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PARTICLE FILTER BASED HEADING
CORRECTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/714,216, filed May 135, 2015, which claims

benefit under 35 U.S.C. § 119(e) of Provisional U.S. Patent
Application No. 62/100,460, filed Jan. 6, 2015, the contents
of each of which are incorporated herein by reference in
their entirety.

GOVERNMENT RIGHTS

This invention was made with government support under
W31P4Q-12-C-0043 awarded by the Defense Advanced
Research Projects Agency. The Government has certain
rights 1n the invention.

TECHNICAL FIELD

The disclosure relates generally, but not exclusively, to
the correction of location error when tracking a user of a

handheld device.
BACKGROUND

The biggest contribution to location error when tracking
with low quality sensors, such as those used in smartphones
and similar handheld devices, 1s typically due to errors 1n the
heading of the user being tracked. In a particle filter imple-
mentation, each particle represents a possible location solu-
tion with system state including, device location, orienta-
tion, and other sensor parameters depending on the system
being tracked and sensors being used. Constraints can be
applied to the particles 1n the particle filters used for location
determination that de-weight particles that are heading 1n a
direction that 1s different from that indicated by the received
sensor data or other inferred heuristic heading information.
The difficult part of defining constraints 1s determining how
tight to make them. Tight constraints around the indicated
heading are reasonable, if there 1s high confidence that the
indicated heading 1s correct.

When outside and away from a building (and other
magnetic disturbances) compass based heading constraints
are highly reliable and tight constraints can be applied to
obtain a good heading lock. FIG. 1 1illustrates a heading lock
obtained 1n a good magnetic field. The top histogram in FIG.
1 shows the heading distribution of the particles for a person
walking northwest towards a building with a path parallel to
the building edge. The distribution 1s tightly centered on the
true heading. The bottom of FIG. 1 shows the location
distribution of particles. The shading of the particles 1is
indicative of particle weight (higher weights toward the
middle and, lower weights toward the outside). Two of the
circles overlaying the particle distribution show 1) a location
and heading circle—a circle of fixed size centered on the
location estimate with a line to the perimeter indicating the
heading estimate, and 2) the circular error probability (CEP)
particle error—a circle containing 50% of the particles.

When 1n or around buildings or vehicles or other sources
of magnetic fields, however, compass based heading con-
straints are not as reliable and tight constraints are difhicult

to apply.
SUMMARY

In urban and suburban areas, in and around buildings or
vehicles, disturbances to the magnetic field can cause sig-
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nificant heading errors. Using information on expected
magnetic magnitude and inclination as well as data from
inertial sensors, confidence on the reliability of the magnetic
heading on a measurement by measurement basis may be
provided. Using this information, a compass may be
restricted to remove 1incorrect heading data. Applying
restrictions too strictly can lead to providing no heading
information indoors or around buildings. In order to get
some amount of information 1n places with many magnetic
disturbances, a variable method 1s described herein that will
provide strict corrections when highly reliable heading
information 1s consistently available and apply weaker cor-
rections upon receiving isolated points of decent quality.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a PRIOR ART diagram of a heading lock

determined for a portable device outside of a building based
on a good magnetic field.

FIG. 2 1s an illustration of two examples of headings
betore and after correction in accordance with an embodi-
ment.

FIG. 3 1s an 1illustration of two examples of particle

distribution for headings before and after correction 1in
accordance with an embodiment.

FIGS. 4A, 4B and 4C are 1llustrations of headings with
indoor and outdoor building constraints applied during day-
light 1n accordance with an embodiment.

FIGS. 5A, 5B and 5C are 1llustrations of headings with
indoor and outdoor building constraints applied during eve-
ning 1n accordance with an embodiment.

FIGS. 6A, 6B and 6C are 1llustrations of headings when
approaching and entering a building.

FIG. 7 1s an illustration of grid axis for different buildings.

FIGS. 8 A and 8B are illustrations of the headings of FIGS.
4B and 4C with grid polarization added 1n accordance with
an embodiment.

FIGS. 9A and 9B are illustrations of the headings of FIGS.
5B and 5C with grid polarization added 1n accordance with
an embodiment.

