magnetic signal
into position data and orientation data that can be processed by the computing device
110. In some aspects, the tracking device 102 is a part of the computing device 110. In
situations where the tracking device 102 is a part of the computing device 110, the
description can refer to the computing device and the tracking device interchangeably as
disambiguating the position data and the orientation data.

The computing device 110 is configured to determine one or both of the position
and the orientation of the tracked device 104 based on the received magnetic signal
representative of the measured characteristics of the magnetic field 116. In some
examples, the computing device 110 may determine the position and/or orientation of the
tracked device 104 relative to the position and/or orientation of the tracking device 102.

In some implementations, the tracked device 104 is configured to demodulate the
magnetic signal 116 received from the emitter to obtain position data representing the
position of the tracked device 104 with respect to the tracking device 102, and to obtain
orientation data representing the orientation of the tracked device 104 with respect to the
tracking device 102. In some implementations, the magnetic signal 116 is associated
with a particular frequency that the tracked device 104 can associate with the tracking
device 102 to distinguish the tracking device from one or more other devices that may be
emitting (electro) magnetic signals at other frequencies.

The tracking device 102 can tag the position data, orientation data, and motion
data received from the tracked device 104 with a device identifier. The computing device
110 can determine which device the position data, orientation data, and motion data are
associated with based on the identifier, and usec this information for one or more
applications. For example, the computing device may generate a user interface in which
the tracked device 104 is being represented along with other tracked devices. For
example, the position and orientation of the tracked device 104 are reported, etc.

The magnetic field 116 generally includes a low-distortion region 106. The low-
distortion region 106 can also be referred to as a region of less distortion (e.g., relative to
another region of the magnetic field 116) or an undistorted region of the magnetic field.

The lower-distortion region 106 is generally nearer to the emitter relative to other
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portions of the magnetic field 116. The lower-distortion region 106 generally is similar to
an ideal magnetic field and can provide a baseline for determining the distortions of the
magnetic field 116 in other regions of the magnetic field. Generally, the magnetic field
116 is stronger nearer to the emitter (e.g., of the tracking device 102) and weaker further
from the tracking device. In some implementations, the magnetic field 116 intensity is
inversely proportional as a function of the distance R1 from the emitter, such as a cubic
decay (e.g., I/R1?).

In many cases, the magnetic field 116 emitted by the emitter of the magnetic
tracking system 100 is distorted by one or more objects 122 present in the environment of
the magnetic tracking system 100. While the object 122 may be a portion of the magnetic
tracking system 100, generally the object is not a portion of the magnetic tracking system.
For example, the object 122 can include furniture, such a metal operating table, surgical
instruments, suspended ceilings, filing cabinets, electronics, or any other object, generally
at least partially metallic, that can cause distortions to the magnetic field 116.

When the object 122 causes distortions in magnetic field 116 of the magnetic
tracking system 100, the magnetic field includes a distorted region 108 (denoted by
dotted field lines in FIG. 1A). The distortions can include deviations from an ideal dipole
filed shape, as is known in the art. Generally, the distortion effect is proportional to the
distance R1 of the tracked device 104 from the emitter. For example, the distortion can be
an exponential function (e.g., R1%) of the distance from the emitter. Therefore, the
magnitude of the distortions of the magnetic field 116 are greater at further distances
(greater values of R1) from the emitter than at nearer distances (smaller values of R1)
from the emitter of the tracking device 102.

To determine the position of the tracked device 104 in the magnetic field 116, the
magnetic tracking system 100 is configured to receive a measurement of the magnetic
field from the receiver 114 of the tracked device 104 in the lower-distortion region 106 of
the magnetic field. The tracked device 104 is moved to the higher-distortion region 108
of the magnetic field 116 as shown by arrow 126. The receiver 114 measures the
magnetic field 116 in the higher-distortion region 108. In addition, a trajectory of the
tracked device 104 is measured by the IMU 112 as the tracked device 104 moves from

the lower-distortion region 106 to the higher-distortion region 108. In some
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implementations, the motion data and each of the magnetic field 116 measurement in the
higher-distortion region 108 (high-distortion measurement or second magnetic field
measurement) and the lower-distortion region 106 (low-distortion measurement or first
magnetic field measurement) that are each captured by the tracked device 104 are sent to
the computing device 110 for computation of the position of the tracked device 104. As
stated above, the computation can be performed at any of the tracked device 104, tracking
device 102, or a remote computing device 110, which is shown in FIG. 1A.

The computing device 110 determines the trajectory of the tracked device 104
which includes an estimate of the relative position of the tracked device 104 with respect
to an original position of the tracked device 104 (e.g., when the tracked device 104
measures the magnetic field 116 in the lower-distortion region 106). The computing
device 110 (or the IMU 112) is configured to double integrate each three-axis
accelerometer signal (respectively representing X, y, and z coordinates) after
compensating for gravitational acceleration. A single integration is performed on the
outputs of the gyroscope which provide azimuth, elevation, and roll angles.

The computed trajectory is correlated with the lower-distortion measurement to
form a reference frame (e.g., perspective) for the tracked device 104. Errors in the linear
acceleration (e.g., due to gravitational effects) obey the function of

Position Error = 0.5(Ae)*T2 ey

where Ae is the error in acceleration measurements and where T is the elapsed
time between measurements.

