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Abstract

Autonomous robot vehicles promise many ultimate civilian, military, and space
applications. Off-road autonomous vehicles must engage the world exactly as
they find it without relying on having it engineered to suit them. For this reason,
off-road autonomous navigation is one of the most difficult automation chal-
lenges. Previous work in the area has been disappointing from the perspective of
the speeds attained, and the inability of systems to travel long distances autono-
mously. Indeed, no system has travelled an autonomous mile or exceeded 3 m/s
speeds. To date, no off-road system has approached the capabilities needed to
address real applications.

This thesis examines and proposes a solution to the problem of high speed auton-
omous navigation of outdoor vehicles. As a systems-level effort, aspects of per-
ception, path planning, position estimation, and to a lesser extent, strategic
planning and motion control are considered. The emphasis of the work has been
to assess the fundamental requirements of the problem, and to validate the conclu-
sions of this assessment through the demonstration of an improved ability to
achieve areal cross-country mission on severa vehicle testbeds.

Results indicate that cross-country navigation systems of unprecedented capabil-
ity are possible if they are designed to optimally utilize limited computing
resources. A system of unprecedented performance has been constructed and
extensively tested.

The essential argument of the thesis is one of architecture. An intermediate intelli-
gent predictive control layer is introduced between the typical high-level strategic
or artificia intelligence layer and the typical low-level servo control layer. This
new layer, the tactical layer, incorporates some deliberation, and some environ-
mental mapping as do deliberative Al planners, yet it also emphasizes the real-
time aspects of the problem as do minimalist reactive architectures.

The contribution of the work is a codified systems theory that permits future
design efforts to benefit from the experience and a fieldworthy prototype system
that provides a baseline capability for continued research. Specific results include
an analysis of the complexity of range image perception for autonomous vehicles
and an associated computational image stabilization algorithm which permits
highest vehicle speeds.

The problem of local autonomous mobility has been formulated entirely in an
optimal control context. In this context, the concepts of actuation space and haz-
ard space replace the configuration space that is more typical of Al planners. The
resulting high fidelity models stabilize coordinated control of a high speed vehicle
for both obstacle avoidance and goal seeking purposes.






Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
Figure 42

List of Figures

List of Figures

page
Response Ratio..................................... 18
Throughput Ratio......................... ... .. 20
Acuity Ratios................ TP SUTTRO 22
Fidelity Ratios....................................... 24
Normalized Vehicle ... ... . 26
System Control LOOPS ... 29
Empirical Braking Distance ... 32
Stopping Distance. ... 33
Steering Limits...... 37
Stopping REQION ... 38
Impulse Turning Trajectories. ... 39
Impulse Turning Distance........................ ... 40
Reverse Turning Tragectories................................................. 41
Lookahead ZONnes. ...l 45
Planner Lookahead ... ... ... ... 46
Vertical Fieldof View ... . 48
MinimumRange. ...l 50
Maximum Range ... 51
Horizontal Fieldof View........................... ... 53
Tunnel VisonProblem ... . 55
Vertical Fildof View ... . 56
OCCIUSIONS ... 56
Nondimensional Vertical Fieldof View. ... 57
Sweep Rate. ... 58
Stabilization Problem ... 59
Hill Occlusion.............................. 61
HoleOcclusion..................... ... ... 62
Lateral OcclusionProblem ... 63
Practical Sampling..................... 67
Perception Ratio............................. 68
Differential Imaging Kinematics............................................... 70
Small Incidence Angle Assumption......................................... 76
Correspondence Problem ... 77
Stereo Range Resolution ... 81
Effect of Integral Disparity................................................ 83
Subpixel Disparity Estimation............................................. 84
Geometric Decorrelation. ... ... 86
Typical Scanning Pattern..............................] 97
Typical Spot Pattern.............................] 97
Scanning Density EXPression........................................ 98
Scanning Density................. 99
Imaging Density....................... 100



