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Outline

* Motivation—why alternative navigation techniques?

°* Image-aided INS
— Single aperture vision aiding

— Multi-aperture vision aiding
* Ladar-aided INS

* Multi-Sensor Fusion Techniques

DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156 2



A Y
3\ / Navigation Trends That Push Us Towards

e Alternative (non-GPS) Navigation
Then Now/Future
Multiple interdependent
Single, stand-alone vehicles work together to
systems achieve goal (requires
navigation)

Preci qati Complete dependence on
. recise naV|g”a onasa reliable navigation (PNT as
nice-to-have :

an assumed infrastructure)

Sub-meter to cm-level

Navigat!or_m accuracy. accuracy required (“Accuracy
95-10 m is just fine is Addictive”)

We want to know where We want to know where
the “big things” are everything is
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\.’{ Where Do These Trends Lead?

Position, Nav, & Time (PNT) is increasingly important
— We want to be sure we have it, anywhere, at any time
GPS by itself cannot guarantee anywhere, any time availability

— We must therefore turn to alternative approaches

— Alternative approaches may be (and usually are) inferior to GPS, at
least in some measure

On principle, it’s not a good idea to set up a single point of
failure

— Reliance on GPS alone means that anything that disrupts GPS
(intentionally or unintentionally) will have significant impact

— If backup systems are in place, then GPS disruptions are not nearly as
significant
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* Driver turns right
and drives onto
train tracks

|« Driver follows GPS onto
pedestrian walkway, into
cherry tree
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The Navigation Gap

‘ i
S

Space

A\
N Many
Potential

Navigation
Ground Users \\\
Level \ \\\\\“

High-Sensitivity GPS

Urban/Indoors Rural/Open
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\/ How Can We Fill

Space

How can we fill the gap?

m

Level

* Inertial?...Not by itself >

Urban/Indoors Rural/Open

* High-sensitivity GPS?...Helps, but doesn’t fill the gap

* Alternative Navigation Approaches
— Image/lidar/doppler/DR aiding of inertial
— Beacon-based navigation (includes pseudolites)

— Navigation using signals of opportunity (SoOP)
* RF signals that are not intended for navigation

* Bio-Inspired Navigation
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Motivation: Example

Example: UAV mission

To enable operation of UAVs at any time in any environment, a Precision Navigation,
Attitude, and Time (PNAT) capability on-board the vehicle is required.

—1 —  —
— — —
Generally enables GPS-based ——N—— I —
. : —
navigation... —
—
——— —
== ———
——— —
— —1 —
— ———— —
— —
———— —l
—1 ———
UAV Fragmented GPS Performance
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Nz GPS Limitations

Satellite availability with NovAtel

M PS receivers report
ost GPS receivers repo OEM 4 GPS recelver in Athens, OH

fragmented satellite T ——
availability in urban areas 6_5..9.--.-9.@-0@..}0.@%..-..§
Smmmoom Complete 3D
Number of 4 - o -- coammmonoo | s ©- | navigation
VISIbIC SVs '“'*;““"'? ““““ £ ke il B ittt
3 @eo-io-om-jom o 2D navigation
T mw(ﬂm 2D.naV1gat10nwith
N U S | | | i calibrated clock
le """" @...@?e»..@ @ No solution
0
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\/ Outline

* Motivation—why alternative navigation techniques?

°* Image-aided INS
— Single aperture vision aiding

— Multi-aperture vision aiding

* Ladar-aided INS

* Multi-Sensor Fusion Techniques

DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156 10



s ]

\1 :'g“h’:

DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156

11



How do they do it?

* Physical sensors:
— Mammals: Vestibular (Inertial) and Optical

— Insects: Horizon, Sun Sensors, Optical, Olfactory (Smell),
Magnetic

* Processing:
— Neural processors
— Tightly coupled sensors ’

— Exploits the relative
nature of navigation at a
different level
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\/ Approach

* Precision navigation through fusion of imaging and
inertial systems

— Exploits natural synergy between two measurement
types

* Inspired by nature

— Recent technology improvements makes this
physically and computationally realizable

— Greatly expands the operational reach of precision
combat to areas not serviced by GPS
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\/ General Problem Statement