The computing device 110 thus estimates, based on the motion data
received and the measurement of the magnetic field 116 in the lower-distortion region
106, an approximate position of the tracked device 104 in the magnetic field 116 after the
tracked device is moved. The updated position is a position relative to the tracking
device. The position of the tracked device 104 is known with high confidence when the
tracked device is in the lower-distortion region 106. Because of this, the computing
device 110 determines the relative position of the tracked device 104 from the initial
position of the tracked device when the magnetic field 116 is measured in the lower-

distortion region 106. The error introduced as shown by Eq. 1.
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The computing device 110 estimates what the undistorted magnetic field should
be at the estimated position (e.g., in accordance with an ideal magnetic dipole). The
measured magnetic field 116 at the updated position is compared to the ideal baseline.
When the tracked device 104 is in a higher-distortion region 108, the difference is larger
than when the tracked device is in a lower-distortion region 106. The difference between
the measured magnetic field 116 and the estimated magnetic field 116 is treated as the
distortion component of the magnetic field and mapped to the updated location of the
tracked device 104 to generate a model of the distortions in the magnetic field.

The magnetic tracking system 100 uses the statistical error probability of the
accelerometer to determine how far a trusted zone of the magnetic field 116 can be
expanded before another high-confidence, low distortion measurement of the magnetic
field 116 is needed from the tracked device 104. Here, the trusted zone refers to a region
of the magnetic field 116 in which approximate distortion levels are known and for which
the magnetic tracking system 100 can compensate for distortion in the measurement of
the magnetic field 116 to report an accurate position of the tracked device 104. In other
words, the trusted zone initially includes the lower-distortion region 106 (typically near
the tracking device). As the tracked device 104 determines a distortion component of the
magnetic field 116 for various locations in the higher-distortion region 108, those
portions become regions of known distortion. Those various locations can be used as a
basis for further approximation of the distortions of the magnetic field 116 deeper into the
higher-distortion region 108, further away from the lower-distortion region 106 (e.g.,
further along arrow 126). In this way, the distortions of the magnetic field 116 are
modeled incrementally, which reduces errors in the position approximation of the tracked
device 104 that can be introduced from the motion data. In other words, smaller distances
in the movement of the tracked device 104 (e.g., along arrow 126) between estimates of
the distortion component of the magnetic field 116 generally have relatively smaller
errors in the distortion estimation (and thus the corrected position estimate). Larger
distances between estimates of the distortion component in the higher-distortion region
108 can result in relatively larger errors in the distortion approximation.

The trusted region expansion that is performed by the magnetic tracking system

100 can be mathematically described. Generally, the lower-distortion region 106 does
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not contain magnetic distorters. Rather distorters (such as object 122) tend to exist in the
space surrounding the lower-distortion region 106 where the tracked device 104 is being
tracked. The magnetic field from a single distorter 122 can be modeled as M=(T*K)/R/’
where M is the magnetic moment of the distorter, 7 is the magnetic moment of the
emitter, K is a proportionality constant dependent on the particular distorter 122, and R, is
the range of said distorter from the emitter. The magnetic field at the magnetic field
receiver 114 due to said distorter is proportional to M/R’, where Ryq is the range from
the tracked device 104 to the distorter 122. For distorters outside of the tracking volume
(c.g., where the tracked device 104 is being tracked), the ratio of transmitted field to
distorter ficld can be described as Ratio=T/R’/(T*K/Rs’)*(M/Rs’). The magnetic field
116 decays in proportion to 1/R;* and the distorter field at the tracked device 104 decays
in proportion to approximately the cube of the total distance from the emitter to distorter
122 plus distorter to tracked device 104. Generally, magnetic field receiver(s) (e.g.,
receiver 114) are significantly less affected by distorter(s) 122 outside of the tracking
volume when the magnetic field receiver(s) are closer to the emitter.

One example model for a distorter 122 is a conductive loop. The vector
components of the magnetic field at the magnetic field receiver due to this distorter can
be expressed as:

Bist(ys) = 1d - BAPi(7yy)
where ry4 is the distance between the distorter and magnetic field receiver, I is the current
in the loop, m is the vector area of the loop, and B is the field of a unit dipole aligned
along the i-axis. The emitter provides the energy to drive the current which can be
expressed:

[ = kB*™"(#,,)-d
where k is a constant dependent on the emitter frequency and material properties of the
conductive loop, B™" is the field of the emitter, and ry, is the position vector from the
emitter to the distorter.

An expression for the distorter’s field is:

Bidist(fzds’ 7o) = k[§xmtr(;zxd) . 5] [& . gdip.i (Fds)]
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The magnetic field of the emitter is approximated as that of a dipole, which drops off as
1/r’. Therefore, the magnitude of the distorter’s field relates to its proximity to both the

emitter and receiver can be expressed as:

1

BYst(#,,, Pog)| x ———
| ( ds xd)l (rasrxa)®
The magnitude of the emitter’s field at the receiver is proportional to the cube of the

distance between those two:
Imetr(?xs)I > "]:T
Txs

Therefore, as long as the product of the distances of distorter-to-emitter and distorter-to-
magnetic field receiver 114 is larger than the distance of receiver-to-emitter, then the
field of the emitter at the magnetic field receiver will dominate over the distorter 122.