Figure 43
Figure 44
Figure 45
Figure 46
Figure 47
Figure 48
Figure 49
Figure 50
Figure 51
Figure 52
Figure 53
Figure 54
Figure 55
Figure 56
Figure 57
Figure 58
Figure 59
Figure 60
Figure 61
Figure 62
Figure 63
Figure 64
Figure 65
Figure 66
Figure 67
Figure 68
Figure 69
Figure 70
Figure 71
Figure 72
Figure 73
Figure 74
Figure 75
Figure 76
Figure 77
Figure 78
Figure 79
Figure 80
Figure 81
Figure 82
Figure 83
Figure 84
Figure 85
Figure 86
Figure 87
Figure 88

List of Figures

Geometric Efficiency................. 101
Latency Problem ... .. . 104
Response Regimes ... 105
TransienceintheReverse Turn.......................................... 107
Transient Steering Response ... 108
BicycleModel. ... 111
Constant Speed Reverse Turn........................................... 113
Constant Speed Partial Reverse Turn.................. ... 114
Ackerman Steer Configuration Space ... 115
Feedforward ... ... . 120
Throughput Problem ... 123
Throughput for Constant Flux, Constant Scan....................... . 127
Throughput for Adaptive Sweep, Constant Scan.................... ... 130
Throughput for Adaptive Sweep, Adaptive Scan................... . 132
Area Consumption.................... . 133
Throughput for Adaptive Sweep, Unifoom Scan............... .. . 134
Throughput for All Algorithms....................... ... 135
Computational Spiral Effect ... . 137
Standard Model............ 155
SystemDataFlow ... 165
Architecture ... 167
VO FIIter . 169
TargetVehicles ... .. . 173
Computational Image Stabilization....................................... 184
Range Window Computation.......................................... 187
Adaptive Sweep Implementation............................. 188
Adaptive Sweep/Scan Implementation................................ 189
Stereo Triangulation ... 190
Essential Difficulty. ... 191
Spurious Disparities. ... 192
Adaptive Scanin Stereo Vision....... 197
Wrappable Map Indexing ... 199
Wrappable TerrainMap ... 200
Motion Distortion................................ 201
Coordinate Transformation DataFlow...................................... 203
Map Management DataFlow. ... ... . 205
Stereo Vison DataFlow............................. 207
Adaptive Rangefinder Perception ... ... 212
Adaptive Horizontal Baseline Stereo.................................. 214
Vertical BasdlineStereo............................ S 215
Adaptive Vertical Baseline Stereo............. 216
Hierarchical Planning with Arbitration..................... ... . 225
Local Navigation as an Optimal Control Problem ... . 226
Multivariable Linear System Block Diagram .................... ... . 227
State Space Simulator ... 229
Optimal Control Through Actuation Space Search............. ... . 230

ii.



Figure 89

Figure 90

Figure 91

Figure 92

Figure 93

Figure 94

Figure 95

Figure 96

Figure 97

Figure 98

Figure 99

Figure 100
Figure 101
Figure 102
Figure 103
Figure 104
Figure 105
Figure 106
Figure 107
Figure 108
Figure 109
Figure 110
Figure 111
Figure 112
Figure 113
Figure 114
Figure 115
Figure 116
Figure 117
Figure 118
Figure 119
Figure 120
Figure 121
Figure 122
Figure 123
Figure 124
Figure 125
Figure 126
Figure 127
Figure 128
Figure 129
Figure 130
Figure 131
Figure 132
Figure 133
Figure 134

