
Anavigation system that tracks the loca-
tion of a person on foot is useful for find-

ing and rescuing firefighters or other emergency first
responders, or for location-aware computing, person-
al navigation assistance, mobile 3D audio, and mixed
or augmented reality applications. One of the main
obstacles to the real-world deployment of location-sen-
sitive wearable computing, including mixed reality
(MR), is that current position-tracking technologies
require an instrumented, marked, or premapped envi-
ronment. Installing markers or instrumentation in
advance is impractical for many mobile applications,
and the hunt is on for a tracking method that will work

reliably without preparation in any
indoor or outdoor setting. Comput-
er vision is the leading contender,
but enormous challenges remain to
developing a robust vision-based
tracker for general-purpose use. 

A practical solution to orienta-
tion-only tracking is to use inertial
sensors such as microelectro-
mechanical systems (MEMS) gyro-
scopes with drift correction per-
formed by referencing the earth’s
gravity for pitch and roll and the
geomagnetic field for heading.1 The
self-contained sensors work in arbi-
trary unprepared indoor and out-
door environments. Unfortunately,
no equally general solution exists for

position tracking or localization, which MR systems
require for registration. Until now, outdoor position
tracking has had to rely on GPS or other radio-
navigation aids. Developers have suggested various
acoustic, optical, or radio frequency (RF) localization
systems for indoors, but all require installation of some 
infrastructure.

At InterSense, we’ve developed a system called
NavShoe, which uses a new approach to position track-
ing based on inertial sensing. Our wireless inertial sen-
sor is small enough to easily tuck into the shoelaces, and
sufficiently low power to run all day on a small battery.
Although it can’t be used alone for precise registration
of close-range objects, in outdoor applications aug-

menting distant objects, a user would barely notice the
NavShoe’s meter-level error combined with any error in
the head’s assumed location relative to the foot. Indoors,
the system will still need computer vision to provide the
precision tracking of the head-mounted display (HMD),
but the approximate position information provided by
NavShoe can greatly reduce the database search space
for computer vision, making it much simpler and more
robust. 

The NavShoe device provides not only robust approx-
imate position, but also an extremely accurate orienta-
tion tracker on the foot. The accuracy of heading
direction measured by the NavShoe is much greater than
what we can achieve using a head-mounted inertial ori-
entation tracker because the higher foot accelerations
enable the use of transfer alignment from GPS (see the
“Transfer Alignment Explained” sidebar). Although few
may be interested in a precision measurement of the
heading of one of their feet, this foot-mounted device
can serve as a portable azimuth reference for a handheld
or head-mounted tracking sensor. 

NavShoe concept
It’s impossible to track position for more than a few

seconds using inertial sensing alone.2 Even a tiny drift
rate in the gyros causes a slowly growing tilt error. The
horizontal acceleration error is 9.8 m/s2 times the tilt
error in radians. Double integrating this increasing
acceleration error produces a position error that grows
cubically in time in the short term. Thus, although small
inertial sensors can maintain accuracy of a few mil-
limeters for one second, the drift will exceed a meter in
10 seconds. With NavShoe, we attempt to circumvent
this t3 drift problem by navigating open loop for only
about 0.5 seconds at a time. 

When a person walks, their feet alternate between a
stationary stance phase and a moving stride phase, each
lasting about 0.5 seconds. The NavShoe software detects
the stance phase and applies zero-velocity updates
(ZUPTs) as pseudomeasurements into the Extended
Kalman Filter (EKF) navigation error corrector. This
allows the EKF to correct the velocity error after each
stride, breaking the cubic-in-time error growth and
replacing it with an error accumulation that is linear in
the number of steps.

Moving Mixed Reality into the Real World

The NavShoe system 

uses a miniature

inertial/magnetometer

package wirelessly coupled

to a PDA to provide

navigation in arbitrary

environments with and

without GPS support.

Eric Foxlin
InterSense

Pedestrian
Tracking with
Shoe-Mounted
Inertial Sensors

38 November/December 2005 Published by the IEEE Computer Society 0272-1716/05/$20.00 © 2005 IEEE



Introducing ZUPTs as measurements into the EKF
instead of simply resetting the velocity to zero in the
inertial integrator achieves important additional bene-
fits. Most noticeably, the ZUPT lets the EKF retroactive-
ly correct most of the position drift that occurs during
the stride phase. This is possible because the EKF tracks
the growing correlations between the velocity and posi-
tion errors in certain off-diagonal elements of the covari-
ance matrix. For example, at the end of a stride, a high
correlation between the uncertainty in north velocity
and the newly accumulated uncertainty in northing
position will exist. If the ZUPT indicates that the veloc-
ity error at the end of the stride was positive in the north
direction, the EKF “knows” that it has been drifting
north and will correct the position to the south and 
the velocity toward zero. The EKF is also able to correct
pitch and roll error by taking advantage of the fact that
tilt errors become correlated with horizontal velocity
errors through the system dynamics matrix. 