The initial position of the tracked device 104 (e.g., in the trusted region or in the
lower-distortion region 106) can be determined in several ways. The initial position can
be a location within a threshold radius of the tracked device 104. The initial position can
be designated by a user. For example, a user can move the tracked device 104 to a
location within the lower-distortion region 106. The magnetic tracking system 100 may
indicate to the user (e.g., by a user interface) the position of the tracked device 104 based
on measurements of the magnetic field 116 with no distortion model. When the tracked
device 104 is in the lower-distortion region 106, the reported position of the tracked
device 104 (e.g., relative to the tracking device 102) is near to the actual location of the
tracked device, as seen by the user. The magnetic tracking system 100 can use various
other means for verifying the initial position of the tracked device 104, such as using a
contact (e.g., a metal contact such as a charging station for the tracked device 104), a
touch sensor, a control manipulated by a user, etc. to verify that the initial position of the
tracked device 104 is in a lower-distortion region 106 of the magnetic field 116. For
example, the user can press a button when the position of the tracked device 104
represented by the magnetic tracking system 100 accurately corresponds to the actual
position of the tracked device 104.

In some aspects, an error estimation module (not shown) of the computing device
110 is configured to determine an error of the relative position of the tracked device 104

from the motion data of the IMU 112. The computing device 110 can determine an
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approximate location of the tracked device 104 to a resolution according to the error
value. The computing device 110 can determine the position error based on parameters
including elapsed time, bias error, linearity, sensor resolution, and so forth. If the error
value is below a threshold, the estimated relative position value of the tracked device 104
is added to the initial position having been verified as described above to result in an
absolute position of the tracked device relative to the tracking device and emitter. The
computing device 110 determines the idea magnetic field at the estimated absolute
position of the tracked device 104 and subtracts it from the measured magnetic field 116
at that location.

The computing device 110 generates an error map (also referred to as a distortion
error field, error field map, or a distortion field) as a model for further position
determinations. Turning to FIG. 1B, an example of an error map is shown. The difference
AE between the measured field 116 and the ideal field 132 is determined mapped in a
coordinate space. Although AE appears one-dimensional in FIG. 1B, the difference AE is
determined in all directions. For example, the error field can be defined in the perspective
of the tracking device 102. The error map includes X, y, and z vector components of the
distortion at each location in which a measurement of the magnetic field 116 is acquired
by the receiver 114. The computing device combines several error fields (e.g., one from
each measurement of the magnetic field 116) into the error map.

The error map is used to adjust further measurements of the magnetic field 116.
If the error map at a particular location reduces the difference between the measured
magnetic field 116 at that location by the tracked device 104 and an ideal magnetic field
estimated for that location below a threshold, the computing device 110 defines that
location as a distortion-corrected location and adds that location (e.g., a region near that
location in accordance with position error estimations described above) to the trusted
region of the magnetic field 116. The trusted region magnetic field 116 can then be used
as a basis for further distortion mapping of the higher-distortion region 108. The trusted
region includes the same position confidence as an undistorted region. In some
implementations, some error value can still be present in the position determination in an
undistorted region due to hardware constraints. This potential error can be handled by

calibration of the hardware (e.g., a one-time calibration) or handled in a similar manner.
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The error mapping process can be performed in one or more of several ways. For
example, the error mapping can include optimizing of the model of external dipole
sources. The error mapping can include optimizing a Taylor expansion of the fields. In
another example, the error mapping includes a field map where a multi-dimensional
lookup table is queried for position value based on a plurality of measured fields. In yet
another example, the error mapping includes a correction map in which the magnetic
field 116 measurements of the receiver 114 of the tracked device 104 are corrected
directly by the computing device 110 by re-mapping locations without regard to the
measured fields, as described in Appendix A of this document.

Turning to FIG. 2, a magnetic tracking system 200 is shown. The magnetic
tracking system 200 is similar to the magnetic tracking system 100 of FIG. 1A, except
that tracked device 204 does not have an IMU. Rather, the tracked device 204 includes a
first receiver (which is substantially similar to receiver 114 of FIG. 1A) and a second
receiver 202 that measures the magnetic field 116 along with the first receiver 114 for the
tracked device 204. Generally, the second receiver 202 is substantially similar to the
receiver 114, and is configured to measure the magnetic field 116 at a second position
along with the first receiver 114 being configured to measure the magnetic field 116 at a
first position. The second receiver 202 is configured to measure the magnetic field 116 at
a distance R2 from the first receiver.