FIG. 10 1s an illustration of an exemplary block diagram
representing a general purpose computer system 1n which
aspects of the methods and systems disclosed herein or
portions thereol may be incorporated.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIG. 2 1llustrates the particle location distribution (top of
cach example) and particle heading distribution (bottom of
cach example), just betfore (left example) and just after (right
example) a weak heading correction 1s performed in accor-
dance with an embodiment as described herein. The two
circles overlaying each of the particle distributions show 1)
a location and heading circle—a circle of fixed size centered
on the location estimate with a line to the perimeter indi-
cating the heading estimate, and 2) the circular error prob-
ability (CEP) particle error—a circle containing 50% of the
particles.

In FIG. 2, the tracked person 1s near a building and the
heading estimate show in the example on the lett 1s incorrect
due to poor global position system (GPS) data. The appli-
cation of a weak heading correction 1s able to improve both
the particle heading distribution and particle location distri-
bution relative to ground truth, as illustrated 1n the example
on the right.
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In the FIG. 3, the tracked person has received only weak
network constraints providing weak location information
and minimal information on the heading (1.e., note the
heading distribution 1n the example on the left 1s almost
uniform [0,360]). Application of a weak heading correction >
in the example on the right 1s able to improve both the
heading and particle location distribution.

The methods described herein are able to improve the
ability to obtain a heading lock close to a building or other
magnetic field sources without getting erroneous heading 10
constraints, although the lock 1s not as tight as one that can
be obtained away from magnetic disturbances.

Obtaiming heading locks indoors or close to magnetic
disturbances from a compass 1s often not possible because of
the many compass disturbances that exist in such environ- 19
ments. As such, automated methods described herein have
been developed to help remove heading errors from the
system using other information. If a bulding outline 1s
available, the outline information can be used to improve the
estimate of the device location and heading by decreasing 2Y
the weighting of particles which don’t “make sense” given
other computed information based on the outline. Two
embodiments of weighting particles to improve heading are
described herein.

Indoor/Outdoor Based Constraints 25

One embodiment 1s based on computing the probability
that the device 1s 1ndoors. Based on a confidence that the
device 1s indoors, the probability of particles falling outside
of the building outline may be decreased and vice versa. This
weilghting can improve both location and heading lock. 30

The weighting 1s 1implemented by multiplying particle
weight by an indoor/outdoor factor depending on particle
location. The factor computation 1s based on five sensor
based nputs:

1) GPS SNR (signal to noise ratio), e.g., SNR is lower 33

indoors,

2) GPS satellite elevation, e.g., the elevation angles of the
satellites near the horizon would be indicative of being
indoors, whereas more overhead satellites would be
indicative of being outdoors, 40

3) Light, e.g., the intensity and other characteristics of
light changes indoors,

4) Magnetic field variance, e.g. the variance over distance
traveled 1s higher indoors, and

5) Cell phone signal levels, e.g., signal levels are gener- 4>
ally lower indoors.

Each of the mputs provides a score 1n the interval [-1,1]
where -1 indicates that device 1s i1nside, +1 indicates the
device 1s outside and O indicates ambivalence with respect to
the given sensor data. Thresholds used are learned over time >Y
for each building based on the measured data for a particular
building. Threshold adaptation 1s needed, for example, with
cell signal levels because some buildings have good cell

coverage and others have none so there 1s no universal
threshold that will work. 23

TABLE 1

Building Constraint Daylight

inFactor: 1.000000 Re
outlactor: 0.510000
lightSource: —-1.000000
magsSource: —1.000000
elvScore: 0.000000
snrsource: 0.000000
cellSource: 0.000000 65

4

Table 1 shows some sample building constraint informa-
tion from an example test. Both light and magnetic sensor
data indicate strongly that the test subject 1s indoors,
whereas, the cell and GPS based scores are 0 providing no
information. In the test, for GPS, a mimimum set of satellite
information was required 1n the tracking session to confirm
that GPS was on and working properly and no GPS 1nfor-
mation was available. In the test, for cell phone signals,
because the test was started indoors and no a priori learned
cell thresholds for the building were stored, insuilicient
information was available to make a determination. Based
on only the light and magnetic sensor information, the
weight on outdoor particles could be decreased by 0.51
making it twice as likely that the person was i1ndoors.

FIGS. 4A, 4B and 4C show a series of images from the
same example test. In the test, the subject starts indoors by
checking-in (FIG. 4A). At the check-1n there 1s no heading
information; note the nearly uniform distribution of particle
headings. Figures FIGS. 4B and 4C show that by simply
walking down the hall once (without any compass con-
straints) 1t may be possible to refine the test subject’s
heading as the particles outside were de-weighted.

