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(57) Abrégée/Abstract:
Systems and methods for determining heading of a traveling vehicle are provided. The systems and methods employ an image

system to capture and match multiple distinctive features of an image area at a first and second point in time and to determine unit-
vectors associated with the multiple distinctive features. A global positioning system (GPS) provides a translation vector for the first
and second point and time and a coupled processor employs the unit-vectors and the translation vector to provide a corrected
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ABSTRACT
Systems and methods for determining heading of a traveling vehicle are
provided. The systems and methods employ an image system to capture and match
multiple distinctive features of an image area at a first and second point in time and to
determine unit-vectors associated with the multiple distinctive features. A global
positioning system (GPS) provides a translation vector for the first and second point and
time and a coupled processor employs the unit-vectors and the translation vector 1o

provide a corrected heading.
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SYSTEMS AND METHODS FOR DETERMINING HEADING

TECHNICAL FIELD

[0001] The present invention relates generally to navigations systems, and more
particularly to systems and methods for determining heading.

BACKGROUND
[0002] Even with the utilization of a global positioning system (GPS), a low grade

inertial measurement unit (IMU) cannot determine its heading angle accurately unless the
vehicle experiences significant velocity changes from time to time. For example, without
velocity change, the heading accuracy of an IMU equipped with 1 deg/hr gyros aided by
GPS is about 0.1 radians. A traditional way to align low grade IMU equipment with GPS
or some other external position/velocity reference is to employ S-turns during travel to
provide observability of heading errors. Traditional in-flight alignment procedures require
the vehicle to execute lengthy horizontal-plane S-turns maneuvers lasting several
minutes. Although capable of attaining milliradian alignment accuracy, lengthy traditional

alignment procedures generally distract from the goals of a given mission.

SUMMARY
[0003] In one embodiment of the invention, there is provided a system
for determining heading that is mountable on a traveling vehicle, the system comprising
an image system that captures muitiple distinctive features in an area of interest at a first
point in time and at a second point of time during traveling of the traveling vehicle,

matches the multiple distinctive features captured at the first point of time and the second
point of time, and determines a first unit-vector associated with a given matched

distinctive feature based on the first point in time and a second unit-vector associated
with the given matched distinctive feature associated with the second point in time for
each of the multiple matched distinctive features; a global positioning system (GPS) that
determines a translation vector based on carrier phase information captured from the first
point in time to the second point in time; and a coupled processor that minimizes the error
in an epipolar equation for each of the multiple matched distinctive features based on the

respective first and second unit-vectors and the translation vector to determine a
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corrected heading, wherein the epipolar equation comprises data characterizing a
distinctive feature captured at the first point in time and a distinctive feature captured at

the second point in time.

[0004] In another embodiment of the invention, there is provided a system for
determining heading that is mountable on a traveling vehicle, the system comprising an
image system that captures multiple distinctive features in an area of interest at a first
point in time and at a second point of time during traveling of the traveling vehicle,
matches the multiple distinctive features captured at the first point of time and the second
point of time, and determines a first unit-vector associated with a given matched
distinctive feature based on the first point in time and a second unit-vector associated
with the given matched distinctive feature associated with the second point in time for
each of the multiple matched distinctive features; a global positioning system (GPS) that
determines a translation vector based on carrier phase information captured from the first
point in time to the second point in time; and a coupled processor that minimizes the error
in an epipolar equation for each of the multiple matched distinctive features based on the

respective first and second unit-vectors and the translation vector to determine a

corrected heading, wherein the epipolar equation Is (le xsz)-CﬁTN =0 , where le IS

the first unit-vector, sz s the second unit-vector, 7" is the translation vector and Cy is

the transformation matrix from a navigation frame (N) frame to a local frame (L) frame,
such that

(¢ s 0
Cy=|-s ¢ O
0 0 1,

where ¢ = cos(a) and s =sin(a) and a is the heading angle to be solved.