The first receiver 114 and the second receiver 202 are displaced from one another
at a distance R2. A rigid or semi-rigid member 224 couples the first receiver 114 and the
second receiver 202 together at distance R2. While it is not required that R2 be a fixed
distance (e.g., member 224 can be of adjustable length or size), the distance R2 is known
by the computing device 110. For example, the member 224 can include an extendable
rod that can adjust to different lengths. Generally, the member 224 is of fixed size. In
some implementations, the member 224 does not include a rod (as shown in FIG. 2), but
can be any coupling mechanism that couples the first receiver 114 to the second receiver
204 at fixed or variable distance R2. For example, the distance R2 can be 2, 4, 6, 8, 10,
etc. inches. While any practical distance R2 can be used, the distance R2 is generally

about 6-8 inches.
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The computing device 110 is configured to determine the distortion component of
the magnetic field 116. The tracked device 204 is configured to measure the magnetic
field 116 at a first location in the trusted zone of the magnetic field 116, which can
initially include the lower-distortion region 106. The magnetic tracking system 200 can
determine the lower-distortion region 106 in a manner similar to the magnetic tracking
system 100 of FIG. 1A.

The magnetic tracking system 200 obtains, by the first receiver 114, a first
measurement of the magnetic field 116 in the lower-distortion region 106 (or in the
trusted zone in subsequent iterations). The first measurement of the magnetic field 116 is
obtained in a manner similar to that described in relation to FIG. 1A. The second receiver
202 is configured to obtain a second measurement of the magnetic field 116 by the
distance R2. Generally, the location of the receiver 202 when the second measurement is
taken is in the higher-distortion region 108.

The computing device 110, based on the first measurement of the magnetic field
116 obtained by the first receiver 114, determines an ideal magnetic field (also called an
undistorted magnetic field) value for the position of the first receiver. The computing
device 110 determines what the ideal magnetic field should be at the position of receiver
202 based on the known distance R2. The position of the second receiver 202 is
determined based on the orientation of the first receiver 114.

The roles of the first and second receivers 114, 202 can alternate based on the
position of the tracked device 204. For example, if the second receiver 202 is within the
lower-distortion region 106 (or the trusted region), the second measurement of the
magnetic field 116 can be used as a basis for estimating the distortion of the magnetic
field at the position of the first receiver 114. For example, in a subsequent iteration, the
roles of the receivers 114, 202 can revert back to the original configuration if the first
receiver 114 is determined to be within the trusted zone and the second receiver 202 is
not within the trusted zone.

To obtain a greater increase in trusted region size, the first and second receivers
are generally radially aligned with the tracking device 102 when measurements of the
magnetic field 116 are obtained. This is because the magnetic field 116 distortion tends to

be greater as the value of R1 increases. However, this configuration is not necessary for
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functionality of the magnetic tracking system 200. The second receiver 202 can be
distance by R2 in any direction from the first receiver 114, and can be in a lower-
distortion region 106 or a higher-distortion region 108. The trusted region is expanded
when the first (or second) receiver is in the trusted region and the other receiver is outside
of the trusted region. If both the first and second receivers 114, 202 are outside of the
trusted region, the trusted region is generally not expanded. If both the first and second
receivers 114, 202 are inside the trusted region, the error map that is generated (e.g., as
described in relation to FIG. 1B) can be improved using updated measurements.

Once the two measurcments of the magnetic field 116 are obtained, the
computing device 110 can determine a distortion component of the magnetic field at
either the first or second receiver in a manner similar to that described in relation to FIG.
1A. For example, the ideal field, measured by the first receiver 114, is projected to the
determined position of the second receiver 202, and determines the difference between
the actual measured magnetic field 116 value and the ideal magnetic field at the position
of the second receiver 202. The error map is built in a manner similar to that which is
described in relation to FIG. 1A.

Once the distortion component of the magnetic field 116 has been mapped for the
location of one or both of the receivers 114, 202, the tracked device 204 can be moved
and the process repeated to expand the trusted region. For example, the tracked device
204 can be moved away from the tracking device 102 as shown by arrow 226. If one of
the two receivers 114, 202 remains in the trusted region (even the expanded trusted
region), the trusted region can again be expanded on the next iteration. For example, if
the distance R2 is 8 inches, the tracked device 204 can be moved up to 8 inches out of the
trusted zone, and the process repeated to expand the trusted zone by that amount.

Measurements of the magnetic field 116 by receivers 114, 202 need not be
simultaneous, but are generally close in time to one another. If the tracked device 204 is
stationary, a longer period of time can pass between measurements by the receivers 114,
202. If the magnetic field 116 is static, any amount of time may pass between
measurements by receivers 114, 202 when the tracked device 204 is stationary.

Other embodiments of the magnetic tracking systems 100, 200 are possible. For

example, tracked device 104, 204 can be moved back and forth in region near the
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boundary of the trusted zone until the position of the tracked device 104, 204 that is
determined by the computing device 110 does not change or changes less than a threshold
amount on subsequent iterations. Slight differences in position estimation can occur due
to the errors in trajectory calculation or due to errors in other estimations (e.g., of the
ideal magnetic field at for a position of the tracked device 104, 204). By repeating the
process in a region, the confidence of the error field map, and thus the model of the
distortions, can be increased.