TABLE 2

Building Constraint Evening

inFactor: 1.000000
outlactor: 0.843333
lightSource: 0.000000
magSource: —1.000000
elvScore: 0.000000
snrsource: 0.000000
cellSource: 0.000000

FIGS. SA, 5B and 5C show a similar series of images
from a test subject walking the same course, however, the
test 1s taken 1n the evening. Again, the test subject starts
indoors by checking-in (FIG. 5A) and again, at the check-1n
there 1s no heading information. Because of the time of day,
the light sensor also provides no information, so the in and
out factors are based solely on the magnetic sensor infor-
mation. In this case, as shown in Table 2, the weight on
outdoor particles was decreased by only 0.84, making it only
slightly more likely that the person was indoors. Because

de-weighting 1s less significant in this test, by the time the
test subject has walked the length of the building (FIG. 5B),
~35 m, not much information on heading was obtained. As
the subject walks further (FIG. 5C), a decent heading lock
could be obtained.

The above embodiment may be further improved, 1.e.,
provide faster and tighter heading locks 1n buildings, by
using building grid information as further described below.

The 1indoor/outdoor weighting can also help improve
tracking performance when approaching and entering a
building. FIGS. 6A, 6B and 6C show an example test where
the subject starts outside away from the building (FIG. 6A)
and then approaches (FIG. 6B) and enters the building (FIG.
6C). In the test, because sensor data indicates that 1t 1s likely
that the subject being tracked i1s outdoors, the weight on
indoor particles 1s decreased by 0.54, making 1t twice as
likely that the person 1s outdoors. As the test subject enters
the building, and sensor data indicates that the subject 1s
indoors, the weight on outdoor particles 1s decreased by 0.25
making 1t four times as likely that the person 1s indoors
(Table 3). This has noticeable eflect of concentrating par-
ticles and thus improving location and heading confidence.
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TABLE 3

Building Constraint on Transition

Outdoor Indoor
inFactor: 0.535782 nFactor: 1.000000
outlractor: 1.000000  outFactor: 0.251012
lightSource: -0.077347  lightSource: —-1.000000
magsource: 1.000000  magSource: —0.553927
elvScore: 1.000000  elvScore: —1.000000
snryource: 1.000000  snrSource: —1.000000
cellSource: 0.000000  cellSource: 0.000000

Indoor/Outdoor Implementation

As discussed above, the purpose of the indoor/outdoor
detector 1s to help correct device location and heading based
on known information about the outlines of buildings in the
area. The algorithms use a combination of sensor data to
make a decision of whether a tracked device 1s indoors or
outdoors, coupled with a confidence level. This information
1s passed to a Navigation Engine, which weights candidate
location and heading solutions based on their agreement
with the indoor/outdoor detector. The result i1s a narrowed
solution space, which helps the particle filter to converge. In
the sections below, details are provided on how the scores
are generated from the sensor data.
Indoor/Outdoor Raw Sensor Scores

In an embodiment, an IndoorOutdoorManager class
implemented in JAVA code 1s employed to monitor sensors
associated with the tracked device and to compute one or

more 1mdoor/outdoor scores for each sensor. The IndoorOut-
doorManager also monitors the device’s travel distance 1n
order to determine spatial variation of data, for example
when computing the Magnetic Score (as further described
below). Upon receiving information that the device’s posi-
tion has changed, the IndoorOutdoorManager transmits a
message containing the computed sensor scores. These raw
scores are further processed as described below.

Light Score

During daylight hours, the tracked device’s, such as an
Android device, light sensor may be a good indicator for
whether the device 1s indoor/outdoor, as light intensity and
the type of light can change significantly when the device 1s
moving from outdoors to indoors, and vice versa, and the
device’s light sensor readings tend to be significantly higher
when the device 1s outside during the day. At night, light
readings tend to be higher indoors, although depending on
outdoor lighting in the area the difference may not be as
significant.

To handle light variation over the day, algorithms may be
modified to account for the time at which sensors are being
read relative to sunset/sunrise information for the device’s
location. For example, sunset/sunrise times for specific
locations can be found online. In an embodiment, the light
sensor was enabled with some threshold time after sunrise
and disabled at some threshold time before sunset.

Additionally, on certain types of devices, such as smart
phones, a proximity sensor may be used to determine
whether the light sensor 1s covered 1n some way, such as
when the device 1s placed 1n a pocket, bag or purse. Under
such circumstances, the light sensor may be disabled when-
ever the proximity sensor 1s activated, since this indicates
that the light sensor may be obstructed.

