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FIGURE 1

(57) Abstract: Methods and systems for compensating for gyroscopic errors. A system uses magnetometers to detect and measure a
magnetic field local to a personal navigation device. When the local magnetic field is quasi-static, the rate of change of the magnetic
field is combined with the rotational rate of change of the device. This generates an estimated gyroscope error. The error can then be
used to correct for time-varying inherent gyroscope errors.
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SYSTEM AND METHOD FOR GYROSCOPE ERROR ESTIMATION

TECHNICAL FIELD

The present invention relates to gyroscope assisted
navigation. More specifically, the present invention
relates to methods and systems for determining and

compensating for time varying gyroscope errors.

BACKGROUND OF THE INVENTION

The increasing popularity of smartphones and the
increasing number of features of such phones has led to
the incorporation of navigation asggisting features in
thege devices. In addition to the proliferation of such
smartphones, the popularity of personal (or portable)
navigation devices has also increased. This proliferation
of such portable navigation devices has led to cheaper and

cheaper devicesg, with cheaper and cheaper components.

Estimating the orientation of a Portable Navigation
Device (PND) is commonly achieved using onboard inertial
gsensors, i.e. rate gyroscopes and accelerometers. When
these sensors are of low cost consumer grade, they suffer
from time varying errors that require gpecific mitigation

methods.

Global Navigation Satellite System (GNSS) is often
the most effective technology to compensate for sensor
errors. However this approach is only effectively feasible
if the GNSS signals are not degraded by environmental and
man-made factors. Because pedestrian navigation based on

PND occurs mainly in signal degraded environments such as
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ingide buildings and along city streets, it is not
feasible to rely only on GNSS technology to estimate the
gsensor errors. Man-made electronic interference caused by
wireless devices operating near GNSS frequencies can also
adversely affect signal acquisition and tracking, both
outdoor and indoor. Interference sources include anti-
gspoofing and intentional and unintentional jamming.
Complementary techniques consist in taking advantage of a
specific known IMU location on the pedestrian’s body to
mitigate the IMU sensor errorsg. For example when the IMU
ig located on the foot, it is possible to constrain the
velocity of the navigation solution during the stance
phase leading to the estimation of inertial sensor errors.
When the Inertial Measurement Unit (IMU) location ig not
body fixed, i.e. not rigidly attached to the pedestrian’s
body, as in the case of a mobile phone for example, there
exigts no similar technique to constrain the error growth
in the navigation solution. In PND-based navigation
applications, the IMU location is generally not fixed to
the body but ig in a hand, a side pocket, a purse etc,

which leads to alternative error mitigation methods.

Baged on the above, there is therefore a need for
gsystems and methods which mitigate the issues presented

above and which address the same issues.

SUMMARY OF INVENTION

The present invention provides methods and systems
for compensating for gyroscopic errors. A gystem uses
magnetometers to detect and measure a magnetic field local
to a personal navigation device. When the local magnetic

field is quasi-static, the rate of change of the magnetic

-2 -
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field is combined with the rotational rate of change of
the device. This generates an estimated gyroscope error.
The error can then be used to correct for time-varying

inherent gyroscope errors.

In a first aspect, the present invention provides a
method for compensating for errors in a mobile gyroscope

in a device, the method comprising:

a) determining a rotational rate of change of sgaid

device around at least one axis;

b) determining an overall magnetic field vector of

a magnetic field local to said device;

c) determining a rate of change of said magnetic

field field vector;

d) determining if said magnetic field is

unchanging;

e) 1n the event said magnetic field is unchanging,
generating estimated gyroscope errors using said
rate of change of said magnetic field vector and

said rotational rate of change of said device;

f) compensating for said gyroscope errors using

saild estimated gyroscope errors.

In a second aspect, the present invention provides
computer readable media having encoded thereon computer
readable instructions which, when executed, implements a
method for compensating for errors in a handheld gyroscope

in a device, the method comprising:

PCT/CA2012/050221
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a) determining a rotational rate of change of sgaid

device around at least one axis;

b) determining an overall magnetic field vector of

a magnetic field local to said device;

¢) determining a rate of change of gaid magnetic

field field vector;

d) determining if said magnetic field is

unchanging;

e) 1n the event said magnetic field is unchanging,
generating estimated gyroscope errors using said
rate of change of said magnetic field vector and

said rotational rate of change of said device;

f) compensating for said gyroscope errors using

saild estimated gyroscope errors.

vet a further aspect, the present invention

provides a method for determining errors in a gyroscope in

a non-static device, the method comprising:

25

30

a) determining at least two periods of time when

a total local magnetic field is unchanging;

b) for each of said at least two periods of
time, determining a magnetic field wvector for

gaid magnetic field;

c) for each of said at least two periods of
time, determining a rotational rate of change

for said device;
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d) using an extended Kalman filter to estimate
errors in readings from said gyroscope using
gsaid magnetic field vector determined in step b)
and said rotational rate of change for said

device.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the present invention will now be

described by reference to the following figuresg, in which

10 identical reference numeralg in different figuresg indicate

identical elements and in which:

15

20

25

FIGURE 1 is a block diagram illustrating the

variousg components of one asgpect of the invention;

FIGURE 2 illustrates an output of a QSF detector,

showing that quasi-static periods occur often;

FIGURE 3 ig a graph showing the occurrence of

continuous QSF periods;

FIGURE 4 is a graph showing the duration of gaps

between QSF periods;

FIGURE 5 illustrates the results of experimental
use of the invention, showing trajectory accuracy

gaing due to the invention;

FIGURE 6 illustrates bias estimation comparison

data when QSF updates are applied and not applied;

FIGURE 7 shows data for the estimation of

gyroscopic scale factor errors;
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FIGURE 8 illustrates graphs that show attitude
errors when QSF updates are applied and not

applied;

FIGURE 9 is a mapping of trajectory taken when

testing one aspect of the invention;

FIGURE 10 is a larger map illustrating various
trajectories taken when the invention was used and
trajectories taken when the invention was not

used;

FIGURE 11 shows magnetic field magnitude and
detected QSF periods gathered when one

implementation of the invention was being tested;

FIGURE 12 illustrates data showing errors of an
ankle mounted GPS system with and without QSF

updates;

FIGURE 13 is a flowchart detailing the steps in a

method according to one aspect of the invention.

DETAILED DESCRIPTION OF THE INVENTION

In one aspect, the present invention utilizes the
magnetic field sensed by the PND in the IMU frame, during
the periods when it is assessed as quasi-static, for
estimating MEMS gyroscope errors. The latter is achieved
by usging an Extended Kalman Filter (EKF) based attitude

estimation method.

The quasgsi-static magnetic field detector is developed
uging statistical signal processing techniques. A Kalman

filter is then realized, which utilizes the quasi-static

- 6 -
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magnetic field for attitude and sensor error estimation.
Results show that there exist periods during pedestrian
motion when the perturbed magnetic field is constant
(static) locally and this field can be effectively used
for constraining the attitude errors and estimating the
gyro sensor biases. Results algso show significant
improvements in gyroscope biag estimation using this
approach thus allowing the use of consumer grade MEMS
gyroscopes for attitude estimation in pedestrian

navigation environments.

In order to navigate using a PND, two pieces of
information are necessary: the displacement between two
time epochs, referred to as a time interval, and the
corresponding changes of PND orientation during that
interval. In one aspect, the present invention addresses
the estimation of orientation changes. Rate gyroscopes are
the primary sensors for tracking orientation changes but
they suffer from time varying errors that bias the
orientation estimation. The present invention enables the
correction for these biases in real time using a quasi-
static magnetic field. A quasi-static magnetic field (QSF)
period is a time interval during which the measured
magnetic field is not changing or is time invariant.
Artificial magnetic perturbation will not impact the
process as long as the magnetic field is constant. The
process is therefore immune to local magnetic
perturbations, rendering it usable in any kind of
pedestrian navigation environment where other existing
methods fail. One can visualize a QSF period to be a zero
gslope of the field’s magnitude versus time. This detection
process measures the trend of the field’s magnitude in
time, testing whether the deviation is within the noise
bounds or has changed due to external perturbations.

-7 -
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To explain the theory behind one aspect of the
invention, let us imagine a device rotating in a space
where there is a constant force, which can be sensed by
magnetic sensorg. This force can be either the Earth’s
magnetic field or the Earth’s magnetic field perturbed by
other forces such as nearby ferrous material. If this
force is measured at two different epochs and the device
has been rotated between these two epochs, the difference
of the field measurements translates the rotation of the
device in that sgpace during the corresponding time
interval. This difference is given by the rate of change
of the local magnetic field sensed by magnetic field
gensors, namely magnetometers, in a frame attached to the
device. When the local magnetic field is known to be
static, constant, or quasi-static, the difference can be
ugsed to calibrate the gyroscopes, thereby compensating for

any errors in the gyroscope.

One implementation of the invention involves the use
of a dedicated navigation filter. The aim of this filter
ig to produce the best possible estimate of the
orientation of the device relative to a frame attached to
a geographical map using rate gyroscopes and
magnetometers. The latter frame is called a Local Level
Frame (LLF). The gyroscope measurements are corrupted by
gsystematic errors due to fabrication limitations.
Unfortunately some of these errors are time varying and
cannot be calibrated a priori. The magnetometer
measurements are also corrupted by sensor errors but they
can be calibrated a priori. Therefore only random noise

corrupts the magnetometer measurements.