ZUPT pseudomeasurements let the EKF correct posi-
tion, velocity, accelerometer biases, pitch, roll, and the
pitch and roll gyro biases. Yaw (heading) and the yaw
gyro bias are the only important EKF states that aren’t
observable from zero-velocity measurements. We’ve
experimentally confirmed that operating the NavShoe
with ZUPTs alone results in good short-term navigation
performance but gradually loses horizontal position
accuracy because of heading drift. If we plot the navi-
gation results of a person walking in a large closed-loop

rectangle in a map display, the tracked path appears to
curve and doesn’t return to the starting position.

We can solve the heading drift in several ways:

■ use a much higher-performance gyro at least for the
yaw axis, which exhibits negligible drift over the time
period for which the NavShoe needs to be used;

■ provide heading-correcting measurements from a
magnetic compass; or

■ provide position-correction measurements from GPS
or other external aiding technologies.

The first method doesn’t eliminate drift but strives to
reduce the rate to an acceptable level. MEMS gyros cur-
rently perform at approximately 100 degrees per hour,
and are expected to reach tactical-grade levels of around
1 degree per hour, although this could take another
decade or longer. At this level, heading would drift only
0.3 degrees over a 20-minute mission, and the contribu-
tion to position error would be only a few meters per kilo-
meter of travel. However, this article strives to demon-
strate that we can achieve similar results today using com-
mercial-grade MEMS gyros and a carefully calibrated and
modeled solid-state magnetic compass (method 2). This
approach will probably remain more cost-effective, com-
pact, and power efficient for the foreseeable future. 

The third method eliminates drift in the final com-
puted position and indirectly corrects drift in yaw and
yaw gyro bias through transfer alignment effects. 
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Transfer Alignment Explained
The term “transfer alignment” originated with the

problem of transferring initial alignment information (exact
attitude of an inertial measurement unit, or IMU, relative to
some geographical navigation coordinate frame) from a
master IMU on an airplane to a slave IMU in an underwing
munition, which must be quickly initialized in flight just
before deployment. Because the wing might be flexing, the
obvious approach of passing information about the
aircraft’s attitude to the slave IMU isn’t accurate enough.
Therefore, aviation engineers instead pass a sequence of
position or velocity updates to the slave IMU, calculated
based on the master IMU pose and known lever arm
between them, and let the slave align itself using its own
navigation filter. The alignment process works because any
initial attitude error propagates into velocity errors when
the IMU accelerates, as the off-diagonal term ∆tS(fn) in the
state transition matrix in the main article shows. 

For example, imagine an IMU is at rest and level pointing
in some yaw direction ψ, for example −90 degrees, but it
thinks it has a yaw of ψ + 5 degrees. It accelerates in some
direction, let’s say due north, moves forward a distance R,
and decelerates to a stop. Thus, the true final position is
advanced by [R 0 0] from the previous position in north-
east-down navigation frame. The IMU will experience the
northward acceleration/deceleration along its y-axis (which
is pointed straight north), but because it thinks the y-axis is
pointing +5 degrees east of north, it will calculate a final
position advanced from the starting position by [0.996R

0.087R 0]. If it’s then told, based on a string of GPS fixes,
that the position actually advanced by about [R 0 0], it will
exploit the correlation between azimuth error and position
error to correct its estimate of ψ back to −90 degrees. With
NavShoe, each individual step R is only 1 to 2 meters, and
the error in position increment caused by a 1-degree
heading error is only a few centimeters, which is so small
compared to the noise in a GPS fix that no significant
amount of heading correction can occur. However, by the
time the user walks 100 meters, the accumulated position
error would be 1.7 meters, and dozens of GPS fixes will
have been effectively averaged to produce enough
information gain to begin reducing the heading error. 

The accuracy and speed of attitude correction by transfer
alignment depends on four main factors:

■ frequency and magnitude of acceleration maneuvers,
■ gyro drift rates,
■ accelerometer precision and accuracy, and
■ resolution of the GPS position fixes or velocity updates.

A microelectromechanical system IMU with 100-degree-
per-hour gyro drifts and 1 mg accelerometer resolution
would need to experience significant lateral accelerations
(over 100 mg) frequently to develop the unambiguous
correlations between heading error and position error
needed for transfer alignment. This is why a shoe-mounted
IMU can receive a much higher benefit from transfer
alignment than an IMU on the torso can.