In an embodiment, a higher Light Score may represent a
higher probability of being outside, while a Light Score of
—1.0 may mean that the light sensor 1s disabled, such that the
Light Score 1s not to be used.
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6

Magnetic Score

As the tracked device moves indoors, the magnetometer
reading will likely be influenced by magnetic anomalies and
by the metal frame of the building. This causes fluctuations
in the magnetic field readings, which increases the variance
of the field magnitude. In an embodiment, the variance of the
magnitude of the magnetic field may be monitored over
distance as the device moves. To determine the distance
traveled, X and Y location values may be computed by the
navigation engine. The X and Y location may be based on,
for example, pedometer, wheel counter, inertial integration,
image data, or other methods of tracking motion. A running
count of the variance of the magnetometer readings may be
kept and this variance may be scaled by the inverse of the
distance traveled over the time interval. A dynamic bufler
may be used to track the total variance over, for example, the
last 10 meters traveled. Higher scores may therefore indicate
that the device 1s more likely indoors. A score of —1.0 may
mean that the 10 meter bufler has not yet been filled, such
that the Magnetic Score cannot be used.

GPS FElevation Score

Two scores based on GPS availability may also be con-
sidered. The first GPS score may be based on the average
clevation of satellites that have a good signal-to-noise ratio
(SNR). When the device 1s outside, the GPS receiver may be
able to get a fairly good signal from satellites with a higher
clevation (directly overhead). As the device transitions
inside, the signal from higher elevation satellites tends to
degrade quickly, while lower elevation satellite signals per-
sist. The GPS Elevation Score (Elvation (Elv) Score) 1s also
on a scale from 0.0 to 1.0, with higher numbers correspond-
ing to a higher outdoor probability. A score of —1.0 means
that there are not enough visible satellites to get a mean-
ingtul elevation ratio.

GPS SNR Score

The second GPS score may be based solely on the SNR
of visible satellites. If the average SNR 1s high, the device
1s more likely to be outside. This score follows the same
scale as the GPS Elevation Score of 0.0 to 1.0, with higher
numbers indicating a high outdoor probability. Again, —1.0
means that there are not enough visible satellites to get a
meaningiul ratio.

Cell Score

The recerved signal strength indication (RSSI) for a
cellular phone device tends to decrease when the tracked
device 1s indoors. However, the absolute signal level varies
greatly between different phone models, carriers, and envi-
ronments. If cell signal strength maps were available by
carrier and potentially also by phone model, that data may
be utilized. Since such maps are not always available, a
dynamic threshold based on the signal availability, as
described below, may be used instead. The Cell Score
follows a scaled score from 0.0 to 1.0, indicating the cell
signal strength. A score of —1.0 means the signal strength 1s
unavailable.

The Cell Score may not be available for use for indoor/
outdoor determination until suflicient RSSI samples, for
example 20, have been collected 1n both an indoor and an
outdoor environment in a current tracking session. In such as
case, the cell RSSI of the previous 20 “Indoor™ classifica-
tions for the current session and the previous 20 “Outdoor”
classifications for the current session may be stored. As
average ol each of these buflers may be stored for use as
thresholds for the Cell Score. For example, 11 the current cell
RSSI 1s higher than the average RSSI for the last 20
“Outdoor” points, the device 1s likely outdoors. Inversely, 1f
the current RSSI 1s lower than the average of the last 20



US 10,088,313 B2

7

“Indoor” points, the device 1s likely indoors. Because of the
dynamic scoring, the thresholds may adjusted 11 the device
enters a building that has good cell reception.

Higher Level Navigation Processing

The IndoorOutdoorManager collects the indoor/outdoor
scores for each category described above and aggregates
them. The scores are first normalized and thresholded indi-
vidually as follows:

—1.0 corresponds to high indoor probability

+1.0 corresponds to high outdoor probabaility

0.0 means the score 1s uncertain or unavailable.

A weighted average of the scores may then be computed
to determine the final indoor/outdoor decision. The result
may be averaged over a few seconds to help account for
random variations in the scores. If the average 1s signifi-
cantly positive or negative a Building Constraint may be
applied.

The Building Constraint may have two parameters: an
inFactor and an outFactor. As 1llustrated 1n the tables above,
one of these factors will always be 1.0, and the other factor
will be less than 1.0:

If the inFactor 1s 1.0, the decision i1s that the device 1s
Indoors. Accordingly, all particles that ARE NOT
within a building outline may have their weight mul-
tiplied by the outFactor. A smaller outFactor corre-
sponds to a higher indoor confidence.