* Develop a statistically
rigorous, online

o MEASURED ACCELERATION - POSITION -
method to estimate a "
h. 1 ) t o t MEASURED ANGULAR RATE I};I;A;/Iﬁiﬁlgg VELOCITY
vehicle’s trajectory STIVATIO! -
through deep MEASURED IMAGE  _ ATTITUDE
integration (fusion) of I
optical and inertial  PROPERTIES
OF ENVIRONMENT
SCNSsors. ,
. o ANGULAR RATE
— Requires contributions [PHYSICAL TOPOGRAPHY
and integration research e, oD

in multiple areas.
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Image Features

e e
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%,/ Theory Walkthrough

IMAGE CAPTURE TIMES

SOME TRUE BUT UNKNOWN FLIGHT PATH

AVAILABLE SENSORS:
IMAGER (CAMERA)
INERTIAL MEASUREMENT UNIT
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Image Capture

tz‘|‘ 1 titn
IMAGE i

R age = MRT 10) Projection of world onto image plane.
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tz‘|‘ 1 titn
IMAGE i

R?mage = H(Rz}orld) NOTE
« No current algorithm can achieve
true independence between the
pose and object bases — like
humans can.
» Feature transformation algorithms
have been proposed which display
DIMENSIONS: scale and rotation independence.
LOCATOR - Strongly dependent on pose Ex: The scale-invariant feature-
DESCRIPTOR - Invariant to pose and illumination tracking (S|FT) algorithm developed
by Lowe [19][4].

FEATURE SPACE
ti
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Integrate Inertial Measurements

At (), Aby(k), +
1+1 titn

3 = T
Rimage - I—I(Rz}orld)
Change in pose can now be expressed as a

random vector with known statistics.

IMAGE i

FEATURE SPACE

t;
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Transform Feature Space

AR, AT E),
1+1 titn

IMAGE i

R3 =1 (Rgorld)

image

FEATURE SPACE PREDICTIVE TRANSFORMATION
(function of inertial measurements and kinematic relations)

FEATURE SPACE PREDICTED FEATURE SPACE
L tit1
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A (k), D0 (K), .

1+1
IMAGE i IMAGE i+1
R3 = I—I(Rz}orld)

image

FEATURE SPACE PREDICTIVE TRANSFORMATION
(function of inertial measurements and kinematic relations)

FEATURE SPACE PREDICTED FEATURE SPACE
ti tit1
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Ab(k), AR,
1+1 Litn
IMAGE i IMAGE i+1

R3 ..=MNER™ )

1mage world

—— >

MATCHING

FEATURE SPACE PREDICTIVE TRANSFORMATION
(function of inertial measurements and kinematic relations)

FEATURE SPACE PREDICTED FEATURE SPACE
b tit1
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\,/ Estimate Trajectory Errors

Ab(k), AR,
1+1 Litn
IMAGE i IMAGE i+1

R3  =T(R™ )

1mage world

—— >

op"
> | OV

FEATURE SPACE PREDICTIVE TRANSFORMATION
(function of inertial measurements and kinematic relations)

FEATURE SPACE PREDICTED FEATURE SPACE
b tit1
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Block Diagram

0&'

AV

> INS AIDED INS TRAJECTORY
) MECHANIZATION >

», EQUATIONS

REFERENCE
T TRAJECTORY
INS ¥
CORRECTIONS
EXTENDED
KALMAN
FILTER
FEATURE
LOCATION
CORRECTIONS A
- FILTER
UPDATES

IMAG ES STOCHAST| C (x and zfpfi;(::ucrzc;rdinates

|  FEATURE ™~

TRACKER Important: These are RAW
measurements, NOT

processed measurements
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Key Word: Fusion

_AV NS
MECHANIZATION AIDED INS TRAJECTORY s
_A8 I EQUATIONS
REFERENCE
vTRAJECTORY
CORRlé\lCSTIONS
orevoe STOCHASTIC PROJECTIONS
FILTER
FEATURE LOCATION
CORRECTIONS 7y
FILTER
IMAGES| STOCHASTIC UPDATES SCENE
— >  FEATURE
TRACKER
PREDICTED

LOCATION L /

FEATURE m

INERTIAL MEASUREMENTS
(KF NAVIGATION STATE ESTIMATE)
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FEATURE DATABASE
REFERENCE
P TRAJECTORY
LONG-TERM SHORT-TERM )
MEMORY MEMORY
FEATURE
SPACE
PREDICTION
TeeAcE STATISTICAL
SPAC
IMAGES | Fgg;gI;E MEASE';EII%/IENT R TRACKING PREDICTION ERRORS >
TRANSFORM ALGORITHM
* Best case

— Track features which provide the best navigation information for as long as possible

— Prefer features which are:
* Strong and easily identified (to help maintain track)
* Locally distinct in feature space (to minimize false matches)
* Well-separated in image space (to maximize navigation state observability)
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A 2
%/ Experiment

- Data collection system

— HG1700 IMU from Novatel
Black Diamond System

* 100 Hz measurements

— Crista MEMS IMU
* 100 Hz measurements

— 2 CMOS digital cameras
* Global shutter CMOS

 Enables binocular
measurements

DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156 27



Conducted in the Advanced
Navigation Technology Center

5 minute alignment followed by
10 minute closed navigation
path through hallways

— No “reused” landmarks

— Tracked up to 10
landmarks at a time

GPS Unavailable

Both Tactical and Consumer-
grade inertial sensors
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A b
%/ Indoor Profile
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Indoor Profile
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A )
\/ Outline

* Motivation—why alternative navigation techniques?