The “Previous Work in Pedestrian Dead-Reckoning
Systems” sidebar discusses some other systems that use
inertial sensors and/or magnetic compasses to keep
track of pedestrian movements. 

Implementation
For our initial proof-of-concept implementation, we

combined some off-the-shelf hardware components
with new algorithms developed in Matlab to postprocess
the sensor data. 

Hardware
Figure 1a diagrams the NavShoe system components.

We mount only the InertiaCube3 and its battery on the
foot. In the future, a PDA worn on a belt or vest will
process the data. For the results presented here, we sim-
ply collected and postprocessed the data on a laptop.
The GPS receiver’s location on the body is not critical
because GPS accuracy is only six meters. We used a
Trimble LassenSQ receiver connected to the laptop USB
port, and mounted the antenna on top of a baseball cap
for maximum satellite visibility. The device is small (1
inch × 1 inch), low power, and low cost, and specifies 6-
meter root-mean-square (RMS) accuracy using the
wide-area augmentation system (WAAS).

The InterSense InertiaCube3, shown in Figure 1b, is
a nine-element multisensor containing triaxialrate-

gyros, accelerometers and magnetometers, and all asso-
ciated analog and digital electronics in a 33 × 26 × 15-
millimeter package. The nine sensors are factory
calibrated and internally compensated to produce sen-
sitive axes aligned with the package. Alignment and
scale factor calibration residuals are on the order of 1
milliradian (mRad) and 3,000 parts per million (ppm),
respectively.

One hurdle to making the NavShoe acceptable for
real-world use was eliminating the cable running up the
user’s leg from the shoe-mounted sensor. This required
adding an RF transceiver and cutting the power con-
sumption to make the device battery friendly. The Wire-
less InertiaCube3 uses about half as much power as its
InertiaCube2 predecessorthat is, 50 milliamperes
(mA) at 5 volts (V)and is almost half its size. The lower
profile makes it easy to slip under the user’s shoelaces.
The radio supports 16 RF channels. 

Software algorithms
Some key software algorithms enable the NavShoe

to track position using inertial sensors and correct head-
ing direction with a magnetic compass.

Inertial navigation and zero-velocity up-
dating. NavShoe uses the standard strapdown inertial
navigation system (INS) mechanization shown in Fig-
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Previous Work in Pedestrian 
Dead-Reckoning Systems

Most previous personal dead-reckoning systems detect
steps using a pedometer or accelerometer and move the
position estimate forward by the step length in the direction
determined by a magnetic compass or yaw gyro.1-3 The
waist- or torso-mounted sensors detect steps using the
vertical component or the phasing of two or three
acceleration axes exhibiting cycles typical of a human’s
walking motion. For a pedometer, which only counts steps,
the step length is just the average for that user, perhaps
adjusted for walking speed. More sophisticated systems
analyze the accelerometer signals to estimate the
magnitude of each step individually. 

All of these systems require calibration to an individual
user because everyone’s gait has different acceleration
profiles. Moreover, they always apply the step motion in the
forward direction determined by the pelvis-mounted sensor.
If a person steps in a different direction, their virtual position
will still move forward. Some implementations3 attempt to
identify backward or sideways steps by the acceleration
profiles, but they can never determine the exact direction of
individual steps as precisely as the NavShoe does.

A 1996 DARPA project proposed using shoe-mounted
inertial sensors with zero-velocity updating, but results were
never published.4 Other work describes an inertial
navigation system embedded in a soldier’s boot heel, but
doesn’t attempt experimental validation.5 Stirling et al.6

describe an experiment using a prototype shoe-mounted
sensor that measures stride length with accelerometers and
direction with magnetometers. Instead of gyros, their

system measures angular acceleration using pairs of
accelerometers. It also doesn’t use a Kalman Filter to make
optimal use of zero-velocity updates; the system simply
stops integrating and resets the velocity before each step.
Both features probably contribute to the unusable error of
10 to 20 percent of distance traveled. 