List of Figures

Forward Modelling in Local Navigation................................ ... 231
Basic Pure Pursuit ... 233
Feedforward Simulator.......................... 235
Reference POINtS ... 236
Propulsion Plant Model...................... ... 238
Propulsion Servo............ 238
Steering Servo...... 239
Hazard Signals................. ... 242
Wheel ColliSION ... 244
Body Collision................... ... 244
Static Stability. ... 245
Adaptive Pure Pursuit ... 247
Feedforward Pure Pursuit ... .. 248
Latency Effects ... . 251
Head Servo........... 253
MENE SEIVO .. 255
Controller Data FIOW. ... 256
Command Generator DataFlow................................................ 257
Tactical Controller DataFlow................................................ 257
Global Path Tracker DataFlow................................................ 259
Arbiter Data FlOW. ... 260
System Model DataFlow ... ... 261
FIFO Queue Daemons DataFlow............................................ 262
Goal ArbItration ... 264
Obstacle AvoidanceTest Run ... 265
Performance of Feedforward Pure Pursuit .................................. 266
Performance of Speed Planning ... .. 267
State Space Kalman Filter............ .. 276
Position Estimator DataFlow..................................................... 314
System Model DataFlow................... ... 315
Sensor Model DataFlow.................. 316
Kaman Filter DataFlow......................... .. 317
Kaman Filter Test Results................. . 325
Crosstrack Aiding Problem ... ... 327
TerrainMap ... 335
State Space VehicleModel................. 336
Hazard Detection and Avoidance.......................................... 337
Adaptive Perception.......................... 338
Azimuth SCanNer............. 392
Polygona Reflection ... ... 393
Nodding Reflection ... ] 393
Azimuth KinematiCs. ... 394
AzimuthRangelmage ... 398
Azimuth Field of View ... 399
Azimuth Scanning Pattern ... 400
Azimuth Spot Pattern.................... 401



Figure 135
Figure 136
Figure 137
Figure 138
Figure 139
Figure 140
Figure 141
Figure 142
Figure 143
Figure 144
Figure 145
Figure 146
Figure 147
Figure 148
Figure 149
Figure 150
Figure 151

List of Figures

Elevation Scanner. ... 402

Nodding Reflection........................... . 403
Polygonal Reflection ... 403
Elevation Kinematics...................................... 404
ElevationRangelmage..................... .. U 408
Elevation Fied of View.............. .. . 409
Elevation Scanning Pattern................................................. 410
Elevation Spot Pattern................................................... 411
Perspective Homogeneous Transform....................................... 412
Stereo Triangulation ... 413
Perspective Kinematics...................................................... 414
Perspective Rangelmage..................................... 419
Disparity Image.................. 419
Disparity Curveof aColumn........................................... 420
Perspective Fieldof View ... 422
Perspective Scanning Pattern..................... . 423
Perspective Spot Pattern......................... 424

iv_



Table 1:
Table 2:
Table 3:
Table 4
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

Table 10:
Table 11:
Table 12:
Table 13:
Table 14:
Table 15:
Table 16:
Table 19:
Table 20:

List of Tables

List of Tables

page
Braking Distance. ... . 32
Throughput Estimates. ... 135
Elementary Nondimensionals................................................ 140
Configuration Nondimensionals......................................... 142
Response Nondimensionals. ... 143
Throughput Nondimensionals............................................ 146
Acuity Nondimensionals...................................... 148
Fidelity Nondimensionals.............................................. 150
ERIM Range Sensor Parameters.............................................. 175
Configuration Parameters............................. 175
Run-Time (SPARC 20).. ... 176
ERIM Range Sensor Parameters................................................. 209
Camera Parameters (Vertical BasdlineCase). ... .. 209
Configuration Parameters......................................... 210
Adaptive Perception Performance..................................... 212
Nonadaptive Perception Performance...................................... 213
3-Link Planar Manipulator......................................... 364
Frame Parameters for Wheeled Vehicles. ... . 380