°* Image-aided INS
— Single aperture vision aiding

— Multi-aperture vision aiding

* Ladar-aided INS

* Multi-Sensor Fusion Techniques
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)
/ Motivation for Multi-Aperture Sensing

Biological sensors with wide field-of-regard

Enhanced situation awareness, especially, in
cluttered environments (urban canyons, indoors,
forestry areas): look forward, backward, and to

the sides Multi-aperture view

W This is a
W better option!

Fly ahead

What are the benefits for havigation?
> Increased number of high-quality vision features
» Improved feature geometry (better DOPs)

» Improved range initialization capabilities
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Representation of Measurements

‘/
S

* Measurements of individual
TE . cameras are resolved in their
Lo individual focal planes

=4 - To enable joint processing,
Focal \/ |camera2  these measurements must be
OoCa A . .
T converted into a unified frame
plane 2 ;

% . Camera 1 | \ / T \ K

Camera 3 %ﬁi
SS B "~~~ -7
L - ~~ - -——
Ssaod 0 AT ~~.L PP L
o T !y S T 1--"T .
s e e N O N 72 I SN » ¢ o
0= St R IR N I (N A AN [N P
- S~ o -——— ",—‘ ~ N\_~~
\\\ ’,‘ ‘~‘
~ /‘ S~
.

Focal plane 1 g\ Focal plane 3

Unified measurement frame
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A 2
\/ Focal Plane Representation

L .
Multi-aperture measurements
can be projected onto a
camera 2 UNified focal plane

‘fm‘ Camera T 1

Focalplane 1L |

Camera 3 %ﬁ?

~~_
==

/ :
ood -
-
-
-
-
-

Focal plane 3

~~.

Unified focal plane
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\/ Limitations of Traditional Focal Plane
Representation

Unified plane Unified plane [, |
i

Feature unit
ature uni For features whose unit

Focal plane 4, vector vectors are almost :
c collinear to the unified ;
plane, small feature /
errors result in large !
projection errors. Lol

~
~

é I’ ,l /
Focal point Lol
Focal plane N ¢

No projection exists for
features with unit vectors e
collinear to the unified I
planar surface.

Focal point o"
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Unit Sphere Representation

Features from multiple apertures are projected onto a sphere

with the unit radius Can be extended for cases where the
V4 camera focal point is not collocated
with the origin of the sphere

/" Projection onto a
unit sphere frame

Focal point

origin (¥

Unit sphere
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Focalplane2 | ny, sinoularity cases
* No small/large error
transformations

Focal plane 1

Unit sphere
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\/ Unified Sphere Representation of
Generic Multi-Sensor Fusion

The unit sphere frame also extends naturally into a generic
multi-sensor fusion formulation

Unified sphere Sy
*Represent navigation measurements

Measurements with known as point features on a unified spherical
) ~ range (GPS, laser scanner) surface
{p, O,CP} » For a given set of features, their time

history, and associated uncertainties, find
optimal estimates of motion states
(position, velocity, and attitude)

Measurements with
unknown range (vision)

1.6,¢}
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N7

Motion Constraint Equations (1/3)

* Motion constraint equations (i.e. relationships
between feature parameters and motions states)
have to be re-derived in the unit sphere frame to
substitute conventional focal representations

Focal plane representation:

f(AR, ACN’£X(j) }H 2\;{},@ }H’j | i)= 0

Camera motion

Feature Scale
l_Jetween two coordinates (focal
images plane)

Unit sphere representation:

N . :
u(AR>AC »{G(J) }j=1,2 »{(P(J) }j=1,2 ,p)= 0
_ J
YO
Feature Range
spherical
angles
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Feature at image 1

AR
Feature
displacement Cgmera
AR¢ in the camera displacement
frame \

Feature at image 2

a/cos Ap =b/smAg
Unit circle a=p- (AR»e(l)) b= —(AR,e(f))
frame (p - (AR eV )) sinAg = (AR,e(j) ) COS A
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\/ Motion Constraint Equations (3/3)