To our knowledge, our implementation is the first to reap
all of the benefits of shoe-mounted inertial navigation and
achieve good performance with practical sensors. 
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ure 2. The inertial measurement unit (IMU) reports
compensated ∆θ and ∆v in body frame (hereafter b-
frame) at 300 Hz. We use these reports to update the
INS attitude, velocity, and position states, as the top two
lines of the figure show. Drift correction is performed
by a complementary EKF3 operating on the error states
δx = [φT δωT δrT δvT δaT],T where φT represents attitude
errors, δωT represents gyro biases, δrT represents posi-
tion errors, δvT represents velocity errors, and δaT rep-
resents accelerometer biases. After each estimation
cycle, the filter delivers the error estimates to the INS, as
the upward arrows show, and clears the error state vec-
tor δx back to zero. The state transition matrix for the
discrete-time dynamics model is 

The rotation matrix Cn
b transforms vectors from b-

frame to locally level navigation frame (n-frame) is
included in the matrix subblocks (φ, δω) and (δv, δa)
because the gyro and accelerometer biases are repre-
sented in b-frame. The expression S(fn) in the (δv, φ)
subblock represents the skew-symmetric cross-product-
operator matrix 

formed from the n-frame accelerometer output vector
. This term causes attitude errors to

propagate into linear velocity errors in the n-frame, and
thus lets the EKF build up the appropriate correlations
in the covariance matrix to correct attitude errors based
on measurements of n-frame velocity or position, as the
“Transfer Alignment Explained” sidebar describes.

On each cycle, we propagate the covariance forward
using , where Φk is the above-
defined state-transition-matrix, Pk+1|k is the estimation

error covariance matrix at time k+1 based on mea-
surements received through time k, and Qk is the process
noise covariance matrix, which is adaptively tuned to
express the INS’s single-cycle error growth due to sen-
sor noise and calibration residuals.3 We don’t need to
propagate the states with the time update equation δxk+1

= Φkδxk because the EKF always transfers the error
states to the INS and resets them to zero in the comple-
mentary filter immediately after a measurement.

If we make a measurement z relating to the underly-
ing states x of the INS via the measurement equation 
z = h(x) + v, where v is additive white zero-mean
Gaussian noise with covariance matrix R, and the cur-
rent estimated states of the INS are , where x
are the true states and δx are the estimation errors, then

, where H is the Jaco-
bian ∂h(x)/∂x of the possibly nonlinear measurement
function h. Therefore, the measurement model for the
complementary error-state filter is ν = −Hδx + v, where
the INS innovation ν == z – h(x̂) serves as the 
measurement for the error-state filter, which is linear
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1  The NavShoe system: (a) system block diagram and (b) Wireless 
InertiaCube3 (right) and its receiver (left).
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with measurement matrix −H. After the EKF receives
each measurement, it updates the state with δx+ = δx−

+ K(ν − (−H) δx−) = Kν, where the Kalman gain K is cal-
culated with the usual formula: K = P(−H)T((−H)P
(−H)T + R)−1 = −PHT(HPHT + R)−1. It then updates the
covariance using the Joseph form equation Pk+1| k+1 =
(I – K(−H)) Pk+1| k(I − K(−H))T+ KRKT where I repre-
sents the identity matrix.

In the current implementation, we perform the time
update procedures on each integration step, 300 times
per second, and select one of four types of measurement
updates (ZUPT, magnetometer vector measurement,
compass heading measurement, and GPS fix) depend-
ing on the system’s mode. When the system is in mag-
netometer-calibration mode, we select from two
measurement types (ZUPT and magnetometer vector
measurement); when it’s in navigation mode, we select
from three (ZUPT, compass heading measurement, and
GPS fix). If multiple measurement types are available,
we select the type that was processed least recently. We
perform the ZUPT if the zero-velocity algorithm
(described in the next paragraph) determines that the
foot is stationary. We assume a virtual measurement z
= [0 0 0]T of the INS velocity, for which the innovation
ν is the negative of the current INS velocity estimate.
The measurement matrix H = [0 0 0 I 0] selects the
velocity error components (states 10, 11, and 12) from
the error state vector δx. We set the measurement noise
covariance matrix to R = I × max(trace(HPHT), (1 mm
per second)2). By making this matrix no smaller than
the current velocity covariance, the ZUPT velocity reset
occurs gradually over the half second that the foot is in
contact with the ground, thus avoiding potential numer-
ical instabilities with a large sudden reduction of covari-
ance and problems that might occur if the system
accidentally applied a total reset at a moment that the
foot was not really still.

Accurately detecting the walking motion’s stance
phase, and thus the right time to apply ZUPTs, is rather
easy. We increment the variable “stillTime” by ∆t on
each time step, resetting to zero if any of the gyro or
accelerometer signals differs by more than a prescribed
threshold from the average value of that signal since the
current still period began. We tune each sensor’s thresh-
old to ensure that the still time is never more than 0.1
seconds during the stride phase, but almost always lasts
for at least 0.3 seconds during the stance phase. The
ZUPTing begins as soon as still time exceeds 0.15 sec-
onds and continues as long as the foot remains still. This
simple method worked well for all of the walking
motions recorded. A more sophisticated approach might
be required for running motions. Although running still
times will be much shorter, we should be able to easily
identify the beginning of the foot contact period by the
sharp accelerometer spikes on heel strike. 