[0005] In another embodiment of the invention, there is provided a method for
for determining heading that is mountable on a traveling vehicle, the system comprising
an image system that captures multiple distinctive features in an area of interest at a first

point in time and at a second point of time during traveling of the traveling vehicle,
matches the multiple distinctive features captured at the first point of time and the second
point of time, and determines a first unit-vector associated with a given matched

distinctive feature based on the first point in time and a second unit-vector associated
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with the given matched distinctive feature associated with the second point in time for
each of the mulitiple matched distinctive features; a global positioning system (GPS) that
determines a translation vector based on carrier phase information captured from the first
point in time to the second point in time; and a coupled processor that minimizes the error
in an epipolar equation for each of the multiple matched distinctive features based on the
respective first and second unit-vectors and the translation vector to determine a

corrected heading, wherein the coupled processor is a Kalman filter and the epipolar

equationis or =T x(x, xx,) ¢ +(x, xx,)-0l' , where x;is the first unit-vector, x,is the

second unit-vector, T is the translation vector, where ¢ = attitude error and o7 =

translation error, such that the Kalman filter resolves the attitude error ¢ and o7 is

measured by the GPS.

[0005a] In another embodiment of the invention, there is provided a system

for determining heading that is mountable on a traveling vehicle, the system comprising
an image system that captures multiple distinctive features in an area of interest at a first
point in time and at a second point of time during traveling of the traveling vehicle,
matches the multiple distinctive features captured at the first point of time and the second
point of time, and determines a first unit-vector associated with a given matched
distinctive feature based on the first point in time and a second unit-vector associated
with the given matched distinctive feature associated with the second point in time for
each of the multiple matched distinctive features; a global positioning system (GPS) that
determines a translation vector based on carrier phase information captured from the first
point in time to the second point in time; a coupled processor that minimizes the error in
an epipolar equation for each of the multiple matched distinctive features based on the
first and second unit-vectors and the translation vector to determine a corrected heading;
and an inertial measurement system that provides an initial heading to the coupled
processor, the coupled processor employing the initial heading at a starting point for
minimizing the epipolar equation, wherein the epipolar equation comprises data
characterizing a distinctive feature captured at the first point in time and a distinctive
feature captured at the second point in time.

[0005b] In yet a further embodiment of the invention, there is provided a method for

determining heading of a traveling vehicle employing an image system, an inertial system
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and a global positioning system (GPS), the method comprising capturing imagery in an
area of interest and extracting multiple distinctive feature coordinates at a first point in
time; capturing imagery in the area of interest and extracting multiple distinctive feature
coordinates at a second point in time; matching the multiple distinctive feature
coordinates captured at the first point of time and the second point of time to determine
multiple matched distinctive features; providing a first unit-vector associated with a given
matched distinctive feature based on the first point in time and a second unit-vector
associated with the given matched distinctive feature associated with the second point in
time for each of the multiple matched distinctive features; computing a translation vector
based on carrier phase information captured from the first point in time to the second
point in time; and minimizing an epipolar equation for each of the multiple matchead
distinctive features based on the first and second unit-vectors and the transiation vector

to determine a corrected heading, wherein the epipolar equation comprises data

characterizing a distinctive feature captured at the first point in time and a distinctive

feature captured at the second point in time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates a block diagram of a system for determining heading in
accordance with an aspect of the invention.

[0007] FIG. 2 illustrates an epipolar geometry graph that facilitates the describing
of the computations performed by the coupled processor in accordance with an aspect of
the present invention.

[0008] FIG. 3 illustrates a graph of inertial orientation errors versus time on a first

simulation performed with free inertial orientation errors of baro-aided navigation-grade

Inertial Navigation System (INS) without GPS and with an S-turn alignment maneuver.

[0009] FIG. 4 illustrates a graph of inertial orientation errors versus time on a
second simulation performed without S-turn alignment employing baro-aided navigation-

grade INS with continuous alignment vision observations in accordance with an aspect of

the present invention.
[0010] FIG. 5 illustrates a methodology for determining heading in accordance