List of Symboals

L ower case Alphabetics

a. ... acceleration

a . .maximum acceleration
max

b stereo basdine

b/h . normalized baseline
B,Bs. ... (dynamic) braking co_efficient

be........... kinematic braking coefficient
C........... undercarriage clearance

Coovoi normalized undercarriage clearance
d. ... disparity

fo frequency, foca length

Nattitude «—*tude measurement rate
feelis map cell throughput

fcpu veer......CPU speed

f communications bandwidth
comm

fi cading ...heading measurement rate

fimwesm.frame rate

fpixess. . . .. sensor throughput

O ... acceleration due to gravity

h. . sensor height

ho correlation window halfheight

h(x).. ... measurement function

hoo perception ratio

li‘. .............. X-axis unit vector

; .............. y-axis unit vector

110,51 left image intensity

n/2. ... oversampling factor

P probability density

roo] wheel radius

o normalized whesel radius

fo position vector

r[i,j]...right imageintensity

S arc length, distance travelled

S8 stopping distance

List of Symbols

St turning stopping distance

SIT i impulse turning distance

S.iror - - - Kinematic steering model error

too time

t, U kinematic) turning coefficient
g

tg.... L dynamic turning coefficient

| PO transient turning coefficient

U command vector

Ug..ooovnnn disturbance input vector

U image plane coordinate

Voo image plane coordinate

W correlation window halfwidth

X state vector

Xi (). . candidate response trgectory

Xgoal (t) ..goal response trgectory

X o crossrange coordinate

XQ. ... initial crossrange coordinate
Xjoo left image plane x coordinate
Xp-.......light image plane x coordinate
Yoo output vector, hazard vector
Yoo downrange coordinate
Yoo initial downrange coordinate
Vi left image plane y coordinate
Ve right image plane y coordinate

¥ command’ ¥emd command signal

Verr. ... error signal

yresponse’ ¥Yres FESPONSE signal

Z.o vertical coordinate
2o initial vertical coordinate
Zfoo front elevation
Zeo rear elevation



List of Symbols

Uppercase Alphabetics
A system dynamics matrix
A e longitudinal aspect ratio
. Np— wheel fraction
T V— undercarriage tangent
Caee. covariance matrix
Coppeeveerees geometric decorrelation
C[d] ... correlation curve

CI [i, j, d] Intensity correlation score table
C s [1, j, d] Sign correlation score table

D a [1, j, d] SAD score table

D s [1, j, d] SSD score table

| Force

Fe. system dynamics matrix
H........ measurment matrix

H, .o encoder measurement matrix
Hy, p Doppler measurement matrix
H 5o compass measurement matrix
H p e AHRS measurement matrix

T e Jacobian matrix

Kp ............ proportional gain

Ky ooeeeens irror gain

| I Kalman gain matrix

L[i,j] ....normalized left image intensity
| DRRRR vehicle wheelbase

Lo normalized wheelbase
M............ vehicle mass

M. merit signal

)\ SO statistical normalization operator
P propulsive force '

R[§j] ..... normalized right image intensity

Rt range
R.eieeaes rotation matrix
R]mx ........ maximum range

List of Symbols

R . ... minimum range

R range ratio

R, (1) ...autocorrelation function
ny (t;,t,) cross-correlation function
(S — planner lookahead distance
S et scatter matrix

S, (J0) ..power spectral density

Sxy (jw) ..cross power spectral density

T oo homogeneous transform matrix
| D— actuator delay
L control reaction time
Tcyc ......... software cycle time
T dyn e dynamics reaction time
J PR hardware reaction time
Timag e --frame period
f EY— frame buffer latency
Tiook temporal planning horizon
Tper - perception reaction time
Tplan ........ planning reaction time
T oeact system reaction time
| U sensing reaction time
[ DR processing reaction time
f W— transient turning reaction time
f ERTp— vehicle reaction time
Ui correlation window width
Vo vehicle speed
Vpixel ...... pixel footprint speed

P encoder speed measurement
v dop Doppler spoeed measurement
Vo correlation window height
W, vehicle width
W o, weight
XL, YL ....left camera relative coordinate
Xg» YR ---Tight camera relative coordinate



List of Symboals

Yoo common camera reative coordinate
L ower case Greek Alphabetics

- OO deer angle

Al deer angle rate

By maximum steer anglerate
(ST angular velocity (z component)
8 map resolution

8 normalized map resolution

S S normalized disparity

(S T digparity gradient - u component
(< PR digparity gradient - v component
8 (X)........ Dirac delta generalized function
A obstacle spacing

L P perceptual oftwar e efficiency
Tloeeeeeennn geometric efficiency

Ko curvature

Ko.vereenannn initial curvature

[N, coefficient of friction
I Satistical mean

Verrineenaen coefficient of lateral acceleration
|/ yaw, pixel azimuth, vehicle yaw
Voowveienne initial yaw