If the outFactor 1s 1.0, the decision 1s that the device 1s
Outdoors. Accordingly, all particles that ARE within a
building outline may have their weight multiplied by
the inFactor. A smaller inFactor corresponds to a higher
outdoor confidence.

Building Gnid

In an embodiment, by relying only on building outline
information, a determination may be made regarding the
most probable building grid directions. A majority of build-
ings are rectangular in shape, so they tend to have two
perpendicular grid directions. More oddly shaped buldings
may have most probable grnid directions that change as a
function of location. FIG. 7 shows some example building
outline shapes with the major grid lines denoted by overlays.
Secondary, perpendicular grid lines are not shown. In some
sections of the irregularly shaped buildings there may be two
possible grids with different probabilities. The grid lines are
sized to show the probability of each grid. Notice that in
irregular buildings, the probability of a gnd direction
decreases with distance from a wall.

When a tracked device 1s moving 1n a straight path of
significant length (what 1s “significant” will depend on
building dimensions), the probability that the tracked device
1s moving along one of the grid directions should increase as
a function of path length.

Accordingly, a mechamism 1s disclosed for automatically
computing the most probable building grid directions and
increasing the probability (weight) of particles with heading
along the computed grid directions. Grid prioritization, the
increased weighting of particles along the grid, may improve

the heading lock result and produce a tighter lock.
FIGS. 8A, 8B, 9A and 9B illustrate the headings for the

two 1ndoor test paths of FIGS. 4B and 4C and FIGS. 5B and
5C, respectively, in day and might conditions, when the
particles are weighted based on grid prioritization. The
heading results 1n daylight conditions without grid correc-
tion are shown 1n FIGS. 4B and 4C and with grid correction
in FIGS. 8A and 8B. The heading results in evening condi-
tions without grid correction are shown in FIGS. 5B and 5C

and with grid correction 1n FIGS. 9A and 9B.
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The top histograms 1n each of FIGS. 4B, 4C, 5B, 5C, 8A,
8B, 9A and 9B show the heading distribution of the particles.
The bottom 1llustration shows the location distribution of
particles. The shading of the particles 1s indicative of particle
weight (higher weights tend to be lighter shades closer to the
inside of the circles and lower weights tend to be darker
shades outside of the circles). The two circles overlaying the
particle distribution show 1) a location and heading
circle—a circle of fixed size centered on the location esti-
mate with a line to the perimeter indicating the heading
estimate, and 2) the CEP particle error—a circle containing
50% of the particles.

In the first test (FIGS. 4A, 4B and 4C without gnd
correction and FIGS. 8A and 8B with grid correction added),
the subject starts indoors by checking-in (FIG. 4A). At the
check-in there 1s no heading information as noted by the
nearly uniform distribution of particle headings. FIGS. 4B
and 4C show that by simply walking down the hall once
(without any compass constraints), it was possible to refine
the test subject’s heading as the particles outside are de-
weilghted and FIGS. 8A and 8B show that headings may be
further refined as the particles that do not lie along the grid
are de-weighted as the path length increases.

In the second test (FIGS. 5A, 5B and 5C without gnd
correction and FIGS. 9A and 9B with grid correction added),
a similar series of 1mages are show as the test subject
checks-1n and walks a similar course in the evening, when
indoor/outdoor 1ndicators are less certain. Again, the test
subject starts indoors by checking-in (FIG. 5A) and again, at
the check-1n there 1s no heading information. Because of the
time of day, the light sensor provides no information and,
recall, because GPS information 1s not being used, the in and
out factors are based solely on the magnetic sensor infor-
mation. In this case, the weighting on outdoor particles may
be decreased by only 0.84 making it only slightly more
likely that the tracked device 1s indoors. Because de-weight-
ing 1s less significant, by the time the test subject has walked
the length of the building (FIG. 9A), ~35 m, not much
information on heading was obtained. However, when using
grid correction, 1t 1s possible to obtain a good heading lock
after simply walking down the hall once. As the subject
walks further, a decent heading lock 1s obtained even with-
out grid correction, as 1illustrated by FIGS. 5C and 9B.