with an aspect of the invention.
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DETAILED DESCRIPTION
[0011] Systems and methods are provided for determining heading using visual
cues. The use of visual cues eliminates the need for S-turn maneuvers while providing
similar performance and offers the potential to improve the heading accuracy when high
quality instrumentation is used. In one embodiment of the invention, a system is
provided for determining heading that is mountable on a traveling vehicle. The system
comprises an image system that identifies and tracks muiltiple distinctive features in an
area of interest at successive points in time during motion of the traveling vehicle. The
vision processing procedure involves matching multiple features and then determining a
unit-vector associated with each of these matched distinctive features. The system
further comprises a global positioning system (GPS) that determines a translation vector
based on carrier phase information captured from the first point in time to the second
point in time and a coupled processor that minimizes the error in an epipolar equation
(EQ. 1) for each of the multiple matched distinctive features based on the respective
first and second unit-vectors and the translation vector. A Kalman filter (or some other
optimal estimator) can be employed to continuously combine the measurements for a

refined heading solution.

[0012] It is to be appreciated that platform alignment requires two steps: the
determination of the relationship between an arbitrary earth-fixed frame and the body
frame and then the determination of this earth-fixed frame with respect to known earth-

fixed frame (e.g., North, East, Down). With enough matched features, the vision

observations can be combined into platform pose referenced in an earth-fixed
coordinate frame (relation to North, East, and Down is not yet known). Then a coupled
processor can combine the vision observation with the GPS measurement to determine
the final alignment between the body frame and the known earth-fixed frame.

[0013] In another embodiment of the invention, the coupled processor employs
the GPS translation and the vision observation with the epipolar equation (EQ. 3) to

directly solve for the initial heading at the starting point. Alternatively, an inertial

4
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measurement system can provide an initial heading at the starting point to the couplead
processor.

[0014] Hereafter the description of feature matching will be described as’a match
between two sequential points in time for illustration simplicity, but this operation could

involve more than two points in time.

[0015] FIG. 1 illustrates a system 10 for determining heading in accordance with
an aspect of the present invention. The system 10 includes an inertial measurement
system 12, an image system 18 and a global position system (GPS) 24 mounted on a
traveling vehicle (not shown). The inertial measurement system 12 includes a relatively
iInexpensive inertial measurement unit (IMU) 14 and an inertial processor 16. The
image system 18 includes an image sensor 20 (e.g., a camera) and an image processor
22. The GPS 24 includes a GPS receiver 26 and a GPS processor 28. Multiple
distinctive features of an image area are captured by the image sensor 20 at a first point
in time (t1) and a second point in time (t2) during motion of the traveling vehicle. After
matching of the multiple distinctive features, a first unit-vector (x4) can be determined at
the first point time (t4) and a second unit-vector (x,) can be determined at the second
point in time (t2) for each of the multiple matched fea{ures by the image processor 22.
The image processor 22 provides the first unit-vector (x1) and the second unit-vector
(x2) for each of the multiple features to a coupled processor 30. A translation vector
Taps can be determined by the GPS processor 28 based on carrier phase information
captured by the GPS receiver 26 from the first point in time (t1) to the second point in
time (t2). The GPS processor 28 provides the translation vector Teps to the coupled
processor 30.

[0016] During an initial alignment, changes in velocity (AV) and attitude (A8) are
provided from the IMU 14 to the inertial processor 16 along with translation information
from the GPS processor 28, such that the coupled processor 30 can determine initial

position, attitude and heading. The IMU 14 continues providing changes In velocity and

attitude and the inertial processor 16 propagates the position, attitude and heading

d
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between the first point in time (t;) and the second point in time (t2). These values are

provided to the coupled processor 30, which also feeds back correction information to
the inertial processor 16.
[0017] The translation vector Tgps is determined by the GPS processor 28 in the
navigation frame N (north-east-down) and the first unit-vector xs and the second unit-
vector x.are determined by the image processor 22 that is rigidly related to the body
frame B of the IMU 14. The coupled processor 30 is configured to solve and minimize
the errors in the epipolar equation:

(x,xx,)-T=0 EQ.
where x; and x» are first and second unit-vectors pointing to the same feature from
points 07 and 0y, respectively. For convenience (and ignoring the boresight error), it Is
assumed that the image frame and system body frame are the same. Also assuming

that the roll and pitch angles of the IMU 14 are known (they are readily determined by
measuring the gravity vector). It means the transformation matrix C, from body frame
to some local level frame L is known. Now the problem of solving the heading angle is
reduced to solving the transformation matrix C, from a navigation (N) frame to a local

(L) frame.