Magnetometer calibration. Despite the precise
factory calibration of the InertiaCube sensors, the com-
pass didn’t initially produce accurate results in the
NavShoe application, as evidenced by large differences
between the compass-measured yaw and gyro-predict-
ed yaw. We assumed these errors were compass errors

because they fluctuated faster than we expected the gyro
to drift. We determined that one reason for this was the
presence of metal in the shoe’s sole, resulting in hard-
iron biases and soft-iron distortions of the earth’s mag-
netic field. To overcome this, we developed an in situ
compass recalibration procedure to be performed after
mounting the sensor on the shoe. The procedure aug-
ments the EKF with 13 additional states, representing
the three hard-iron biases, nine soft-iron distortion para-
meters, and a horizontal magnetic field error to let the
filter jointly estimate the local magnetic field inclination
at the calibration site together with the 12 calibration
parameters. During the calibration, the system employs
a measurement model using the three measured mag-
netic field components from the magnetometers, with
an H matrix containing partial derivatives of the mag-
netometer vector with respect to all 13 augmented states
as well as the INS attitude states. 

After inserting the sensor in the shoelaces, the user
initiates the calibration procedure and wiggles the sen-
sorized shoe for about 30 seconds, trying to rotate to
many orientations while translating as little as possible
so as to immerse the sensor in a fairly constant external
magnetic field. When the user takes the first step with a
translation of more than 0.5 meters, the calibration
mode automatically terminates, and the system removes
the 13 calibration parameters from the Kalman Filter.
The system enters navigation mode and initializes the
yaw covariance to an uncertainty of 10 degrees to
accommodate the possibility that the horizontal field
direction at the calibration site deviated from the local
average direction. We don’t need to calibrate the sensor
again unless we remove it from the shoe and reinstall it
in a different orientation or on a different shoe.

Geomagnetic modeling and heading drift
correction. In navigation mode, the system doesn’t
use the raw magnetometer measurements directly, but
uses them to compute a scalar compass-heading mea-
surement. It compensates the raw magnetometer read-
ings with the 12 magnetometer calibration parameters,
then rotates them into the locally level n-frame using
the INS pitch-and-roll estimates. The heading calcula-
tion uses the horizontal components of the transformed
magnetometer vector, Bx and By, with the standard for-
mula, heading = arctan2(By, Bx). The main advantage
of using this preprocessed yaw measurement instead of
the vector magnetic field measurement is that the yaw
measurement is insensitive to the magnetic field’s incli-
nation and magnitude, and will always report heading
with respect to the direction of the field’s horizontal
component only (assuming that highly accurate pitch-
and-roll estimates are available from the INS for the
transformation to the n-frame). 

We introduce the heading innovation measurement
(the difference between the compass-measured and the
INS-predicted heading) to the error state filter using the
1 × 15 measurement matrix H = [0 0 1 0 0 0 0 0 0 0 0 0
0 0 0], which relates the scalar heading error to the
azimuthal attitude error φ(3). The measurement noise
R is simply a scalar representing the compass measure-
ment noise variance. However, we increase this noise to
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include not only the white noise originating from the
sensor, but also the colored measurement noises aris-
ing from magnetic disturbances in the environment. We
model the compass output as, Compass reading = true
heading + D (magnetic declination) + d (magnetic devi-
ation) + sensor noise.

The magnetic declination, D, is the difference
between magnetic north and true north arising from the
tilt of the earth’s magnetic field generator relative to the
spin axis. The declination is a smooth global function
represented by the International Geomagnetic Refer-
ence Field (IGRF) model of a few dipole field generators
deep inside the earth, and doesn’t include local anom-
alies caused by features near the surface. It varies plus
or minus 20 degrees across the US, but changes little
over a few kilometers. Thus, for NavShoe’s purposes, we
treat it as an unknown but constant offset throughout
the mission. 

The magnetic deviation d is the local disturbance of
the horizontal field direction caused by local geological
features, such as ore deposits, and cultural features, such
as power lines, pipes, buildings, bridges, and vehicles.
The value of d is constant at a given position but varies
rapidly as a function of position, even over a scale of one
meter for cultural features. Deviation size varies from a
few degrees RMS outdoors, to tens of degrees inside an
office building. In either case  it is much larger than the
sensor measurement noise, and it must be modeled
carefully as the dominant additive noise in the yaw mea-
surement process. 