The present disclosure describes particular embodiments
and their detailed construction and operation. The embodi-
ments described herein are set forth by way of illustration
only and not limitation. Those skilled 1n the art will recog-
nize, in light of the teachings herein, that there may be a
range of equivalents to the exemplary embodiments
described herein. Most notably, other embodiments are
possible, variations can be made to the embodiments
described herein, and there may be equivalents to the
components, parts, or steps that make up the described
embodiments. For the sake of clarity and conciseness,
certain aspects of components or steps of certain embodi-
ments are presented without undue detail where such detail
would be apparent to those skilled in the art in light of the
teachings herein and/or where such detail would obfuscate
an understanding of more pertinent aspects of the embodi-
ments.

The techniques described above can be implemented on a
computing device associated with a user (e.g., gyroscope
and accelerometer sensors implemented on a device worn or
carried by the user), a plurality of computing devices asso-
ciated with a plurality of users, a server in communication
with the computing device(s) (e.g., a server configured to
calibrate the gyroscope and accelerometer sensors of the
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device worn or carried by the user), or a plurality of servers
in communication with the computing device(s). Addition-
ally, the techniques may be distributed between the com-
puting device(s) and the server(s). For example, the com-
puting device may collect and transmit raw data to the server
that, in turn, process the raw data to improve heading
estimation. FIG. 10 1llustrates an exemplary block diagram
of a computing system that includes hardware modules,
software module, and a combination thereof and that can be
implemented as the computing device and/or as the server.

In a basic configuration, the computing system may
include at least a processor, a system memory, a storage
device, mput/output peripherals, communication peripher-
als, and an 1nterface bus. Instructions stored 1n the memory
may be executed by the processor to perform a variety of
methods and operations, including the indoor/outdoor detec-
tor or indoor/outdoor manager and the navigation engine as
described above. The computing system components may be
present 1n the device worn or carried by the user, in a server
or other component of a network, or distributed between
some combination of such devices.

The interface bus 1s configured to communicate, transmut,
and transfer data, controls, and commands between the

various components of the electronic device. The system
memory and the storage device comprise computer readable
storage media, such as RAM, ROM, EEPROM, hard-drives,
CD-ROMs, optical storage devices, magnetic storage
devices, flash memory, and other tangible storage media.
Any of such computer readable storage medium can be
configured to store instructions or program codes embody-
ing aspects of the disclosure. Additionally, the system
memory comprises an operation system and applications.
The processor 1s configured to execute the stored instruc-
tions and can comprise, for example, a logical processing
unit, a microprocessor, a digital signal processor, and the
like.

The system memory and the storage device may also
comprise computer readable signal media. A computer read-
able signal medium may include a propagated data signal
with computer readable program code embodied therein.
Such a propagated signal may take any of variety of forms
including, but not limited to, electro-magnetic, optical, or
any combination thereof. A computer readable signal
medium may be any computer readable medium that 1s not
a computer readable storage medium and that can commu-
nicate, propagate, or transport a program for use in connec-
tion with the computing system.

Further, the mput and output peripherals include user
interfaces such as a keyboard, screen, microphone, speaker,
other input/output devices, and computing components such
as digital-to-analog and analog-to-digital converters, graphi-
cal processing units, serial ports, parallel ports, and univer-
sal serial bus. The input/output peripherals may also include
a variety of sensors, such as light, proximity, GPS, magnetic
field, altitude, velocity/acceleration. RSSI, and distance sen-
sors, as well as other types of sensors. The input/output
peripherals may be connected to the processor through any
of the ports coupled to the interface bus.

The user interfaces can be configured to allow a user of
the computing system to interact with the computing system.
For example, the computing system may include instruc-
tions that, when executed, cause the computing system to
generate a user interface and carry out other methods and
operations that the user can use to provide input to the
computing system and to receive an output from the com-
puting system.
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This user interface may be 1n the form of a graphical user
interface that 1s rendered at the screen and that 1s coupled
with audio transmitted on the speaker and microphone and
input received at the keyboard. In an embodiment, the user
interface can be locally generated at the computing system.
In another embodiment, the user interface may be hosted on
a remote computing system and rendered at the computing
system. For example, the server may generate the user
interface and may transmit information related thereto to the
computing device that, in turn, renders the user interface to
the user. The computing device may, for example, execute a
browser or an application that exposes an application pro-

gram 1ntertace (API) at the server to access the user interface
hosted on the server.