Because the gyroscopes and the rate of change of the

local magnetic field are sensing the same physical
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phenomenon, namely the rotation of the device, the fusion
of both measurements can be used to improve the correct
rotation by calibrating the drifting gyroscopes during the
frequent magnetic field guasi-static periods. This is
achieved by estimating the time varying gyroscope errors
using the magnetic field rate of change measured by
magnetometers. As the relationships between these
measurements are non-linear, an extended Kalman filter
(EKF) technique has been developed for the implementation

of one aspect of the invention.

Referring to Figure 1, a block diagram of the method
of the invention is illustrated. Starting from the left
of the diagram, it can be seen that the state vector
comprises the attitude error in the local level frame and
the rate gyroscope in-run bias in the IMU frame. The IMU
frame to the local level frame guaternion is propagated
using the gyroscope angular rates (i). The magnetometer
measurements are analyzed with the quasi-static detector
(ii) . The detector identifies the periods during which the
rate of change of the magnetometer measurements’ norm is
close to zero. The corresponding magnetically measured
rate of change and raw measurements are fed to the update
phase of the EKF (iii). These measurements are used for
updating the error estimates expressed in the state
vector. The derivation of the differential equations
relating the measurements to the state vector is based on
the small angle approximation of the direction cosine
matrices. The updated gyroscope bias vector is used for
correcting the next epoch angular rate measurements in a
feedback loop. Usging the updated attitude error angles,
the Euler angles of the IMU in the local level frame are

computed. The final output corresponds to the roll, pitch
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deviations (iv).

Regarding the quasi-static magnetic field detector,
thig component of one aspect of the invention detects when
the magnetic field local to the PND is quasi-static or

constant.

The earth’s magnetic field, though a good source of
information for estimating heading outdoor, sufferg gevere
degradations indoor caused by magnetic field
perturbationg. These perturbationg are of changing
magnitudes and directiong, which induce random variations
in the total magnetic field. These variations render the
magnetic field information useless for orientation
estimation indoor with respect to the magnetic North.
Although the magnetic field indoor is not spatially
constant due to changing perturbation sources, depending
on the pedestrian’s speed and surroundings, it is possible
to have locations as well as short periods when the
perturbed magnetic field is constant in magnitude as well

as direction.

The rate of change of the total magnetic field in
such situations will be ideally zero. It is possible to
have very slight changes in the magnitude and direction of
the total magnetic field (due to sensor noise) that can be

considered quasgi-static.

The information to be considered for detecting a QSF

is the rate of change of the total magnetic field B.
Therefore for a window of size N, a QSF detector will

detect static field if

PCT/CA2012/050221
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Let the hypothesis for non-static field be H, and

that for a quasi-static field be H respectively. The

Probability Density Functions (PDFg) associated with thege

5 two hypothesgses are

f(B:H,)
f(B:H)

The rate of change of total magnetic field is also
contaminated by white Gaussian noise V, , which when

modeled with the measurements gives

10 V=B+v,, (.3

where ¥, is the information to be tested for H,or

H. zi is the unknown parameter (for ;) required
to describe the signal completely. Therefore, for

the two hypothesis, Zi is defined as

H, :3ke 2, st.B #0

H :Nke 2 thenB =0’ Lo

15

where T.={leRkn=lZa-—N—-1llwthNERandne Rk

As the complete knowledge about B is unknown for H,,

20 the PDF in this case is given by
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: 1 1 :
f(y:BH)=T] )% exp) (v B)

Let the Maximum Likelihood Estimator (MLE) for the

unknown parameter in case of [ be f%, which is given by

5 the mean of the signal as

-~ 1 n+N-1
VTN 2 e

10 For hypothesis [, the rate of change of total

magnetic field is known (it will be zero), therefore the

PDF in this case becomes

I SN ) S
v pzo-ZYk . (.8)

f(nyl) = H

ke2, (271-0-2) 2

The Generalized Likelihood Ration Test (GLRT) for

15 detecting quasi-static field is given by

f(y;BEO’HO)
<A

~y)= f(y:H,) . ( .9)
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Subgtituting for the PDFg in Equation ( .9) and

gimplifying

Ay)=

1 —1 o2
kEHQ,,(zM;)% eXplwé (y"_B())) ,
1l N G SR = o
ke, (27[0'2 )% F 20
ot n-h)
A e — B <A
(y)= k];[ Xp[z - Vi s v — B,

ke Q2

Ay)= Ilfﬂp(zl

A(y)= HeXp[ — 7B -

2
zyk_

ke

B

-

122% </

Taking natural log on both sides,

2

ke 2,

ke 2,

|

2
20

-~

z.y}lg

- 13 -
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2y y,B- Y B |<20 In(2)

ke L2, ke L2,

ZZYk Z.Yk Z.Yk <26§gln(ﬂ’)’

ke (2, ke.(.) ke.(.)

Zyk —— Zyk <20'§]n(/1)

ke 2, ke 02,

1

Y| <7
\/_ke_Q !

5
y=420%1n(1)
where B .