To determine when prior measurements, which may be less reliable or unreliable
should be updated, the following processes can be used. Magnetic tracking systems
typically create a matrix of mutual inductances between the numerous sensor and emitter
coils. The emitter coil arrangement is commonly referred to as an emitter constellation.
The constellation is characterized during the manufacturing process by analysis or
mapping such that the field vector from each coil is known as a function of position
relative to that coil. For a perfect, error free sensor position relative to the emitter
constellation, each of the mutual inductance values in the matrix are exactly predictable
from the reported sensor position, though generally this is not the case. Depending on the
type of constellation used in a particular system, the receiver 114 position is commonly
computed by using a least squares algorithm, such as Levenberg-Marquardt, or from the
dipole algorithm. In either case, the measured mutual inductance matrix values generally
do not correspond exactly to the theoretical values at the best prediction of sensor
position. This error is generally referred to as a residual error and can be used as a
confidence indicator for the reliability of the position output. A higher residual error is
indicative of matrix values which do not fit the model and are thus likely distorted. Thus
the residual from these algorithms can be an indicator of position error in the solution
output. In the case of the magnetic tracking system 100, sensor position values which
possess a relatively lower residual can be selected as reference values for use in
correcting those with relatively higher residuals.

Additional receivers can be added to the tracked device 104, 202 to increase the
confidence of the distortion estimation for a particular measurement iteration. For
example, the tracked device 104 can include two receivers. For example, the tracked

device 104, 202 can include three, four, or more receivers at known distance s from one
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another. The processes described above for the tracked device 104 and the tracked
device 204 can be combined, and the trajectory reported by the IMU 112 and magnetic
field 116 measurements from multiple receivers can be used to estimate the distortion of
the magnetic field.

In an aspect, the lower-distortion region 106 can be a region that is displaced from
the emitter and not include a region near the emitter. For example, if an object 122 is near
the emitter, there may be a lower-distortion region 106 at a further distance from the
emitter than a higher-distortion region 108 nearer to the emitter of the tracking device
102.

The magnetic tracking system 100, 200 can be used to detect that distortion is
present in a region and report that the distortion is at a particular position and an
approximation of the distortion at that position relative to the tracking device 102. For
example, a user interface of the magnetic tracking system 100, 200 can inform the user
that distortion has been detected with an indicator.

In an aspect, the computing device 110 can at least partially use electromagnetic
pose data to determine the position of the tracked device 104, 204 in the trusted region
and the higher-distortion region 108 for correcting the distortion. For example, a Kalman
pose estimation can be used to determine the position of the receivers 114, 202.

In an example, the computing device 110 can combine the motion data and the
magnetic field 116 measurement(s) using a Kalman filter. For example, the motion data
and the magnetic field measurements data can be fused by a Kalman filter. For example,
the noisy signals from cach of the IMU and the magnetic receiver(s) can be fused by the
Kalman filter to improve the estimate of the position of the tracked device 104. However,
other such methods of position estimation can be performed using the data received by
the IMU 112 and the magnetic receiver(s) 114, 202.

FIG. 3 shows a flow diagram representing an example process 300 for
determining distortions in a magnetic field for tracking a device in the magnetic field. In
process 300, the magnetic tracking system (e.g., magnetic tracking system 100 or 200 of
FIGS. 1 and 2) is configured to correct the distortion for a magnetic field. The magnetic
tracking system is configured to measure (302) a first value of a magnetic field at a first

position in the magnetic field. As described in relation to FIGS. 1-2, a receiver 114 can
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record this measurement and transmit data representing the measurement to the
computing device. The magnetic tracking system is configured to measure (304) a second
value of the magnetic field at a second position in the magnetic field. As described in
relation to FIG. 1A, the tracked device (e.g., tracked device 104) is generally moved to a
different location and the receiver 114 obtains another measurement of the magnetic field
116 at the different location. As described above in relation to FIG. 2, a second receiver
202 can obtain a measurement of the magnetic field at a different position according to a
distance that is known.

The magnetic tracking system is configured to determine (306) a distance
between the first position and the second position. For tracked device 104, the distance is
determined by measuring the trajectory by the IMU 112. For tracked device 204, the
distance is known based on R2.

The magnetic tracking system is configured to estimate (308), based on each of
the distance, the first value, and the second value, a distortion component of the magnetic
field. The distortion values are estimated based on a generated error field map as
described in relation to FIG. 1A.

The magnetic tracking system is configured to output, based on the estimating, a
model of at least a region of the magnetic field. The model can include the error field
map, a model of the magnetic field itself, or a portion of one or both. In some
implementations, the model is used by the computing device 110 to correct a position
value of the tracked device, and the corrected position is actually output to a user
interface for various applications. For example, the output can include a graphical
representation of the tracked device in an environment or scene corresponding to the
actual, real-world environment or scene in which the magnetic tracking system is located.
For example, the output can include a textual report of coordinates of the tracked device.
Other such outputs are possible. The graphical representation can be output on a display,
such as a head-mounted display (HMD), a surgical terminal, etc.

FIG. 4 shows a flow diagram representing an example process 400 for
determining distortions in a magnetic field using the magnetic tracking system of FIG.
1A. The magnetic tracking system 100 is configured to receive (402) first magnetic data

representing a first position of a magnetic sensor. The magnetic tracking system 100 is
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configured to receive (402) second magnetic data representing a second position of a
magnetic sensor, the second position being in a relatively more distorted region of the
magnetic field than the first position. The magnetic tracking system 100 is configured to
receive (406) motion data representing motion of a magnetic sensor from the first
position to the second position. The magnetic tracking system 100 is configured to
determine (408) a distance between the first position and the second position based on the
motion data. The magnetic tracking system 100 is configured to determine (410) a
distortion component of the magnetic field. The magnetic tracking system 100 is
configured to output (412) a model of the magnetic field. Process 400 can be combined
with process 300 and with variations of the processes described in relation to FIGS. 1 and
2.