Finally, the communication peripherals of the computing
system are configured to facilitate communication between
the computing system and other computing systems (e.g.,
between the computing device and the server) over a com-
munications network. The communication peripherals
include, for example, a network interface controller, modem,
various modulators/demodulators and encoders/decoders,
wireless and wired interface cards, antenna, and the like.

The communication network includes a network of any
type that 1s suitable for providing communications between
the computing device and the server and may comprise a
combination of discrete networks which may use different
technologies. For example, the communications network
includes a cellular network, a WiFi/broadband network, a
local area network (LAN), a wide area network (WAN), a
telephony network, a fiber-optic network, or combinations
thereof. In an example embodiment, the communication
network includes the Internet and any networks adapted to
communicate with the Internet. The communications net-
work may be also configured as a means for transmitting
data between the computing device and the server.

The techniques described above may be embodied 1n, and
fully or partially automated by, code modules executed by
one or more computers or computer processors. The code
modules may be stored on any type of non-transitory com-
puter-readable medium or computer storage device, such as
hard drives, solid state memory, optical disc, and/or the like.
The processes and algorithms may be implemented partially
or wholly 1n application-specific circuitry. The results of the
disclosed processes and process steps may be stored, per-
sistently or otherwise, 1n any type of non-transitory com-
puter storage such as, e.g., volatile or non-volatile storage.

As previously noted, the various features and processes
described above may be used independently of one another,
or may be combined 1n various ways. All possible combi-
nations and sub-combinations are intended to fall within the
scope of this disclosure. In addition, certain method or
process blocks may be omitted 1n some 1implementations.
The methods and processes described herein are also not
limited to any particular sequence, and the blocks or states
relating thereto can be performed in other sequences that are
appropriate. For example, described blocks or states may be
performed 1n an order other than that specifically disclosed,
or multiple blocks or states may be combined 1n a single
block or state. The example blocks or states may be per-
formed 1n serial, 1n parallel, or 1n some other manner. Blocks
or states may be added to or removed from the disclosed
example embodiments. The example systems and compo-
nents described herein may be configured differently than
described. For example, elements may be added to, removed
from, or rearranged compared to the disclosed example
embodiments.
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Conditional language used herein, such as, among others,
can,” “could,” “might,” “may,” “e.g.,” and the like, unless
specifically stated otherwise, or otherwise understood within
the context as used, 1s generally intended to convey that
certain embodiments include, while other embodiments do
not include, certain features, elements, and/or steps. Thus,
such conditional language 1s not generally intended to imply
that features, elements and/or steps are in any way required
for one or more embodiments or that one or more embodi-
ments necessarily include logic for deciding, with or without
author mput or prompting, whether these features, elements
and/or steps are included or are to be performed in any
particular embodiment. The terms “comprising,” “includ-
ing,” “having,” and the like are synonymous and are used
inclusively, 1n an open-ended fashion, and do not exclude
additional elements, features, acts, operations, and so forth.
Also, the term “or” 1s used 1n 1ts 1inclusive sense (and not in
its exclusive sense) so that when used, for example, to
connect a list of elements, the term “or” means one, some,
or all of the elements 1n the list.

The terms and descriptions used above are set forth by
way of 1llustration only and are not meant as limitations.
Those skilled 1n the art will recognize that those and many
other variations, enhancements and modifications of the
concepts described herein are possible without departing
from the underlying principles of the invention. The scope of
the invention should therefore be determined only by the

following claims and their equivalents.

(44

What 1s claimed:

1. A computer-implemented method for correcting a head-
ing of a tracked device, comprising;

receiving sensor data from one or more sensors associated

with the tracked device, the sensor data representing an
observation of the tracked device’s heading and loca-
tion;

generating a particle distribution from the sensor data,

wherein each particle 1n the particle distribution repre-
sents a possible location and heading of the tracked
device;

applying a particle filter to the particle distribution to

reduce noise associated with building structure and
other sources of magnetic fields, comprising:
determining, based on the filtered particle distribution,
a tracked device heading and a tracked device loca-
tion, the tracked device location being 1n or 1n close
proximity to a building having an associated build-
ing outline and a plurality of grid directions indicated
within the building outline
welghting one or more particles 1n the filtered particle
distribution based on a heading confidence determi-
nation comprising:
determining a probable building grid direction; and
increasing a weight of a particle associated with the
tracked device heading when a heading for the
particle 1s along the probable grid direction; and
updating the tracked device location and the tracked
device heading based on the weighted particles.

2. The method of claim 1, wherein the sensor data further
comprises one or more of compass data, magnetic sensor
data, location data, gyroscope sensor data, and inertial
sensor data.