[0018] Based on ignoring the above known errors and based on the above known

assumptions, the coupled processor 30 determines the heading angle by solving the

transformation matrix C; from a navigation (N) frame to a local (L) frame, such that

(¢ s 0
Co=|-s5s ¢ O EQ. 2
0 0 1,

where ¢ = cos(a) and s =sin(a); and a is the heading angle to be solved.

[0019] The initial heading angle a can be provided from the inertial processor 16

and substituted into the following epipolar equation:

(x,"xx,")-CET" =0 EQ. 3
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and the heading angle corrected iteratively by the coupled processor 30 until a heading
angle is provided that provides results of the epipolar equation that are minimized (e.g.,
approximately 0). This is repeated for each of the multiple distinctive features. The
coupled processor 30 averages the heading angles derived from the multiple distinctive
features and outputs an initial heading alignment for the system 10.

[0020] The system 10 for determining heading has many useful applications.
Primarily, this technique allows the use of a low cost stand-alone GPS-IMU-Camera
package in an aircraft, a land vehicle, or a helicopter to determine its heading without
the need for custom trajectories or maneuvers such as S-turns. It can also be applied
to the situation where some kind of vision sensor is already available, for example
Electro/Optical sensors or a SAR (Synthetic Aperture Radar).

[0021] FIG. 2 lllustrates an epipolar geometry graph 40 that facilitates the
describing of the computations performed by the coupled processor in accordance with
an aspect of the present invention. A feature at location p in 3D space is observed by
an image sensor at two times (t; and t,) located at points 0; and o, respectively. Let X;
and Xsbe the vectors from o; and o.to p, respectively in the north-east-down navigation
coordinate frame (N). Let T be the translation vector from oy to 0,. The image sensor
provides the direction (unit-vector) to the feature. Itis measured in the image sensor
frame, which is rigidly related to the body frame (B) of the IMU, and then transformed to
the navigation frame. For convenience (assuming unity focal length and ignoring the

boresight error), it is assumed that the image sensor frame and IMU body frame are the

same. For example,

X X
Let x, =—- and x, =—2 EQ. 4
X x|
The epipolar equation states that:
r=x, (I'xx)=0, EQ. 5

where “" is dot product and “x" is cross product.
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The above equation simply states that the three vectors xy, xo, and T are on the same
plane. EQ. 5 can be rewritten as:

r=(x,Xx,)-T=0, EQ. 6
[0022] In one aspect of the invention, the coupled processor 30 is a Kalman filter.
The solution above can be refined by using a Kalman filter as described below.
Since the image sensor frame is related to the IMU frame, the image measurements
share the same attitude error as the IMU frame. The error of EQ. 6 can be expressead

as follows:

or =—@x(x,xXx,)-T+(x,xx,)-0 + measurement noise EQ. 7
or =T x(x;xXx,)-¢+(x,xXx,) ol + measurement noise EQ. 8
where ¢ = attitude error (tilt and heading error); I translation error.

Since oI' can be measured accurately by GPS, EQ. 8 provides enough information for

the Kalman filter to resolve the attitude error ¢ (tilts and heading error).

[0023] F1G. 3 llustrates a graph 50 of inertial orientation errors versus time on a
first simulation performed with free inertial orientation errors of baro-aided navigation-
grade INS during GPS denial after S-turn alignment. FIG. 4 illustrates a graph 60 of
inertial orientation errors versus time on a second simulation performed without S-turn
alignment employing baro-aided INS with continuous alignment using an image sensor
In accordance with an aspect of the present invention. To illustrate the results, the
baro-aided free inertial orientation accuracy (1c from 30 Monte Carlo runs) with S-turn
alignment and without vision is illustrated in FIG. 3. The heading accuracy is the
primary beneficiary of alignment procedures since the S-turn maneuver can be removed
when vision is included and the performance is nearly the same. For this example,
vision aiding was provided by a downward looking EQ vision sensor matching five
features between sequential frames. The simulated vision accuracy consisted of a
feature noise of 0.22 mrad and a feature range accuracy of 0.1% of the total range.
These parameters would be representative of a high-performance camera. The

- corresponding orientation accuracy with vision alignment without S-turns is illustrated in
8
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FIG. 4. It should be noted that FIG. 4 illustrates similar heading alignment accuracy
using vision as the S-turn case in FIG. 3 without the need to add special maneuvers
(such as S-turns) to the mission profile.