Originally, we tried to incorporate compass yaw mea-
surements continuously, whether the foot with the
NavShoe device was moving or still. However, this pro-
duces a difficult colored measurement noise problem,
because all of the measurements taken when the foot is
still are highly correlated (in fact almost the same), and
thus will overly influence the INS heading estimate if
treated as additive white measurement noise. One solu-
tion is to augment the Kalman Filter with a new state
estimating the local deviation, d, modeled as a stochas-
tic process with uncertainty growing rapidly during the
stride phase. We decided it’s simpler and more effective

to take one compass yaw measurement per step. We take
this measurement at the end of the stance phase, just as
the foot begins to lift, because this is when pitch and roll
have been corrected to their most accurate levels by a
string of ZUPTs. Using this method, each yaw measure-
ment exhibits a different error, which rapidly becomes
decorrelated from previous compass errors if the mag-
netic deviation’s spatial frequency is high. This is typi-
cally the case when cultural features cause most of the
deviations. Large-scale magnetic anomalies caused by
geological features such as ore deposits might pose a
more difficult problem, but they’re less common.

Test results
We performed indoor and outdoor navigation experi-

ments using an unaided NavShoethat is, inertial track-
ing with ZUPT and compass yaw updates, but no GPS. 

Indoor experiment
In this experiment, a user walked through a typical

wood-frame house for 322 seconds, covering a total dis-
tance of 118.5 meters. The user started at position (0,
0, 0) in the first-floor living room. The blue line in Fig-
ure 3a shows the first segment of the journey. The path
loops around a sofa, back to the origin, into the kitchen,
around the dining room table, into a first-floor bedroom,
and back to the origin. A second loop along the same
general path is shown in green. The user wasn’t follow-
ing a precise path on the floor, but tried to walk approx-
imately the same course. As the map shows, the two
traversals nearly coincide. The final segment (in red)
goes left across the living room, then turns and climbs
a staircase to the right, walks around the bed in the
upstairs bedroom, then retraces itself back down the
stairs, around the sofa, and back to the origin. 

The tracker’s final reported x, y, z position in meters
is (−0.32, 0.10, −0.06), indicating that over the entire
journey the position drifted by 0.3 percent of the dis-
tance traveled. As the elevation view in Figure 3b shows,
NavShoe accurately tracks the height and can easily
resolve each individual stair on the staircase. This is an
important advantage over a simple pedometer and
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would allow a rescuer to unambiguously figure out in
which room on which floor to look for a NavShoe-
tracked firefighter. The total drift in altitude over the
experiment was only 6 centimeters, or 0.06 percent of
the distance traveled, consistent with our assertion that
the main source of error is heading drift not quite cor-
rected by the magnetic compass.

Outdoor experiment
Figure 4 shows the navigation performance of the

unaided NavShoe outdoors. The user walked down a
long winding hill on one side of a road and back up on
the other, forming a closed loop with a total distance
of 741 meters. We don’t have reference information
with which to evaluate the entire trip’s absolute accu-
racy. However, the user ended the trip at the original
starting point (0, 0, 0), and the NavShoe’s reported
position was displaced about 2 meters, indicating a
probable accuracy of approximately 0.3 percent of dis-
tance traveled. 

Integration with GPS
As our experiments show, the NavShoe alone can pro-

vide relative navigation accuracy of acceptable quality
for a moderate distance, say up to a kilometer or two.
For longer hikes, we can use it in conjunction with GPS
to provide a hybrid GPS/inertial solution that’s superi-
or to ordinary GPS/INS, especially during extended GPS
outages. Whereas an ordinary GPS/INS with a small
MEMS IMU such as the InertiaCube3 can only coast for
a few seconds before the position accuracy exceeds a
few meters, the GPS/NavShoe system can coast for as
long as it takes a person to walk several kilometers. 

Aiding the NavShoe device with a GPS receiver also
lets the system automatically identify the magnetic dec-
lination and put the results in a true geographic coordi-
nate frame, as described in the next section. This is
helpful in applications in which a user walks between
indoor and outdoor areas. By letting GPS automatical-
ly calibrate the compass while the user is outdoors, the
NavShoe can continue to represent the trajectory
indoors in the same north-east-down coordinate frame
without any user intervention. 