3. The method of claim 2, wherein the heading confidence
1s further based on a magnetic sensor confidence.

4. The method of claim 3, wherein the magnetic sensor
confidence 1s based on one or more of expected magnitude,
inclination, and data from at least one additional sensor.

12

5. The method of claim 3, wherein the magnetic sensor
confidence 1s increased when the magnetic sensor receives
consistently high reliability heading information and
decreased when the magnetic sensor receives inconsistent

5 heading information.
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6. The method of claim 1, wherein the probable building
grid direction varies as a function of the tracked device
location.

7. The method of claim 1, wherein the probable building
grid direction decreases with a distance the tracked device
location 1s from a wall associated with the building outline.

8. The method of claim 1, wherein the weight of particles
increase as a function of time that the particles move along
the probable building grid direction.

9. The method of claim 1, wherein the weight of a particle
1s affected by a location of the particle inside or outside of
the building outline.

10. A computing system for correcting a heading of a
tracked device, comprising;

a Processor;

a memory communicatively coupled to the processor, the
memory bearing instructions that, when executed on
the processor, cause the computing system to at least:
receive sensor data from one or more sensors associ-

ated with the tracked device, the sensor data repre-
senting an observation of the tracked device’s head-
ing and location;
generate a particle distribution from the sensor data,
wherein each particle in the particle distribution
represents a possible location and heading of the
tracked device;
apply a particle filter to the particle distribution to
reduce noise associated with building structure and
other sources of magnetic fields, by further causing
the computing system to at least:
determine, based on the filtered particle distribution,
a tracked device heading and a tracked device
location, the tracked device location being 1n or 1n
close proximity to a building having an associated
building outline and a plurality of grid directions
indicated within the building outline; and
weight one or more particles 1n the filtered particle
distribution based on a heading confidence deter-
mination comprising;
determining a probable building grid direction;
and
increasing a weight of a particle associated with
the tracked device heading when a heading for
the particle 1s along the probable grid direction;
and

update the tracked device location and the tracked device
heading based on the weighted particles.

11. The computing system of claim 10, wherein the sensor
data further comprises at least one of compass data, mag-
netic sensor data, location data, gyroscope sensor data, and
inertial sensor data.

12. The computing system of claim 11, wherein the
heading confidence 1s further based on a magnetic sensor
confidence.

13. The computing system of claim 12, wherein the
magnetic sensor confidence 1s increased when the magnetic
sensor receives consistently high reliability heading infor-
mation and decreased when the magnetic sensor receives
inconsistent heading information.

14. The computing system of claim 10, wherein the
probable building grid direction varies as a function of the
tracked device location.
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15. The computing system of claim 10, wherein the
probable building grid direction decreases with a distance
the tracked device location 1s from a wall associated with the
building outline.

16. The computing system of claim 10, wherein the
weight of particles increase as a function of time that
particles move along the probable building grid direction.

17. The computing system of claim 10, wherein the
particles located outside of the building outline receive a
lower weight than the particles located inside the building
outline.

18. A non-transitory computer readable storage medium
comprising instructions that, when executed on a computing
system of a tracked device, cause the computing system to
at least:

receive sensor data from one or more sensors associated

with the tracked device, the sensor data representing an
observation of the tracked device’s heading and loca-
tion;

generate a particle distribution from the sensor data,

wherein each particle in the particle distribution repre-
sents a possible location and heading of the tracked
device;

apply a particle filter to the particle distribution to reduce

noise associated with building structure and other
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sources of magnetic fields, by further causing the
computing system to at least:
determine, based on the filtered particle distribution, a
tracked device heading and a tracked device loca-
tion, the tracked device location being 1n or 1n close
proximity to a building having an associated build-
ing outline and a plurality of grid directions indicated
within the building outline; and
weight one or more particles 1n the filtered particle
distribution based on a heading confidence determi-
nation comprising;:
determining a probable building grid direction; and
increasing a weight of a particle associated with the
tracked device heading when a heading for the
particle 1s along the probable grid direction; and
update the tracked device location and the tracked device
heading based on the weighted particles.
19. The non-transitory computer readable storage medium
of claim 18, wherein the weight of particles increase as a

function of time that particles move along the probable

Y building grid direction.

20. The non-transitory computer readable storage medium
of claim 18, wherein the particles located outside of the
building outline receive a lower weight than the particles
located inside the building outline.
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