[0024] In view of the foregoing structural and functional features described
above, a methodology in accordance with various aspects of the present invention will
be better appreciated with reference to FIG. 5. While, for purposes of simplicity of
explanation, the methodology of FIG. 5 is shown and described as executing serially, it
is to be understood and appreciated that the present invention is not limited by the
illustrated order, as some aspects could, in accordance with the present invention,
occur in different orders and/or concurrently with other aspects from that shown and
described herein. Moreover, not all illustrated features may be required to implement a
methodology in accordance with an aspect of the present invention.

[0025] FIG. 5 illustrates an example of a methodology 70 for determining heading
in accordance with an aspect of the invention. The methodology employs an image
system, an inertial measurement system and a GPS mounted on a traveling vehicle. At
72, Imagery of an image area is captured by the image sensor at a first point in time (t4)
during traveling of the traveling vehicle and multiple distinctive feature coordinates are
extracted by image processing. At 74, imagery of the image area is captured by the
iImage sensor at a second point in time (tz) during traveling of the traveling vehicle and
multiple distinctive feature coordinates are extracted by image processing. At 76, the
distinctive feature coordinates are matched and a first unit-vector (x4) is determined
based on the first point time (t1) and a second unit vector (x,) is determined based on

the second point in time (t2) for each of the multiple matched distinctive features. The

methodology 70 then proceeds to 78.

[0026] At 78, a translation vector Tgps is computed based on carrier phase

information provided by a GPS device from the first point in time (t1) to the second point
in time (t2). At 80, an inertial measurement system that provides an initial leveling to the

coupled processor. The coupled processor can employ the initial leveling to directly
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solve the epipolar equation for heading based on EQ. 3. At 82, the error in the epipolar
equation is minimized for each matched distinctive feature based on the first unit-vector
(x1) and the second unit vector (x,) for a given matched distinctive feature, the translation
vector Tgps, and the initial leveling from 80 to determine a corrected heading associated
with each of the matched distinctive features. The corrected headings can be averaged
to provide a finely aligned corrected heading. The epipolar geometry equation can be
based on EQ. 3 when directly computing the initial heading, or based on EQ. 8 if an IMU
is available. The coupled processor can use a Kalman filter to continuously refine the
heading.

[0027] What have been described above are examples of the present invention.

It is, of course, not possible to describe every conceivable combination of components or
methodologies for purposes of describing the present invention, but one of ordinary skill
in the art will recognize that many further combinations and permutations of the present
invention are possible. Accordingly, the present invention is intended to embrace all such
alterations, modifications and variations. The scope of the claims should not be limited by

the examples set forth above, but should be given the broadest interpretation consistent

with the description as a whole.

10
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What is claimed is:

1. A system for determining heading that is mountable on a traveling vehicle, the
system comprising:

an image system that captures multiple distinctive features in an area of interest
at a first point in time and at a second point of time during traveling of the traveling
vehicle, matches the multiple distinctive features captured at the first point of time and
the second point of time, and determines a first unit-vector associated with a given
matched distinctive feature based on the first point in time and a second unit-vector
associated with the given matched distinctive feature associated with the second point
in time for each of the multiple matched distinctive features,

a global positioning system (GPS) that determines a translation vector based on
carrier phase information captured from the first point in time to the second point in time;
and

a coupled processor that minimizes the error in an epipolar equation for each of
the multiple matched distinctive features based on the respective first and second unit-
vectors and the translation vector to determine a corrected heading, wherein the
epipolar equation comprises data characterizing a distinctive feature captured at the first

point in time and a distinctive feature captured at the second point in time.

2. The system of claim 1, further comprising an inertial measurement system that
provides an initial leveling to the coupled processor, the coupled processor employing

the initial leveling to directly solve the epipolar equation for heading.