Equation ( .19) constitutes the detector for
identifying quasi-static total magnetic field in all
pedestrian environments.

10 From the above, it can be seen that, utilizing a

statistical signal detection technique known as Likelihood

Ratio Test (LRT), the QSF detector is given by

1
<
INETST e

where ¥ is the threshold for QSF detection.

- 14 -
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The QSF detector was tested to determine its
effectivenesgs. Figure 2 depicts the output of the QSF in
an indoor environment. The changes in the total magnetic
field due to perturbations are obvious. It can be observed
that the QSF rejects the majority of the field
measurements that are changing rapidly due to
perturbationg. There are some short QSF periods detected
from 6840 s to 6900 s epochs followed by some long

duration ones.

Figure 3 summarizes the QSF detection periods and
their respective durationgs for the entire data set
(different pedestrian navigation environments). Most of
the detection periods are of 120 ms to 300 ms duration.
These periods have a frequency much higher than ZUPTs
(Zero Velocity Updateg). Figure 4 depicts the shortest and
longest gaps between two consecutive QSF periods and their
percentages of occurrence respectively. The minimum gap is
of 240 mg, which occurs most of the times asg compared with
the maximum gap of 480 mg. Therefore it can be concluded
that the QSF periods are encountered more frequently and

hence may allow more updates than the ZUPT approach.

After detection of the quasi-static magnetic field
periods, the next step is to use these periods for
estimating errorg associated with attitude and gyroscopes.
For this purpose, an attitude computer and a Kalman filter

based error estimator are used.

The attitude is represented as a quaternion, which is
then updated using angular rates for attitude estimation.
The overall quaternion update can be written as (Farrell

2008)
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o1
qZE Qa)q (0.21)

where ¢ is the attitude quaternion and (,is the

skew symmetric matrix of the angular rate

guaternion given by

0 -0, -0, -0,
0 - v, 0 -0 o
5 ? w, o, 0 —0, |. (0.22)
o, -0, o 0

The angular rates utilized for attitude quaternion

update are compensated for the biases, i.e.

W, =, - 0w,
i= X,y,Z 0.23)
These biases are obtained from the Kalman filter

10 discussed below.

The attitude and gyroscope errorsg are considered for
the states of the proposed Kalman filter. This allows one
to directly relate the impact of quasi-static field
detections on attitude and gyroscope error estimation,

15 which is the primary focus of this proposal. The gyroscope

model is given by

0)=(()+5(()+Hw’ (.24)
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where @ is the true angular rate, dw is the bias

and n, is the white Gaussian noise with Power

Spectral Density (PSD) Oﬁ.

Gyroscope bias is modeled as a first order Gauss-

5 Markov process given by

dw=-Béw+n,,

where /%% is the correlation time and n, is
white Gaussian noise with PSD Oiﬂ

The overall state vector dynamics model is given by

w

“l_Jo R[e] o R~

Sw 10 B o] [T 0 || n,

10

Here £ is the attitude error expressed in the

local level frame and given by

T
8::[5% 8@ gw] , 0w 1is the gyroscope bias

T Dn
given by éh):[éh& 5hé 6bé] and jg) is the

15 transformation matrix from the body to the local
level frame, namely the navigation frame, which
is obtained from the attitude quaternion.

Equation ( .26) is of the form

Sx=Fox+ Gw.

(.27)
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In order to implement this model in discrete time,
the discrete time equivalents of system dynamics

(transition matrix) and process noise are needed.

The transition matrix is given by

2 A2

The discrete time process noise matrix is given by

Qd ZJ¢GQGT¢Tdf. (.29)

Both Equations ( .28) and ( .29) need to be
implemented at the propagation rate as these are time

10 variant.

In order to observe the errors associated with
attitude and sensors, a measurement model which utilizes

the quasi-static magnetic field measurements is derived.

Let the magnetic field measurement in the body frame

15 at start of quasi-static field period be given by

T

F'=|B, B, B]

Considering the attitude at start of quasi-static
period as the reference for this measurement model, the

magnetic field measurement can be transformed using

n b
20 FQSF_RIZIFI‘ . (.31)

For the quasi-static field periods, F); is considered

as a measurement. As the inaccuracies in the sensor will

cause errors in the estimated attitude, the

- 18 -
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transformations of proceeding magnetic field measurements

from the body frame to the navigation frame using the

11
updated }Q, would be different from F), hence causing the

measurement error. This gives the relationship for first

5 measurement error model.