FIG. 5 shows a flow diagram representing an example process 500 for
determining distortions in a magnetic field using the magnetic tracking system of FIG. 2.
The magnetic tracking system 200 is configured to receive (502) first magnetic data
representing a first position of a first magnetic sensor. The magnetic tracking system 200
is configured to receive (504) second magnetic data representing a second position of a
second magnetic sensor, the second position being in a relatively more distorted region of
the magnetic field than the first position. The magnetic tracking system 200 is
configured to determine (506) the distance between the first magnetic sensor and the
second magnetic sensor. The magnetic tracking system 200 is configured to determine
(508) a distortion component of the magnetic ficld. The magnetic tracking system 200 is
configured to output (510) a model of the magnetic field. Process 500 can be combined
with process 300 and/or 400 and with variations of the processes described in relation to
FIGS. 1 and 2.

The magnetic tracking system 100 described can be implemented using software
included on a computer-readable medium for execution on a computer (e.g., the
computing device 110 of FIG. 1A). For example, the software may form procedures in
one or more computer programs that execute on one or more programmed or
programmable computer systems (which may be of various architectures).

FIG. 6 is a block diagram of an example computer system 600. The computing

device 110 of FIG. 1A may be an example of the computer system 600 described here.
26

CA 3076356 2020-03-20



10

15

20

25

30

The system 600 can include a processor 610, a memory 620, a storage device 630, and an
input/output device 640. Each of the components 610, 620, 630, and 640 can be
interconnected, for example, using a system bus 650. The processor 610 is capable of
processing instructions for execution within the system 600. The processor 610 can be a
single-threaded processor, a multi-threaded processor, or a quantum computer. The
processor 610 is capable of processing instructions stored in the memory 620 or on the
storage device 630. The processor 610 may execute operations such as causing the EMT
system 100 to determine the position and/or the orientation of tracked device 102.

The memory 620 stores information within the system 600. In some
implementations, the memory 620 is a computer-readable medium. The memory 620 can,
for example, be a volatile memory unit or a non-volatile memory unit.

The storage device 630 is capable of providing mass storage for the system 600.
In an aspect, the storage device 630 is a non-transitory computer-readable medium. The
storage device 630 can include, for example, a hard disk device, an optical disk device, a
solid-date drive, a flash drive, magnetic tape, or some other large capacity storage device.
The storage device 630 may alternatively be a cloud storage device, e.g., a logical storage
device including multiple physical storage devices distributed on a network and accessed
using a network. In some implementations, the information stored on the memory 620
can also or instead be stored on the storage device 630.

The input/output device 640 provides input/output operations for the system 600.
In some examples, the input/output device 640 includes one or more of network interface
devices (e.g., an Ethernet card), a serial communication device (e.g., an RS-232 10 port),
and/or a wireless interface device (e.g., a short-range wireless communication device, an
602.11 card, a 3G wireless modem, or a 4G wireless modem). Generally, the input/output
device 640 includes driver devices configured to receive input data and send output data
to other input/output devices, €.g., a keyboard, a printer, and display devices. In some
implementations, mobile computing devices, mobile communication devices, and other
devices are used.

The system 600 can include a microcontroller. A microcontroller is a device that

contains multiple elements of a computer system in a single electronics package. For
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example, the single electronics package could contain the processor 610, the memory
620, the storage device 630, and input/output devices 640.

Although an example computer system has been described in FIG. 6,
implementations of the subject matter and the functional operations described above can
be implemented in other types of digital electronic circuitry, or in computer software,
firmware, or hardware, including the structures disclosed in this specification and their
structural equivalents, or in combinations of one or more of them. Implementations of the
subject matter described in this specification can be implemented as one or more
computer program products, i.e., one or more modules of computer program instructions
encoded on a tangible program carrier, for example a computer-readable medium, for
exccution by, or to control the operation of, a processing system. The computer readable
medium can be a machine readable storage device, a machine readable storage substrate,
a memory device, a composition of matter effecting a machine readable propagated
signal, or a combination of one or more of them.

The term “computer system” may encompass all apparatus, devices, and machines
for processing data, including by way of example a programmable processor, a computer,
or multiple processors or computers. A processing system can include, in addition to
hardware, code that creates an execution environment for the computer program in
question, ¢.g., code that constitutes processor firmware, a protocol stack, a database
management system, an operating system, or a combination of one or more of them.

A computer program (also known as a program, software, software application,
script, executable logic, or code) can be written in any form of programming language,
including compiled or interpreted languages, or declarative or procedural languages, and
it can be deployed in any form, including as a standalone program or as a module,
component, subroutine, or other unit suitable for use in a computing environment. A
computer program does not necessarily correspond to a file in a file system. A program
can be stored in a portion of a file that holds other programs or data (e.g., one or more
scripts stored in a markup language document), in a single file dedicated to the program
in question, or in multiple coordinated files (e.g., files that store one or more modules,

sub programs, or portions of code). A computer program can be deployed to be executed
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on one computer or on multiple computers that are located at one site or distributed
across multiple sites and interconnected by a communication network.