3. The system of claim 2, wherein the inertial measurement system comprises an
inertial measurement unit (IMU) and an inertial processor, the IMU provides changes in

velocity and attitude to the inertial processor and the inertial processor determines

estimates of position, heading and attitude.

4. The system of any one of claims 1 to 3, wherein the coupled processor averages
the determined corrected headings of each of the multiple matched distinctive features

to directly compute heading for the system.

[
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d. The system of any one of claims 1 to 4, wherein the GPS comprises a GPS
device and a GPS processor, the GPS device provides carrier phase information and

the GPS processor determines the translation vector.

6. The system of any one of claims 1 to 5, wherein the image system comprises an
image sensor and an image processor, the image sensor captures the multiple
distinctive features in the area of interest at the first point in time and at the second point
of time during traveling of the traveling vehicle, and the image processor matches the
multiple distinctive features captured at the first point of time and the second point of
time, and determines the first unit-vector associated with a given matched distinctive
feature based on the first point in time and the second unit-vector associated with the
given matched distinctive feature associated with the second point in time for each of

the multiple matched distinctive features.

/. The system of any one of claims 1 to 4, wherein the GPS comprises a GPS
device and a GPS processor, the GPS device provides carrier phase information and
the GPS processor determines the translation vector, the image system comprises an
image sensor and an image processor, the image sensor captures the muitiple
distinctive features in the area of interest at the first point in time and at the second point
of time during traveling of the traveling vehicle, and the image processor matches the
multiple distinctive features captured at the first point of time and the second point of
time, and determines the first unit-vector associated with a given matched distinctive
feature based on the first point in time and the second unit-vector associated with the
given matched distinctive feature associated with the second point in time for each of
the multiple matched distinctive features and the inertial measurement sysiem
comprises an inertial measurement unit (IMU) and an inertial processor, the IMU
provides changes in velocity and attitude to the inertial processor and the inertial

processor determined estimates of position, heading and attitude.

3. A system for determining heading that is mountable on a traveling vehicle, the

system comprising:

12
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an image system that captures mulitiple distinctive features in an area of interest
at a first point in time and at a second point of time during traveling of the traveling
vehicle, matches the multiple distinctive features captured at the first point of time and
the second point of time, and determines a first unit-vector associated with a given
matched distinctive feature based on the first point in time and a second unit-vector
associated with the given matched distinctive feature associated with the second point
in time for each of the multiple matched distinctive features;

a global positioning system (GPS) that determines a translation vector based on
carrier phase information captured from the first point in time to the second point in time,;
and

a coupled processor that minimizes the error in an epipolar equation for each of
the multiple matched distinctive features based on the respective first and second unit-

vectors and the translation vector to determine a corrected heading,

wherein the epipolar equation is (x,” xx, )-C:5T" =0 , where x,"is the first unit-

vector, sz s the second unit-vector, T'" is the translation vector and Cj, is the

transformation matrix from a navigation frame (N) frame to a local frame (L) frame, such
that

(¢ s 0
Cy=|-s ¢ 0

where ¢ = cos(a) and s =sin(a) and a is the heading angle to be solved.

9. The system of claim 8, further comprising an inertial measurement system that
provides an initial heading to the coupled processor, the coupled processor employing
the initial heading at a starting point for iteratively correcting the heading angle until a

heading angle is provided that minimizes the error in the epipolar equation.

10. A system for determining heading that is mountable on a traveling vehicle, the
system comprising:
an image system that captures multiple distinctive features in an area of interest

at a first point in time and at a second point of time during traveling of the traveling

13
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vehicle, matches the multiple distinctive features captured at the first point of time and
the second point of time, and determines a first unit-vector associated with a given
matched distinctive feature based on the first point in time and a second unit-vector
associated with the given matched distinctive feature associated with the second point
in time for each of the multiple matched distinctive features;

a global positioning system (GPS) that determines a translation vector based on
carrier phase information captured from the first point in time to the second point in time;
and

a coupled processor that minimizes the error in an epipolar equation for each of
the multiple matched distinctive features based on the respective first and second unit-
vectors and the translation vector to determine a corrected heading,

wherein the coupled processor is a Kalman filter and the epipolar equation is

or=Tx(xxx,)-¢+(x,xx,)-0I , where x,is the first unit-vector, x, is the second unit-

vector, T is the translation vector, where ¢ = attitude error and o7 = translation error,

such that the Kalman filter resolves the attitude error ¢ and 67" is measured by the

GPS.