SOF" —F" _ rn
osF — Losr ~LosF . (.32)
Substituting for F&F in Equation ( .32) using the

magnetic field measurement at proceeding QSF epoch (f?)

and attitude quaternion update, one gets

n n pn 1b
5FQSF: osr R Ey (-33)

10

j?7

b ig composed of the attitude at start of QSF
period along with some perturbations due to
gyroscope errors given by
RSZ(I'E)R;], (.34)
0 -, ¢
15 where =| & 0 &
Equation ( .33) now becomes

OFos = SSF‘(]‘E)Rg(Eb+”F). (.35)

Simplifying Equation ( .35)
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OF s = Fogr '(Rg 'ER;])(sz"'HF),

OFy = Fogp - Fogp - Rin, + ER)F) + ER)n,

The last term in Equation ( .37) is second order in

errors, therefore it can be neglected.
11
5 5FQSF_E OSF -R,ng

/1
Fosp = [ QOSF ]g-Ran’

0 _ BQSF BQSF
z v
nod=| BT 0 B
_ BQSF BQSF 0
y X

where [

From Equation( .39), the QSF measurement error model

becomes

R0
" S Fpy = [ Fjyrx] 0] ;w ] ob ; fgp

During the quasi-static field periods, the rate of
change of reference magnetic field is zero. This

information can be used as a measurement.

FQSF R”Fb’
15 Rb QSF — Fb

Taking the derivative of Equation ( .42) to get the
relationship between rate of change of a vector in two

different frames, one gets

- 20 -

(.40)
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bin b b
R Fy=F +oX (.43)

T
where a)z[a%. w, a@} is the angular rate

expressed in the body frame. Also fgw, being

expressed in the navigation frame, is equal to
5 zero during QSF periods. Therefore Eguation

( .43) becomes
' b
B =-ox I (.44)

During user motion, the magnetic field components in
body frame will encounter changes, which follows Equation
10 ( .44). But, due to errors in gyroscopes, the predicted
changes in magnetic field will be different from the

measured ones given by

b b ?b

or" =1 -F (.45)

Fb_ 1 Fb Fb

where 42 "ZE( 2 1). Expanding Equation ( .45)
15 and substituting from Equation ( .44)

SF" = F) + ox(F) +ny) (.46)
SF" = +(w+ dw)x(F +ny) (47)
SE" = B + wx F} + dwx F! + dxn, . ( 48)

First two terms give the rate of change of reference
20 magnetic field, which during QSF periods is zero. Thus

Equation ( .48) reduces to

§Fb:§a)><F2b+a’\)><nF’ (.49)

- 21 -
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which can be rewritten as
b b -
oF" = -[FZ' X}§0)+[0)X]HF (.50)
giving the following measurement model.

£ 0 0 0

b b
oo LMo ool o
5 Combining the two measurement error models, one gets
osF _ _[FSSF X] 0 € + Ry n
SE” 0 —[szx] Sw [d)x] r, ( .52)

which constitutes the quasi-static field

measurement updates for the Kalman filter. For
clarity, in Equation (.52), Paﬁ is the magnetic

10 field vector at the beginning of quasi-static

b
field period, f@ is the magnetic field wvector at

b
present epoch, .[T is the magnetic field gradient
and n, is the magnetic field sensor noise.

The above error models can thus be used to compensate

15 for inherent gyroscope errors. In one implementation, the
invention was practiced on one device using a set of
motion sensors (including a rate gyroscope for sensing the
rotational rate of the device around one of the axes of
the device) and a magnetometer for sensing the magnetic

20 field along the three axes of the device. O0Of course,
multiple motion sensors may be used along with multiple
magnetometers. The rotational rate sensor may be a
congumer grade MEMS (Micro Mechanical System) rate
gyroscope used in smartphones or portable tablet

25 computers. The magnetic field sensor may be any

- 22 -
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magnetometer, anything from high sensitivity fluxgate
magnetometers to a consumer grade Anisotropic Magneto-

resistive magnetometer.

In terms of tesgst results, more than seven km of
magnetic field data were collected over a cumulated period
of 2.5 hours in different indoor environments by a
pedestrian holding consumer grade magnetic and rate
gyroscope sensors and a highly accurate reference sensor.
The data, analyzed for quasi-static field periods during
which the magnetic field, perturbed or unperturbed, is
constant showed frequent occurrences of these periods.
Most of the gaps between consecutive gquasi-static periods
were found to be less than one second with a few of the
order of ten seconds. The trajectory resultg, illustrated
in Figure 5, show that the present invention successfully
estimates the gyroscope errors and provides a better
estimate of attitude angles. These gyroscope errors and
estimates of attitude angles, upon translation into the
position domain, give a better trajectory estimate than a
gystem unaided by the invention. It wasg found that the
trajectory accuracy improved by 90% using the present
invention, as compared to the unaided estimation technique

used currently by other devices.

It should be noted that the present invention has a
number of advantagesg over the prior art. Specifically,
the present invention provides new magnetically derived
measurements, namely rates of change of the magnetic field
during periods of quasi-static magnetic field, for

gyroscope drift estimation.
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The present invention is algo independent from the
orientation of the IMU relative to some known reference

frame.

Finally, the present invention works in all
environmentsg, even if the Earth’s magnetic field is
perturbed by sources generating an artificial magnetic

field.