Online calibration of magnetic declination
When GPS is available, we introduce it as a simple

position-fix measurement into the NavShoe Kalman Fil-
ter with a noise covariance of (20 m)2 × I3×3, which we
increase several fold to account for high temporal cor-
relations in the GPS errors. These position fixes bound
the long-term position error to at least the GPS receiv-
er’s quality, and correct the yaw estimate (and thus indi-
rectly the yaw gyro bias) through transfer alignment.
Thus, during GPS availability, the system tracks the
shoe-mounted sensor’s yaw relative to true north with
subdegree accuracy. To calibrate the local magnetic dec-
lination D and prepare the compass to take over the yaw
drift correction when GPS transfer alignment is no
longer available, we introduce a state for D into the
Kalman Filter, and simultaneously accept yaw mea-
surements from the compass according to the mea-
surement model. We extend the measurement matrix
H to include a partial derivative with respect to the new
declination state as well as the true heading: H = [0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 1]. Because we set the declination’s
initial uncertainty high (15 degrees RMS) to accom-
modate a completely unknown local D, the compass
measurements initially have almost no effect on the
NavShoe heading estimate, but serve instead to estimate
Dbasically, the average difference between the com-
pass readings and the transfer-aligned yaw estimates in
n-frame. After a user walks approximately 100 meters,
the declination estimate converges to an uncertainty of
about 0.5 degrees, and the compass information fuses
with information from GPS for yaw drift correction.
When GPS disappears, the compass continues to correct
yaw in the same coordinate frame, which is now aligned
to true north using the correct magnetic declination
local value.

Test with simulated GPS outage
To test this integration strategy, we had a user walk a

1,059-meter closed loop through a hilly residential
neighborhood, logging data from the NavShoe and GPS.
During the first 400 meters, we incorporate the GPS
fixes (shown in green in Figure 5) into the NavShoe
Kalman Filter as described previously. For the remaining
659 meters, we ignore the GPS fixes (shown in blue) and
plot them only for comparison. The NavShoe trajectory
is in red, and conforms fairly closely to the GPS path dur-
ing the training period. During the simulated GPS out-
age, the NavShoe track remains fairly closely aligned to
the GPS track’s direction, indicating that NavShoe
learned the magnetic declination with good accuracy. 

Significant discrepancies exist between the NavShoe
position and the ignored GPS fixes, however. Whether
the difference is due to NavShoe drift or GPS errors is
difficult to say, but from casual inspection and prior
knowledge that the roads don’t suddenly change width,
the NavShoe trajectory appears more reasonable than
the GPS track. We hope that long-term navigation fus-
ing GPS with NavShoe will produce more accurate
results than GPS alone by filtering out temporary fluc-
tuations in the GPS position such as the one near the top
of Figure 5, where the GPS appears to temporarily drift
about 10 meters north.
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4 NavShoe trajectory on a 741-meter road loop. 



Other position-aiding approaches
As we’ve shown, a user who walks into a building

where no GPS is available can continue navigating in
the same true geographical coordinate frame using
NavShoe alone for a substantial distanceperhaps a
kilometer or more depending on the accuracy require-
ment. Map-correlation techniques can let the user
remain indoors longer if the floor plan is known. We sim-
ply find points where the user changes direction
(according to NavShoe) and look for features in the floor
plan (such as a doorway or corridor entrance) that could
constrain where turns can occur. If we can correlate the
turning behavior to a particular location on the floor
plan with a high level of likelihood (for example, a per-
son will likely turn to walk through a door), we can enter
a position fix into the Kalman Filter as if it were a GPS fix.
We can also implement more subtle constraints such as
preventing the person from walking through a wall
using 1D constraints instead of 2D or 3D fixes. If high
accuracy is required, we could augment the NavShoe
with sonar or optical ranging sensors to detect the
NavShoe’s distance from nearby walls. With a known
floorplan, it’s obvious how we could use this range infor-
mation to update the position. However, even with no
prior knowledge, we could construct a map on the fly
using simultaneous localization and map-building
(SLAM) algorithms from the robotics literature.

Buildings with wide-open spaces, where few oppor-
tunities for map correlation exist, might require an infra-
structure such as an occasional beacon or sensor that
provides information to NavShoe users as they walk by.
Possibilities for implementing this include overhead
cameras, photoelectric trip sensors, and encoded AC
magnetic beacons that NavShoe magnetometers can
detect and read. 

Another position-aiding method that doesn’t require
an infrastructure is to use mutual ranging measure-
ments between team members wearing NavShoe. We
can do this with ultrasonic ranging or ultra-wideband
(UWB) radio-ranging technologies, automatically initi-
ating measurements between a pair of players when
they come within range of each other and exchanging
position estimates. This opens interesting questions in
decentralized Kalman Filtering. A player shouldn’t treat
each range measurement as an independent piece of
information and ignore the correlations of position
errors between players that result from the shared mea-
surement interactions. 