Computer readable media suitable for storing computer program instructions and
data include all forms of non-volatile or volatile memory, media and memory devices,
including by way of example semiconductor memory devices, e.g., EPROM, EEPROM,
and flash memory devices; magnetic disks, e.g., internal hard disks or removable disks or
magnetic tapes; magneto optical disks; and CD-ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated in, special purpose
logic circuitry. The components of the system can be interconnected by any form or
medium of digital data communication, e.g., a communication network. Examples of
communication networks include a local area network (“LAN”) and a wide area network
(“WAN”), e.g., the Internet.

A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and
scope of the subject matter described herein. Other such embodiments are within the

scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method for modeling a magnetic field, the method comprising:

measuring, by a magnetic sensor, a first value for each of one or more
characteristics of a magnetic field at a first position in the magnetic field,

obtaining motion data representing movement of the magnetic sensor from the
first position to a second position;

measuring, by the magnetic sensor, a second value for each of the one or more
characteristics of the magnetic field at the second position in the magnetic field;

determining, by a computing device in communication with the magnetic sensor,
based on the motion data, the first value for each of one or more characteristics, and the
second value for each of the one or more characteristics, a distance between the first
position and the second position;

estimating a distortion component of the magnetic field at approximately the
second position in the magnetic field, by the computing device in communication with
the magnetic sensor based on each of the distance, the first value for each of the one or
more characteristics, and the second value for each of the one or more characteristics; and

outputting, from the computing device based on the estimating, a model of at least

a region of the magnetic field.

2. The method of claim 1, wherein the first value for each of the one or more
characteristics of the magnetic field is measured by a first magnetic sensor, wherein the
second value for each of the one or more characteristics of the magnetic field is measured

by a second magnetic sensor that is different from the first magnetic sensor.

3. The method of claim 2, wherein the first magnetic sensor and the second
magnetic sensor are connected and separated by an offset distance, and wherein the
distance between the first position and the second position in the magnetic field is

approximately equal to the offset distance.

4. The method of claim 1, wherein the first position is in a region of the magnetic
field having less distortion than another region of the magnetic field comprising the

second position.
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5. The method of claim 1, wherein estimating the distortion component
comprises:

retrieving a model of the magnetic field corresponding to the second position;

determining a third value of the one or more characteristics of the magnetic field
corresponding to an undistorted received magnetic field at the second position according
to the model; and

determining a difference between the third value for each of the one or more
characteristics of the magnetic field and the second value for each of the one or more
characteristics that are measured at the second position, the difference representing the

distortion component of the magnetic field.

6. The method of claim 1, wherein the one or more characteristics of the magnetic
field comprise a field strength of the magnetic field, the field strength based on a distance

of the magnetic sensor from a transmitter configured to generate the magnetic field.

7. The method of claim 1, wherein the first value for each of one or more
characteristics is measured in response to determining that the magnetic sensor is in a
region of the magnetic field having approximately no distortion or that the magnetic

sensor is in the region of the magnetic field having a known distortion.

8. The method of claim 7, further comprising expanding the region having the
known distortion of the magnetic field, wherein the first position comprises a position in
the magnetic field that is inside the region having the known distortion of the magnetic
field, and wherein the second position comprises a position in the magnetic field that is

outside the region having the known distortion of the magnetic field.

9. The method of claim 1, further comprising:

determining a corrected position of the magnetic sensor in the magnetic field
based on the model of at least the region of the magnetic field;

generating a graphical representation of the corrected position of the magnetic
sensor in the magnetic field; and

causing display of the graphical representation in a user interface.
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10. A magnetic tracking system comprising:
a source device configured to generate a magnetic field;
a tracked device comprising:
a magnetic sensor configured to measure the magnetic field and generate
magnetic data representing the magnetic field; and
an inertial measurement unit (IMU) configured to generate motion data
based on a motion of the IMU, the IMU being coupled to the magnetic sensor; and
a computing device comprising at least one processor, the computing device
configured to perform operations comprising:
receiving, from the magnetic sensor, first magnetic data representing a
first position of the magnetic sensor;
receiving, from the magnetic sensor, second magnetic data representing a
second position of the magnetic sensor, the second position being in a relatively more
distorted region of the magnetic field than the first position;
determining a distance between the first position and the second position
based on motion data received from the IMU representing motion of the magnetic sensor
from the first position to the second position;
determining, based on the distance, the first magnetic data, and the second
magnetic data, a distortion component of the magnetic field; and
outputting a model of the magnetic field based on the distortion

component.

11. The magnetic tracking system of claim 10, further comprising:

a transmitter is configured to generate the magnetic field, wherein the transmitter
is configured to generate a magnetic field comprising a plurality of axes using a plurality
of transmitter axes, and wherein the magnetic sensor is configured to measure the

magnetic field by measuring each of the transmitted axes of the magnetic field.