\|/come - - -+ compass heading measurement
N vehicle yaw rate

Y/ planner lookahead angle
A\ff......... incremental lookahead angle
Prvereniaannnn radius of curvature

PKeeererenenns kinematic steering limit

PO eenenenenes dynamic steering limit
PRocneeneenes an unnamed nondimensional
Pmimeeeeee-- minimum radius of curvature
Peye -+ - throughput ratio
Pgyfidelity ratio

Py minimum acuity ratio

List of Symbols

Pdz »-*-+-Maximum acuity ratio
Preact - T€activeratio

oS turning fidelity ratio

Pahrgeee---- AHRS attitude measurement
o attitude vector

|CHN area dendty

- OO datistical sandard deviation
(CTIN front elevation uncertainty
(T rear elevation uncertainty

- W x coordinate state uncertainty
Byenennre y coor dinate state uncertainty
Gzovvrnnen. z coordinate gate uncertainty
Gg..ccovvnee pitch state uncertainty

(CV S roll sate uncertainty

Gy yaw (heading) state uncertainty
GYerreeeeeee Speed date uncertainty -

GB ........... yawrate state uncertainty
Gengeeenee-- encoder measurement uncertainty
Gdop ....... Doppler measurement uncertainty
Geomerrnee compass measurement uncertainty

Gyjteh -« -« - pitch measurement uncertainty

Apgddinnn roll measurement uncertainty
Gyaw ..... yaw measurement uncertainty
Gsteer-v---- steering measur ement uncertainty
(CTN communications load

(€] Imaging density

(CTONUT scanning density

Gv .......... processor load

T time constant

| normalized time constant
Taevieiinnn, braking reaction time

LT turning reaction time

0 DU pitch, beam elevation, terrain sope
Opax ~ .maximum beam depression

emax ........ maximum allowable body pitch



List of Symbols

9min ......... minimum beam depression
0 e vertical sweep rate

[ R roll

[0 JS angular velocity

Uppercase Greek Alphabetics

Yo sensor flux

D ... transition matrix

| ISR angular velocity transform matrix
R observability matrix

Increments and Differentials

dx, Ax ......crossrange incremental distance
dy, Ay ......downrange incremental distance

dz, Az ...... vertical incremental distance

Ad.......... disparity resolution

Af pu change in CPU speed

Ah ... height increment, resolution

At .eeenees time delay

AR, ARL ..Incremental lookahead distance
AR ... normalized range difference

AR; ... normalized increm. lookahead dist.
AT ., ---change in system reaction time
Ad .......... steer angle increment

AD ... pitch error

List of Symbols

Functions and Operators

....... expected value

N (U, 6) ..Gaussian distribution
X@Y ... logical equivalence
X®y ... outer product

L (f (x)) .Functional over f(x)

Voo, gradient operator
2 .

Voo Laplacian operator

rem| - |..remainder

y
1531 - floor function, or greatest integer
sgn (x) ....sign of x
signof (x) sign of x

iv.



AHRS
Al
ALV

- ALVINN
AM
ARPA
A-Space
CCD
CEM
CMU
C-Space
DH
DR
EKF
ERIM
FIFO
FM
GDOP
GPS
HFOV
HIFOV
HMMWV
H-Space
IFOV
INS
JPL
MIMO

List of Acronyms

List of Acronyms

Attitude and Heading Reference System
Artificial Intelligence

Autonomous Land Vehicle
Autonomous Land Vehicle in a Neural Net
Amplitude Modulated

Advanced Research Projects Agency
Actuation Space

Charge Coupled Device

Cartesian Elevation Map

Carnegie Mélon University
Configuration Space
Denavitt-Hartenberg

Dead Reckoning

Extended Kaman Filter

Environmental Research Institute of Michigan (name of alaser rangefinder)

First In, First Out (atype of queue data structure)

Frequency Modulated

Geometric Dilution of Precision
Global Positioning System

Horizontal Field of View

Horizontal Instantaneous Field of View
Highly Mobile Multi-Wheeled Vehicle
Hazard Space