The system of the invention offers the benefit of
being able to compensate for the errors of handheld
gyroscope sensors in the indoors using only onboard
magnetic field and angular rate measurementsg. Being immune
to local magnetic perturbations, it can be used in any
type of buildings, urban areas or other pedestrian

navigation environments.

To test the performance of one implementation of the
invention, data was collected using the NavCube, an
advanced multi-sensor data collection unit. Two Analog
Devices ADIS16488 unitsg were used. Table I provides the
specifications of the IMU and magnetometers performance.
The ADIS16488 contains an IMU, magnetometer and barometer,
although the barometer was not used in this study. The IMU
data was logged at 200 Hz and the magnetometer data at 100
Hz, but down sampled to 25 Hz for processing. One unit was
located on a backpack used to carry the reference system
and the other was strapped to a left ankle of the person
wearing the backpack. The course trajectory consisted of a
45-minute walk on the University of Calgary campus. This
included time inside and beside buildings, athletic field
environments and building basements. Since the purpose was
to assess the QSF update performance, GPS data was only

used for one second at the beginning to provide an initial
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position, thus all results are presented without the use

of GPS.
TABLE 1

IMU Specification ADIS16488
Nonlinearity 0.01 %
In Run Bias Stability 6.25 °/hr
Angular Random Walk 0.3 °/vhr
Rate Noise Density 0.24 °/s/VHz
Mag Noise 0.45 s

A NovAtel SPAN system including an LCI IMU and a SPAN
SE receiver collected data that was post procesgsed to
provide a reference trajectory and attitude. The reference
system allowed a direct analysis of the attitude and an
optimal calibration for the two ADIS16488 units mounted on
the backpack. The ankle mounted unit is analyzed in the
position domain, since the position errors are well
bounded by the application of zero velocity updates. The
ankle-mounted magnetometer was calibrated using a field
norm described in V. Renaudin, H. Afzal, and G.
Lachapelle, "Complete tri-axis magnetometer calibration in
the magnetic domain," Journal of Sensors, Hindawi, vol.

2010, p. 10, 2010.

The data was processed in an INS filter that
estimates posgition, velocity, attitude, gyro biases and
gscale factorg, accelerometer biases and scale factor. For
the ankle-mounted unit, zero velocity updates are applied
during the stance phase. Details of the filter are
provided in J. B. Bancroft, M. H. Afzal, and G.
Lachapelle, "High Performance GNSS Augmented Pedesgtrian

Navigation in Signal Degraded Environments," in

- 25 -
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International Global Navigation Satellite Systems Society

(IGNSS) Symposium 2011, Sydney, Australia, 2011.

Figure 6 shows the bias estimation of the backpack
mounted unit. No other updates are provided to the filter
go the bias value remains unchanged without QSF. The
estimated standard deviation does however reduce over time
due to user dynamics from both true and perceived noise
dynamicg. When QSF updates are applied the filter
converges to bilasgses within the first 10 minutes. It is
apparent from the convergence time that the update does
not provide a large amount of information to the gyro
biag, but over an extended period of time doeg provide
valuable information. Initially, the gyro biases had a 50
°/hr standard deviation that was determined from a short
period when the user stood still. Thus if the estimated
variance was larger for a lower cost IMU, the update would
converge faster, implying that the update is more suited

to lower performing gyros.

The rate gyro scale factor estimation is shown in
Figure 7. The gyro used has a very small scale factor
(0.01 %), thus the deviation from unity should be minor.
The scale factor does move toward its true value, but at a
slower rate than the gyro bias. In addition, the estimated
variance of the scale factor does not decrease over the 45
minute test duration, indicating that observability at the
0.01 % level is extremely low and that QSF updates are

likely more effective for gyros with higher scale factors.

Figure 8 shows the attitude errors of the backpack
mounted sensor pod. The heading error RMS was reduced by
56 % when QSF updates were applied, and there is minor

improvement to the pitch and roll errors. As the attitude
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error is still within a few degreesg, the QSF update is
still not sgufficient to maintain attitude at a level
within which the pogition could be determined by
integrating acceleration measurements. However, for

5 attitude and heading reference systems (AHRS) or
pedestrian navigation based on heading and step length, a

1.2° RMS value is advantageous.

Magnetic QSF periods can be detected in any perturbed

environment but vary depending on the location of the

10 body-mounted magnetometer. Figure 9 shows the QSF periods
for the backpack-mounted unit in a close up view of the
northwest corner of Figure 10. Green points indicate an
accepted QSF update and red points indicate an update that
was rejected by the filter through a fault detection and

15 exclusion (FDE) process. While outdoor QSF updates are
normally available, it is apparent that there are areas
where the field’s magnitude does not remain constant.
Indoors, there are typically updates every few seconds.
The average time between updates and the number of QSF

20 periods detected and used are provided in Table II.