One solution is to process the measurements using
Covariance Intersection (CI) updates4 instead of ordi-
nary Kalman Filter updates. Another safe-but-conserv-
ative solution is to feed half of each measurement’s
information content to each player by duplicating the
measurement while doubling each copy’s noise covari-
ance R. An optimal-but-expensive solution is to run a
centralized Kalman Filter with states for all N players in
each player’s processor. The distributed information fil-
tering literature offers many intriguing possibilities
between these extremes.

Close-range MR applications require a more precise
head position than NavShoe can provide. These appli-
cations typically perform head tracking with computer

vision or hybrid vision/inertial tracking. The NavShoe
can operate synergistically with a vision-based head-
tracker. By providing a robust approximate initial-posi-
tion guess, it drastically reduces the computer vision
search problem’s size. The vision system would only
need to compare the feature descriptors in the current
image to a small local subset of the feature database,
which should make the initial data association much
faster, especially if tracking relative to a large world
model. In tracking mode, the vision system produces
highly accurate head-position information, which we
can use just like GPS fixes to correct the NavShoe. 

Heading transfer to head tracker 
or handheld device

Although long-range outdoor MR applications might
find NavShoe’s position-tracking precision sufficient,
they require more accurate head orientation than a
sourceless inertial head tracker can provide. Here again
NavShoe can help. 

The inertial head tracker ultimately depends on the
magnetic compass for yaw drift correction, which means
that it reports yaw rotation with respect to magnetic north
instead of true north, and that the yaw accuracy will fluc-
tuate with the magnetic deviations as the user walks. 

The NavShoe can solve both of these problems
because of its placement on the shoe. The frequent and
large horizontal accelerations let it achieve much faster
transfer alignment from GPS. This provides another
source of yaw information that isn’t affected by mag-
netic disturbances, and can achieve fraction-of-a-degree
accuracy aligned to true north when GPS is available.
Even when GPS drops out, the shoe-mounted compass,
which has now been aligned to true north, continues to
provide subdegree system accuracy despite much larg-
er magnetic deviation errors in the compass output. The
shoe-mounted compass can do this even when the same
InertiaCube sensor on the head can’t because the foot
alternates between distinct phases of motion and still-
ness. This lets the NavShoe take exactly one compass
measurement per step, which nearly decorrelates the
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5 NavShoe test integrating GPS, inertial navigation system (INS), and a
compass and simulated GPS outage.



compass measurements from each other. It also guar-
antees that if the user stops, there won’t be a string of
compass measurements corrupted by the same devia-
tion, which gradually pulls the system heading off
course. Conversely, the stopped condition lets the sys-
tem use zero-angular-rate updates (ZARU), which
freeze the system heading estimate in place and reset
the yaw gyro bias. 

The problem now is to impart the foot sensor’s
azimuth accuracy to the less accurate inertial sensor on
the head. One possibility is to correlate the magnetic
deviation at the ground level with the head-level devia-
tion. The NavShoe would measure the instantaneous
deviation (the difference between what the compass
reports and its Kalman Filter-estimated system heading)
and pass this information to the head sensor, which
would compensate its compass. We’ll investigate this sim-
ple solution in future work, but we suspect that in many
environments, the correlation might not be tight enough
to provide accurate compensation. If this is true, we
might need an optical sensor to measure the head’s yaw
rotation relative to the foot. We might accomplish this
by installing atop the foot a small laser or LED/lens com-
bination that projects a line or a couple of dots on the
ground in front of the foot, for example. A head-mount-
ed camera angled toward the ground and equipped with
a bandpass filter to block all wavelengths but that of the
laser would see the pattern and measure head yaw with
respect to it. This is more complex than the first solution,
but much easier than developing a full-blown computer
vision system for general outdoor environments.

Future work
Although the simple closed-loop tests suggest that the

system accuracy is on the order of 0.3 percent, further
experiments comparing the navigation results to a high-
accuracy GPS reference will show whether this accura-
cy applies at all parts of the trajectory. Beyond this, our

future plans are to integrate the tracker in a full MR sys-
tem and try some of the suggested methods to increase
the head-tracking sensor’s yaw accuracy using the foot
sensor as an attitude reference. The NavShoe is by no
means intended to eliminate the need for computer
vision in MR systems; however, it can increase the
robustness of MR systems by continuing to provide posi-
tion data when vision fails and can greatly reduce the
burden on computer vision algorithm developers by pro-
viding an approximate starting position. ■
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