* General Case
— 3D case, translational and rotational motion

(e(z) )T ‘AC®. ‘B~ AR - (e(n )T BT-ACY e =0
(e(2) )T : ACbN .D-AR — (e(2) )T : ACbN .el(l) : p(1) —0

0 -1 0 0 0 —cos(p™)
where: B={1 0 o ,D=| 0 0 —sin@")
0 0 O cos(p”) sin(p™") 0
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\/ Multi-Aperture/INS Data Fusion

Motion constraints

Linearization

npKalman _ Hp
\\ M

srOR s + H jdays +H (|86 |+ H

/ P p,€ 66(2) 7p=19-..,

INS error states i i Measurement noise
Feature error states

Kalman filter

INS error states
Feature 1: feature error states

Feature N: feature error states

DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156
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N7

Observe features from
two different locations
of the camera

v

Measure the camera
displacement and
rotation with the INS

Y

Estimate the range

Y

Update the Kalman filter state
covariance to account for the
correlation between range
estimation errors and INS errors

DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156

Range Initialization

G

(2) A

Py

~ (1) A (1)
J_ pp

O ACY -B-AR g ~ (€ ) -BT-ACY €

(’6;”) -ACY, D, - AR z(’qu)) -ACY, - @

|

NICRECE ] ARms

B LY 2,
((1)) BT. ACN ~(2)
H, - (e(z)) ACP - ~(1)
p N J_
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-150

Demonstration: Simulation

Simulated indoor environment

-100 -50 X, m 0 50

—— walls

O point features

- - - motion trajectory

Inertial measurement unit:

Simulated Systron
Donner MMQ-50:

Gyro drift: 50 deg/hr
Accel bias: 1 mg

Video cameras:
Resolution: 640x480
Filed of view: 40 deg by 30 deg
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o—————— — 100————— ——————————
X 0 ;——-—/’: X O
10 100 200 300 '}880 100 200 300
Y o——r e ] Y O |
1% 100 200 300 ) 100 200 300
0.2 2 ; e
l o | N R 2 '
0 S 4 0_ ______________ \V'/""“ _______ ‘[\-J“r
0.2 2
“0 100 ¢; 200 300 0 100 . 200 300
time, s time, s
Three apertures/INS: position errors, m Eéght apertures/INS: position errors, m
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N\

Advantages of Multi-Aperture Sensing

 For the simulation scenario implemented, two orders of magnitude error
reduction is achieved with multi-aperture sensors (1 meter positioning errors)
vs. the single aperture sensor (60 meter positioning error)

* Main reason: improved range initialization capabilities

Large angular change is accumulated for Feature 1
that is observed by the side-looking camera

@
Feature 1, .
P N Feature 1 is initialized and
s Platform Small angular change is  then applied to correct inertial

= position 2 _ ... mulated for drift over a longer distance

Feature 2 that is that is required to accumulate

ﬂ observed by the an angular change sufficient to
TJ ____________________ \\‘fomard-looking camera Initialize Feature 2.
Platform position 1 el g

Feature 2
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\/ Outline

* Motivation—why alternative navigation techniques?

°* Image-aided INS
— Single aperture vision aiding

— Multi-aperture vision aiding

* Ladar-aided INS

* Multi-Sensor Fusion Techniques
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Laser Scanner Based Navigation
Generic Approach

Laser Scanner

2D scans

Feature extraction

l

Navigation based on
features extracted Navigation of the lines

NOTE: Feature repeatability is a must
DISTRIBUTION A. Approved for public release, distribution unlimited. 96ABW-2010-0156 49




Scanning
Ladar

Main Steps of the Approach
Generic LADARV/INS Integration Approach

Ladar
Scans

v

Feature Extraction

INS

T

INS Calibration
(Kalman Filter)

<----
I
{ |
|
Extracted Motion
Planar Surfaces Compensation
Feature l
Association Change in Plane
T Parameters
- ‘l
Plane list
history Navigation

Solution Estimator

Changes in

position and
orientation
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O Lines extracted from laser scans are used to navigate
> Why?
* Lines are common in man made environments.
* Lines are highly repeatable in multiple scans.
* Lines can be easily extracted from a scan.

Laser Scanner Based Navigation
2D Case

> How?

Lines are extracted from each scan using a Modified Split and Merge
Algorithm.

Extracted lines are matched with coinciding lines from previous scans.