TABLE IT
Backpack Ankle
Mounted

Mean 0.07 s 0.34 s
Max 7.20 s 20.2 s
Median 0.04 s 0.16 s
QSFs Detected 38107 8102
QSFs Used in | 33142 5921
Solution (87 %) (73 %)

The ankle unit experiences 79 % less QSF periods than
the backpack. The FDE rejection rate on the backpack was

25 13 % while on the ankle it was 27 %. The increase in the

- 27 -



WO 2012/135960 PCT/CA2012/050221

10

15

20

25

30

rejection rate results from higher angular acceleration on
the ankle during the QSF period compared to that of the
backpack. This results in a larger variation in the
angular velocity during the QSF periods and makes the
filter innovations larger. Although the ankle unit both
has a lower number of QSF detections and a higher
rejection rate, it still improvesg the navigation solution

as shown below.

Figure 11 provides an example of instances indoors
where the magnetic field magnitude is rapidly changing but
QSF periods are still detected. Note that at this location
the earth magnetic field strength is 0.568 Gausg, and
updates are used when the field strength ig above 0.6 and
below 0.5 Gauss. The ankle and backpack units detect
periods both at the same epochs and at different epochs.
It is important to consider that the field’s rate of
change is a function of user dynamics and thus one would
expect less to occur on the ankle then on the backpack.
Additionally, the ankle magnetometer is cloger to the
ferrous objects used in reinforced concrete. This explains
why the FDE rejection rate on the ankle mounted unit is

higher.

The use of Zero Velocity Updates (ZUPTs) on the ankle
unit results in navigation capability when GPS id denied.
QSF updatesg applied to the GPS denied filter improved the
navigation accuracy by 56 % (RMS) and the maximum error at
the end of the 45 minute test decreased from 208 m to 128
m. An error profile of the two trajectorieg is shown in

Figure 12 and a map view is shown in Figure 10.

It is apparent from the map view that the heading of

the system drifts over time at a faster rate than when the
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QSF updates are applied (red vs. orange linesg). Without
QSF updatesg it took 18.5 minutes to reach a 50 m
horizontal error, whereas with QSF it took 33.5 minutes.
With the QSF applied the last 10 minutes contained the
largest heading error which also corresponds to a low
number of QSF updates (i.e. the user wag inside for longer
periods of time). The vertical error also shows a modest
improvement. The maximum elevation error without QSF was
110 m, while it was 81 m when QSF updates were applied, a
26 % percent improvement. The use of the barometer sensors
in the ADI units would of course further improve vertical

accuracy.

The method steps of the invention can be summarized
as shown in the flowchart of Figure 13. As noted above,
the invention may be practiced on a personal navigation
device using a number of gyroscopic sensors and at least

one magnetometer.

Referring to Figure 13, the method starts with step
10. Step 10 that of finding the rotational rate of change
of the device around at least one of the device’s 3 axes.

This can be done using the gyroscopic sensors.

Step 20 then determines the overall magnetic field
vector of the magnetic field local to the device. As
noted above, this can be done using the at least one

magnetometer.

Once the overall magnetic field has been determined,
step 30 then checks the rate of change of this magnetic
field vector. Once this has been determined, step 40
checks if the rate of change of the magnetic field vector

shows that the magnetic field is in a qQuasi-static state.
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If the magnetic field is in a quasi-static state,
step 50 then generates the estimated gyroscope errors
uging the rate of change of the magnetic field vector and
the rotational rate of change of the device. Thig is done

using the error models derived above.

The estimated gyroscope errorsg can then be used (step
60) to adjust the headings to compensate for the errors.
The various steps can then be re-executed in as many
iterations as desired to continually compensate for the

various time-varying gyroscope errors.

The method steps of the invention may be embodied in
sets of executable machine code stored in a variety of
formats such as object code or source code. Such code is
described generically herein as programming code, or a
computer program for simplification. Clearly, the
executable machine code may be integrated with the code of
other programs, implemented as subroutines, by external

program calls or by other techniques as known in the art.

The embodiments of the invention may be executed by a
computer processor or similar device programmed in the
manner of method steps, or may be executed by an
electronic system which is provided with means for
executing thesge steps. Similarly, an electronic memory
means such computer diskettes, CD-Romg, Random Access
Memory (RAM), Read Only Memory (ROM) or similar computer
gsoftware storage media known in the art, may be programmed
to execute such method steps. As well, electronic signals
representing these method steps may also be transmitted

via a communication network.

Embodiments of the invention may be implemented in

any conventional computer programming language For

- 30 -
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example, preferred embodiments may be implemented in a
procedural programming language (e.g."C") or an object
oriented language (e.g."C++", “java”, or “C#7).
Alternative embodiments of the invention may be
implemented as pre-programmed hardware elements, other
related components, or as a combination of hardware and

software components.