11. A system for determining heading that is mountable on a traveling vehicle, the
system comprising:

an image system that captures multiple distinctive features in an area of interest
at a first point in time and at a second point of time during traveling of the traveling
vehicle, matches the multiple distinctive features captured at the first point of time and

the second point of time, and determines a first unit-vector associated with a given

matched distinctive feature based on the first point in time and a second unit-vector
associated with the given matched distinctive feature associated with the second point

IN time for each of the muitiple matched distinctive features;
a global positioning system (GPS) that determines a translation vector based on

carrier phase information captured from the first point in time to the second point in time;
a coupled processor that minimizes the error in an epipolar equation for each of
the multiple matched distinctive features based on the first and second unit-vectors and

the translation vector to determine a corrected heading; and

14
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an inertial measurement system that provides an initial heading to the coupled
processor, the coupled processor employing the initial heading at a starting point for
minimizing the epipolar equation, wherein the epipolar equation comprises data
characterizing a distinctive feature captured at the first point in time and a distinctive

feature captured at the second point in time.

12. The system of claim 11, wherein the epipolar equation is (le xsz)-C}’;TN =0 ,
where xf‘ s the first unit-vector, x," is the second unit-vector, 7" is the translation

vector and Cf, is the transformation matrix from a navigation frame (N) frame to a local

frame (L) frame, such that

(¢ s 0)
Cy=|-s c 0|

where ¢ = cos(a) and s =sin(a) and a is the heading angle to be solved.

13. The system of claim 11 or 12, wherein the coupled processor averages the
determined corrected headings of each of the multiple matched distinctive features to

directly compute the heading for the system.

14. The system of claim 11, wherein the coupled processor is a Kalman filter and the

epipolar equationis or =7 x(x, xx,)-¢ +(x, xx,)-oT , where x,is the first unit-vector,
x, is the second unit-vector, 7' is the translation vector, where ¢ = attitude error and o7

= translation error, such that the Kalman filter resolves the attitude error ¢ and oT is

measured by GPS.

195. A method for determining heading of a traveling vehicle employing an image

system, an inertial system and a global positioning system (GPS), the method
comprising:
capturing imagery in an area of interest and extracting multiple distinctive feature

coordinates at a first point in time;
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capturing imagery in the area of interest and extracting multiple distinctive
feature coordinates at a second point in time;

matching the multiple distinctive feature coordinates captured at the first point of
time and the second point of time to determine multiple matched distinctive features;

providing a first unit-vector associated with a given matched distinctive feature
based on the first point in time and a second unit-vector associated with the given
matched distinctive feature associated with the second point in time for each of the
multiple matched distinctive features;

computing a translation vector based on carrier phase information captured from
the first point in time to the second point in time; and

minimizing an epipolar equation for each of the multiple matched distinctive
features based on the first and second unit-vectors and the translation vector to
determine a corrected heading, wherein the epipolar equation comprises data
characterizing a distinctive feature captured at the first point in time and a distinctive

feature captured at the second point in time.

16. The method of claim 15, further comprising employing an initial heading provided
by an inertial measurement unit (IMU) at a starting point for minimizing the epipolar

equation.

17. The method of claim 15 or 16, wherein the epipolar equation is

L

(x, xsz)'C ,’{,TN =( , where leis the first unit-vector, xfis the second unit-vector,

T" is the translation vector and Cf, IS the transformation matrix from a navigation frame

(N) frame to a local frame (L) frame, such that

(¢ s 0)
Cy=|-s ¢ O
0 0 T,

where ¢ = cos(a) and s =sin(a) and a is the heading angle to be solved.
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18. The method of any one of claims 15 to 17, further comprising averaging the
determined corrected headings of each of the multiple matched distinctive features to

directly compute the aligned heading.