Changes in line parameters between scans are used to estimate position
and orientation changes.
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scandocation
zoom

Scan image

30

X, m
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N Extension of 2D into 3D Navigation

3

3D navigation is based on planar surfaces vs. 2D line-based navigation

Obtain an image of the

. h n navi ?
environments Why use planes to navigate

Planes are common in man made
ﬂ environments.

Outdoor image

Extract planar surfaces Indoor image
from the image || A

1 Dﬂ“

Use plane parameters
for the navigation

Planes are highly repeatable from
image to image.
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A 2
\/ Plane Extraction

» Vehicle motion is exploited to observe the planar surface at three
different “angles”.

» Both translational and rotational motion components are utilized
» Lines are extracted from 2D scan
images that correspond to different

location and/or orientation of the
laser scanner

* Inertial measurements (delta
velocities and delta angles) are

applied to reconstruct the laser
motion between scans

» Three lines are used to compute
plane parameters: two lines for the
plane fit, third line to confirm the
plane (removal of fictitious planes)

planar surface (e.g.,
building wall)
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Plane Reconstruction

Planar surface 2

\ O One line is insufficient for the
[ \ / plane reconstruction.

reconstruct the plane.

e / /( O Two lines can be applied to
A

J Two line-based reconstruction
is ambiguous.

Planar surface
(e.g. a building wall) d Third scan is used to
resolve ambiguities.

N
¢
g

BERRRERS S an
0 Complete plane reconstruction

Only 3 elevation angles are required is performed.

3 elevation angles can be spanned in less
than 1 s using e.g. a low-cost servo
motor
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» Reconstruct planar 3D surfaces from multiple scans
(3 scans at different elevation angles are sufficient)
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A\

=

N

J o |
%  Using Lines to Naylgate (cont.)

O Geometrical Equation:

relative position and

pP; —pP; =C0 s(a;)x, +sin(a;)y, E orientation between
scans i and j
O Solved Using Weighted Least Squares X; Vi
Solutlor;: o X, ¥,
U =(H'WH)(H'WM)
o~[3]
where: v, o p;
S ) [cos(a, ) sin(a,)] ! v
! : cos(o, ) sin(a, ) J
0 w, 0 H =
0 W, 0 -COS((XI.” ) SlI’l(O(in ) xu ___________________ R
0 w, -(pil _pj])- l//
, . (p[2 - pjz) —
ws are based on line M= P: = P;
covariances 6. -0,) a, y, "
[ Need at least 2 lines to find J
xu b yu and Z)U ~~~~~~~~~~~~~~~~~~~~~ / Xl‘
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At least three non-collinear planes are

Plane normal point required.
at scan i
(AR,ni)=pi—pj N
Plane normal. point b. : AR, AC j
at scan j ] b.
AC.” -n. =n. 1
bi 1 ]
where:

___ isthe plane normal vector with
1(]) vector components defined at the
LADAR body frame at scan i (j)

is the distance to the plane at scan i

LADAR position and pi( J) ()

¥, x, Orientation at scan j
X b b . is the change in direction cosine
b AC. J matrix that defines the LADAR body
LADAR position and b. frame rotation between scans i and j

) . . 1
orientation at scan 1

Change in the perceived location of the plane
normal point between scans is used to estimate
the change in position and orientation.

NOTE: Planar surfaces are assumed
stationary.
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A 2
\/ Kalman Filter Design

Laser scanner-
based navigation

Changes in line ranges
between scans
(APLS )m Kalman
v filter
D S — _ | >
g-l\j ,[<¥ Kalman )m — (Ap INS )m (Ap LS )m INS error
_|_
INS-based changes in line ranges: Ry
INS position changes projected onto
line normal vectors
(AplNS )m /
INS < {Estimates of INS drift terms ]
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Performance Demonstration
Indoor Test

1 : : : !
B O - 5]
5 | 90-degturnof | F |
§ | the test cart! :
= | _(actual motion) S~
;_8 ;
- el S - 0L UL a3

_4 1 i 1 |

'3 6 4 ) 0 2

X displacement, m

O Reference points

O LS/INS trajectory
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Urban Outdoor Test Setup

_ NovAtel L1/L2
- .
- pinwheel antenna

GPS antenna Laser scanner
NovAtel OEM-4 GPS receiver
LS/Inertial synchronization and data

collection board
Inertial Measurement Unit
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Vehicle trajectory is
reconstructed from
integrated Ladar/
Inertial data

red segment of
vehicle path




Delta position, m —— True
0.5 T T T T ©  Estimated

Scan number
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X

Questions?

Navigation in GPS Denied Environments:

Feature-Aided Inertial Systems
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