12. The magnetic tracking system of claim 10, wherein the motion data comprises
linear acceleration data and angular acceleration data, and wherein the IMU comprises

one or more accelerometers and one or more gyroscopes.
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13. The magnetic tracking system of claim 10, wherein estimating the distortion
component comprises:

retrieving a model of the magnetic field corresponding to the second position;

determining a value of the magnetic field corresponding to an undistorted
received magnetic field at the second position according to the model; and

determining a difference between the value of the magnetic field and a value of
the second magnetic data that is measured at the second position, the difference

representing the distortion component of the magnetic field.

14. The magnetic tracking system of claim 13, the operations further comprising:

determining a corrected position of the magnetic sensor in the magnetic field
based on the model the magnetic field,

generating a graphical representation of the corrected position of the magnetic
sensor in the magnetic field; and

causing display of the graphical representation in a user interface.

15. A magnetic tracking system comprising:
a source device configured to generate a magnetic field;
a tracked device comprising:

a first magnetic sensor configured to measure the magnetic field and
generate magnetic data representing the magnetic field at a first position relative to the
source device; and

a second magnetic sensor coupled to the first magnetic sensor at a
particular distance and configured to measure the magnetic field and generate magnetic
data representing the magnetic field at a second position relative to the source device and
at the particular distance from the first position; and

a computing device comprising at least one processor, the computing device
configured to perform operations comprising;:

receiving, from the first magnetic sensor, first magnetic data representing
the magnetic field at the first position;

receiving, from the second magnetic sensor, second magnetic data
representing the magnetic field at a second position, the second position being in a

relatively more distorted region of the magnetic field than the first position;
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determining, based on the particular distance, the first magnetic data, and
the second magnetic data, a distortion component the magnetic field; and
outputting a model of the magnetic field based on the distortion

component.

16. The magnetic tracking system of claim 15, wherein estimating the distortion
component comprises:

retrieving a model of the magnetic field corresponding to the second position;

determining a value of the magnetic field corresponding to an undistorted
received magnetic field at the second position according to the model; and

determining a difference between the value of the magnetic field and a value of
the second magnetic data that is measured at the second position, the difference

representing the distortion component of the magnetic field.

17. The magnetic tracking system of claim 15, the operations further comprising:

determining a corrected position of the second magnetic sensor in the magnetic
field based on the model the magnetic field;

generating a graphical representation of the corrected position of the second
magnetic sensor in the magnetic field; and

causing display of the graphical representation in a user interface.

18. A non-transitory computer readable medium storing instructions that are
executable by one or more processors configured to perform operations comprising:

obtaining, from a magnetic sensor, a first value for each of one or more
characteristics of a magnetic field at a first position in the magnetic field;

obtaining motion data representing movement of the magnetic sensor from the
first position to a second position;

obtaining, from the magnetic sensor, a second value for each of the one or more
characteristics of the magnetic field at the second position in the magnetic field;

determining, based on the motion data, the first value for each of one or more
characteristics, and the second value for each of the one or more characteristics, a

distance between the first position and the second position;
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estimating, based on each of the distance, the first value for each of the one or
more characteristics, and the second value for each of the one or more characteristics, a
distortion component of the magnetic field at approximately the second position in the
magnetic field; and

outputting, based on the estimating, a model of at least a region of the magnetic

field.

19. The non-transitory computer readable medium of claim 18, wherein the
motion data comprises linear acceleration data and angular acceleration data, and wherein

the IMU comprises one or more accelerometers and one or more gyroscopes.

20. The non-transitory computer readable medium of claim 19, further
comprising:

a first magnetic sensor configured to measure the first value for each of the one or
more characteristics of the magnetic field; and

a second magnetic sensor that is different from the first magnetic sensor, the
second magnetic sensor being configured to measure the second value for each of the one

or more characteristics of the magnetic field.

21. The non-transitory computer readable medium of claim 20, wherein the first
magnetic sensor and the second magnetic sensor are connected and separated by an offset
distance, and wherein the distance between the first position and the second position in

the magnetic field is approximately equal to the offset distance.
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Measure a first value of a magnetic field at
a first position in the magnetic field

302

Measure a second value of the magnetic
field at a second position in the magnetic

field
304

Determine a distance between the first
position and the second position

306

Estimate, based on each of the distance,
the first value, and the second value, a

distortion component of the magnetic field
308

Output, based on the estimating, a model of
at least a region of the magnetic field

310
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Receive first magnetic data representing a first position of a
magnetic sensor

I |

Receive second magnetic data representing a second position
of a magnetic sensor, the second position being in a relatively
more distorted region of the magnetic field than the first

position 404

02

Receive motion data representing motion of a magnetic
sensor from the first position to the second position

v

Determine a distance between the first position and the
second position based on the motion data

v

406

408

Determine a distortion component of the magnetic field

410

Output a model of the magnetic field

FIG. 4
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Receive first magnetic data representing a first position of a
first magnetic sensor
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Receive second magnetic data representing a second position
of a second magnetic sensor, the second position being in a
relatively more distorted region of the magnetic field than the
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Determine the distance between the first magnetic sensor and
the second magnetic sensor
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Determine a distortion component of the magnetic field
208
Output a model of the magnetic field
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