Instantaneous Field of View

Inertial Navigation System

Jet Propulsion Laboratory

Multi-Input, Multi-Output



List of Acronyms (continued)

NAVLAB Navigation Laboratory
RANGER Rea Time Autonomous Navigator with a Geometric Engine
RATLER Robotic All Terrain Lunar Exploration Rover

RPY Roll-Pitch-Y aw

RISC Reduced Instruction Set Computer
SPARC Scalable Processor Architecture
SSD Sum of Squared Differences

TOF Time of Flight

uGv Unmanned Ground Vehicle

VFOV Vertica Fied of View

VIFOV Vertica Instantaneous Field of View

List of Acronyms



Table of Contents

PARTI: Introduction

Section 1. Problem Statement ... PP PRSP PP PP 1
Section 2 Requirements . ... . 2
2.1 Continuous, High Speed ... . 2

2.2 Rough Terrain ... 2

2.3 Ackerman Steer Vehicle ... 2

24 RODUSINESS ... . 2
Section 3: PreviousWork ... 3
31 Differences from Important Historical Systems..................................... .. 3

32 Summary of Previous Work ... 6
Section 4: APProach .. 7
4.1 Principles. ... 7

4.2 PerSpECtiVE . 7
Section 5: Acknowledgments ... 8
51 ANAYSIS 8

52 Perception ... ... 9

5.3 Planning/Control. ... . . 9

54 Position Estimation........................ 9
Section 6: Notational Conventions ... 10
Section 7: ThesisOverview ... 11
7.1 ANAYSIS . 11

7.2 Mobility . 11

7.3 Perception ... 12

7.4 Planning ... . 12

75 Position Estimation.......................... 12

7.6 Conclusions. ... 13
Section 8: HowtoRead ThisThesis ... ... . . ... 14
81 Summary Level ... 14

8.2 Intermediate Level ... . 14

83 Detail Level. ... 14

Table of Contents i



PART II: Analysis

Chapter 1i ElemMentS. . ..ot 16
Section 1: Guaranteed Safety Policy.......................... 16
11 Four Dimensions of Safety..................................... 16

12 Safely . 17

13 RespoNse ... 18

14 Throughput ... 20

15 ACUILY. 22

16 Fidelity 24
Section 2: Configuration - Normalized Vehicle ... 26
Chapter 2:  RESDONSE.....iiii ittt ee et e e e et ee e e s enreeeeeann 27
Section 1: ReactionTime ... . . 27
11 Reaction Time Components ... 27

12 Nondimensional ReSpONSe ... 28

13 System Reaction Time ... 29

14 Braking Reaction Time............... . . 30

15 Turning Reaction Time........ ... 30

16 Reaction Distance. ... 30
Section 2: Maneuverability ... 31
21 Braking ... 31

2.2 Empirical Braking ... 32

2.3 Panic Stop Maneuver ... . 33

24 Nondimensional Braking ... 34

25 Braking Regimes. ... ... . 35

2.6 TUMNING 36

2.7 Steering Limits. ... 37

2.8 Turning Stop Maneuver ... 38

29 Impulse Turn Maneuver. ... 39

2.10 Impulse Turning Distance ... 40

211 Reverse TUM ... 41

212 Stability Problem ... 41

213 Nondimensional TUrniNg ... 42

214 Turning RegIMeS ... 42

215 Turning Stop Maneuver ... 43

2.16 Impulse Turn ManeuVer. ... 44

217 Impulse Turning RegiMes ... . 44
Section 3: LOOKaNEa ... 45
31 Adaptive Regard ...l 45

32 Pointing RUleS ... . . 46

3.3 Adaptive Lookahead ... 47

Table of Contents



34
35

Chapter 3:

Section 1:

11
12
13
14

Section 2:
21
2.2
Section 3:
31

Section 4:
4.1
4.2
4.3

Section 5:

51
5.2
5.3
5.4

Section 6:

6.1
6.2
6.3
6.4
6.5
6.6
6.7

Chapter 4:

Section 1

11
12
13
14
15
16
17
18
19

Table of Contents

Nondimensional Lookahead ............... ... 47

Nondimensional Pointing Rules................................................... 48
TRFOUGNPUL. ... e e 49
Depthof Field ... . 49
Minimum Sensor Range. ... 50
Maximum Sensor Range ... 51
Nondimensional Maximum and MinimumRange ... . 52
MyopiaProblem ... 52
Horizontal Field of View (HFOV)............... .. ... 53
Nondimensional Horizontal Field of View......................................... 54
Tunnd Vision Problem................... . 55
Vertical Field of View (VFOV)............. 56
Nondimensional Vertical Field of View....................................... 57
Sweep Rate......... 58
Stabilization Problem................... 59
Nondimensional Sweep Rate.............................. 60
Adaptive SWeep. ... 60
OCCIUSION ... 61
Hill Occlusion..............................] 61
Hole OCCIUSION ... 62
Occlusion Problem and Unknown Hazard Assumption ........................ | 63
Lateral OCClUSION ... 63
Perceptual Bandwidth ... .. 64
SensOr FIUX ... 64
Sensor Throughput ... 64
SWeEP Rae ... 64
Processor Load ... 64
Perceptual Software Efficiency............................. 65
Computational Bandwidth ... 65
Communications Bandwidth ... 65
A CUITY ettt e e e e e e e e e e e e eeeaas 67
Range Image ACUItY. ...l 67
Sampling Theorem ... 67
Terrain Smoothness Assumption ... 68
Impact of Imaging Geometry on Acuity. ... 68
Nomenclature............. F USRNSSR 69
Sampling Problem ... 69
Differential Imaging Kinematics....................................................... 70
Pixel Footprint Area and Density Nonuniformity. ... 71
Pixel Footprint Aspect Ratio.................................................. 72
Minimum Sensor Acuity inlmage Space........................................ 73
in.



110
111
112
113
114
Section 2:
21
2.2
2.3
24

Section 3:

31
32
3.3

Section 4:

41
4.2
4.3

Section 5:

51
5.2
5.3
54

Section 6:

6.1
6.2
6.3
6.4

Section 7:

7.1
1.2
7.3
14
7.5
7.6

Chapter 5:

Section 1:

11
12
13
14
15

Table of Contents

Maximum Sensor Acuity inlmage Space..................................... 74
Kinematic Maximum Range and the MyopiaProblem ... ... . 75
Maximum Angular Resolution...................................................... 75
Acuity Problem ... ... . . EERU OO PP SRRPP 75
Small Incidence Angle Assumption................................. 76
Brief Introduction to Stereo VIisSiONn ... 77
Correspondence Problem ... 77
Disparity and Epipolar Geometry........................ [T SUP VPP UUOO 77
AreaBased Stereo............ U TSRO 78
Fundamental Inconsistency of Area-Based Stereo......................... ... 80
Range Acuity in Stereo VisSion ... 81
Range Resolution ... . 81
Need for Subpixel Disparity Estimation............................................. 82
Subpixel Disparity Estimation................... . 84
Angular Acuity in Stereo VIiSION ... 85
Disparity Gradient ... . 85
Geometric DeCorrelation ... 86
HaloEffect ... SO U U U RPUOUURRRRRROY 87
Perceptual Uncertainty. ... 90
MOtV ON .. 90
M EChAN SN . 90
Obstacle Height ... . . 91
Terrain Gradient ... 92
Positioning Bandwidth ... . 93
Heading and Positioning Bandwidth ... ... . 93
Attitude and Positioning Bandwidth ... 4
Motion Distortion Problem ... 95
Need for Simultaneous Digitization in Stereo Vison.............................. 95
Geometric Efficiency......... ... U T RS UPURRREUSURRRRRI 97
Imaging Geometry. ... . 97
Scanning Density. ... 98
Imaging Density. ... 100
Geometric Efficiency............. 101
Adaptive Scan ... 102
Acuity Nondimensionals............................. 102
=T L= 11 Ao OO OO 103
Modelling Dynamicsand Delays......................................... 103
Latency Problem ... 104
Minimum Significant Delay. ... 104
Dynamic SysStems ... 105
ReSpONSE ReQIMES ... 105
Characteristic Times and Low Latency Assumption.............................. 106
iv.