19. The method of claim 15 or 16, wherein the epipolar equation is

or=Tx(x,xx,)-¢+(x,xx,)-0l , where x is the first unit-vector, x, is the second unit-

vector, T is the translation vector, where ¢ = attitude error and o7 = translation error.

20.  The method of claim 19, wherein a Kalman filter resolves the attitude error ¢

and o7 is measured by the GPS.

17



CA 02720437 2010-11-09

1/4

p “—— —— A— I

8¢

A—— A A A A— —— Bl — wbbe— -y

d0SS300dd SdO

dSVHd
d3144V0

9¢

ve

Sdo

ll\lll

w&@._-

0¢

A

I Old

ONIAV3IH
A3INOIYV
A 1dNI3

d0553d00dd

d31dN0O2

S3LVINILSS SNOILD3HH0O

HOSSID0Nd
V1L 3N

OV AV

NI

d0SS300dd FOVIAI

ALIOVIA

dOSNAS
dOVINI

0c

8L —

A A— — S—




/—40

CA 02720437 2010-11-09

2/4

(R, T)

N
O
LL.



CA 02720437 2010-11-09

3/4

/—50

Errors

Attitude

-—'-----q

]

- e, Y A W

lllllllllllll

NSRS

2500

2000

1500

- e A& & -
-~

- )
O L0
—

-

(0asale) 11| 1583

1000

O

=
[ LD
( N
" O
e o - . . - - D . - - D
! .
_ N
"
| )
e e e - - - -
) L)
J <
)
" -
I N N )
" (.
i
:
: 0
- - - - - s mE .-~ ‘)
! LD
|
|
:
IR O, i o)
O O
o L)

(088218) 1] YUON

2500

MAS e e e B e ‘W

2000

U A g g i
i
b
I
|
)
\
I

|
1500

---*--.—v~--5*-J

—~— gy e am o M

I
|
i
1
)
i
i
N

1000

.
500

180

(28s2Je) Ylhwizy

Time (sec)

FIG. 3

/—60

= s === =

FN = .22 mrad
np-ratio = 001

hr  wms - e wm g . WL A %R W

d .

vy w e e W = e

Attitude Errors
velw)

7
|

n + GPS (All in

N o

T
'

Haro + Visib

n--——p“-..__J...

!

D

—

5

(08501€) Y11 1563

2500

2000

1500

1000

500

100

lllllll

-—q-——-.——-.-.L

-uﬁ\-—--——————-ﬁ

'f

2000

2500

1500

- A - S -

- ks e aw = e e—

(98s9J€) 11| YUON

1000

T
\
1
\
J
i
]

_J

decarcrecaraarecral c e c e e e

S AR AR e v wh mk = g

T -

1500

2500

2000

(08s01E) YlnuNZy

1000

Time (sec)

FIG. 4



CA 02720437 2010-11-09

4/4

- 72

CAPTURE IMAGERY AT A FIRST POINT IN TIME AND EXTRACT MULTIPLE
DISTINCTIVE FEATURE COORDINATES
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CAPTURE IMAGERY AT A SECOND POINT IN TIME AND EXTRACT MULTIPLE |
DISTINCTIVE FEATURE COORDINATES

76

MATCH DISTINCTIVE FEATURES AND PROVIDE FIRST AND SECOND UNIT- |
VECTORS FOR EACH MATCHED DISTINCTIVE FEATURE '

78

COMPUTE THE TRANSLATION VECTOR BASED ON CARRIER PHASE
INFORMATION FROM THE FIRST POINT OF TIME TO THE SECOND POINT OF
TIME

80

COMPUTE INITIAL ALIGNMENT BASED ON CHANGES IN VELOCITY AND
ATTITUDE FROM THE FIRST POINT OF TIME TO THE SECOND POINT IN
TIME

82

MINIMIZE ERRORS IN THE EPIPOLAR GEOMETRY EQUATION FOR EACH OF |
THE MATCHED DISTINCTIVE FEATURES BASED ON UNIT-VECTORS AND
THE TRANSLATION VECTOR TO DETERMINE CORRECTED HEADING
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