Embodiments can be implemented as a computer program
product for use with a computer system. Such
implementations may include a series of computer
instructions fixed either on a tangible medium, such as a
computer readable medium (e.g., a diskette, CD-ROM, ROM,
or fixed disk) or transmittable to a computer sgystem, via
a modem or other interface device, such as a
communications adapter connected to a network over a
medium. The medium may be either a tangible medium (e.g.,
optical or electrical communications lines) or a medium
implemented with wireless techniques (e.g., microwave,
infrared or other transmigsion techniques). The series of
computer instructions embodies all or part of the
functionality previously described herein. Those skilled
in the art should appreciate that such computer
instructions can be written in a number of programming
languages for use with many computer architectures or
operating systems. Furthermore, such instructions may be
stored in any memory device, such as semiconductor,
magnetic, optical or other memory devices, and may be
transmitted using any communicationg technology, such as
optical, infrared, microwave, or other transmigsion
technologies. It is expected that such a computer program
product may be distributed as a removable medium with
accompanying printed or electronic documentation (e.g.,

shrink wrapped software), prelocaded with a computer system

- 31 -



WO 2012/135960 PCT/CA2012/050221

10

15

(e.g., on system ROM or fixed disk), or distributed from a
gserver over the network (e.g., the Internet or World Wide
Web) . Of course, some embodiments of the invention may be
implemented as a combination of both software (e.g., a
computer program product) and hardware. Still other
embodiments of the invention may be implemented as
entirely hardware, or entirely software (e.g., a computer

program product) .

A person understanding this invention may now
conceive of alternative structures and embodiments or
variations of the above all of which are intended to fall

within the scope of the invention as defined in the claims

that follow.
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Having thus described the invention, what is claimed as

new and secured by Letters Patent is:

1. A method for compensating for errors in a mobile

gyroscope in a device, the method comprising:

a) determining a rotational rate of change of said

device around at least one axis;

b) determining an overall magnetic field vector of a

magnetic field local to said device;

c) determining a rate of change of said magnetic

field field vector;

d) determining if said magnetic field is unchanging;

e) 1n the event sgaid magnetic field ig unchanging,
generating estimated gyroscope errors using said rate
of change of said magnetic field vector and said

rotational rate of change of said device;

f) compensating for said gyroscope errorsg using said

estimated gyroscope errors.

2. A method according to claim 1 further comprising step
g) continuously repeating steps a) - f) to account for

time-varying gyroscope errors.

3. A method according to claim 1 wherein step d) comprises
determining when a rate of change of magnetic field

strength measurements is close to zero.

- 33 -
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4. A method according to claim 3 wherein step d)
further comprises determining a norm for said rate of
change of magnetic field vector for a predetermined time

window.

5. A method according to claim 4 wherein step d) further
comprises determining a rate of change for said norm to
determine if said magnetic field local to said device is

constant.

6. A method according to claim 1 wherein step e)
comprises combining components of said rate of change of
gsaid magnetic field vector and said rotational rate of
change of said device to generate said estimated gyroscope

€YXrors.

7. A method according to claim 6 wherein said step of
combining is performed using an extended Kalman filter to

generate said estimated gyroscope errors.

8. A method according to claim 1 wherein step e) comprises
comparing said rate of change of said magnetic field
vector with said rotational rate of change to result in

said estimated gyroscopic errors.

9. A method according to claim 1 wherein said magnetic

field is sensed using at least one magnetometer.

10. A method according to claim 1 wherein said rotational
rate of change is sensed using at least one set of motion

SEensors.
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11. A method for determining errors in a gyroscope in a

non-static device, the method comprising:

a) determining at least two periods of time when a

total local magnetic field is unchanging;

b) for each of said at least two periods of time,
determining a magnetic field vector for said magnetic

field;

c) for each of gaid at least two periods of time,
determining a rotational rate of change for said

device;

d) using an extended Kalman filter to estimate errors
in readings from said gyroscope using said magnetic
field vector determined in step b) and said

rotational rate of change for said device.

12. A method according to claim 11 wherein said method is
continuously repeated to continuousgly determine said

errors in said readings from said gyroscope.

13. A method according to claim 11 wherein said method is

executed on a personal navigation device.

14. A method according 11 wherein said local magnetic
field is unchanging when a rate of change of magnetic
field strength measurements for said local magnetic field

is close to zero.

15. Computer readable media having encoded thereon

- 35 -
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computer readable instructions which, when executed,
implements a method for compensating for errors in a

handheld gyroscope in a device, the method comprising:

a) determining a rotational rate of change of said

device around at least one axis;

b) determining an overall magnetic field vector of a

magnetic field local to said device;

c) determining a rate of change of said magnetic

field field vector;

d) determining if said magnetic field is unchanging;

e) 1n the event sgaid magnetic field ig unchanging,
generating estimated gyroscope errors using said rate
of change of gaid magnetic field vector and said

rotational rate of change of said device;

f) compensating for said gyroscope errors using said

estimated gyroscope errors.
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