16
17
18
19
110
11

Section 2;

21
22
2.3
24
25

Section 3:

31
3.2
3.3
34
35
3.6

Section 4:

4.1
4.2

Chapter 6:

Section 1:

11
12
13
14
15
16

Section 2:

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
29
2.10
211

Section 3:

Table of Contents

Normalized Time Constant ... 106
Low Dynamics ASSUMPtion ... 106
Transience iNn TUMNING ... 107
Heading Response.................... ... ... [T 108
Nondimensional Transient Turning ... 109
Command Following Problem ... . . 109
Dynamics of SteeriNg ... 1
TheBicycleModel. ... [
Fresnel Integrals................ .. . 112
Dynamics of the Constant Speed Reverse Turn.................... ... 113
The Clothoid Generation Problem ... ... ... 114
Configuration Space. ... . 115
Positioning Fidelity ... 116
Absolute Attitude Accuracy Requirement ... 116
Rigid Terrain ASSUMpPtion...................................................... 116
Rigid Suspension Assumption..................................... 116
Image Registration Problem ... 117
Linear Relative Accuracy Requirement............................................ 117
Angular Relative Accuracy Requirement ... 117
Perceptual Fidelity............................. 118
Incidence Senditivity Problem ... 118
Attitude Sensitivity Problem ... 118
1A= = Tod £ 0] 1 U 119
Rationale for a Feedforward Approach........................... ... ... . 119
Command Following Problem ... .. .. 119
Modelling Problem ... 119
Dynamics Feedforward ... 120
Impact of Feedforward Dynamics on Computational Complexity. ... 120
Impact of Dynamics on Planner/Controller Hierarchy. ... ... .. . 121
A Real Time Control View of High-Speed Autonomy.......................... . 121
Rationale for Adaptive Perception........................................ 123
Throughput Problem ... 123
Thelllusion ... 124
Adaptive Perception. ... 124
Assumptions of the Analysis.................. ... 125
Common Throughput Expression.............................................. 125
Basic Mechanism...................... . 126
Complexity of Constant Flux Range Image Processing....................... .. 127
Complexity of Adaptive Sweep Range Image Processing...................... 128
Complexity of Adaptive Sweep/Scan Range Image Processing .............. 131
Complexity of Adaptive Sweep, Uniform Scan Image Processing .. ... .. 133
The Fundamental Speed/Resolution Trade-off. ... 135
Rationale for A Real-Time Approach ... 137
V.



31
32

Chapter 7:

Section 1:
11
12
13

Section 2:
21
Section 3;

31
32
3.3
34
35
Section 4:
4.1
4.2
4.3
4.4

Section 5:

5.1
5.2
5.3
5.4
55
5.6

Section 6:

6.1
6.2
6.3
6.4

Section 7:

71
7.2
7.3

Table of Contents

Computational Spiral Effect ... 137
Impact of the Spiral Effect ... 138
Summary and ConClUSIONS...........uviiiiiiiieeieeeiecceeeeeee e 140
Elements. .. . 140
Summary of Elementary Nondimensionals........................................... 140
Derivative ISSUES ... ... 140
Derivative Adaptive Rules........................... 141
ConfiQUIration ... 142
Summary of Configuration Nondimensionals........................................ 142
RESPONSE . 143
Summary of the Response Nondimensionals......................................... 143
Maneuverability and Response Time ... 144
Braking ... 144
TUMNING 144
Lookahead .. ... . ... . 144
Throughput ... 146
Summary of Throughput Nondimensionals......................................... 146
Depthof Field ... 146
Horizontal Fieldof View ... .. . 146
Vertical Fieldof View ... . 146
ACUILY. 148
Summary of the Acuity Nondimensionals............................................ 148
Range lmage Acuity. ... . 148
Range Acuity in Stereo ViSion ... 149
Angular Acuity in Stereo Vision ... 149
Positioning Bandwidth ... 149
Geometric Efficiency.................. 149
Fidelity 150
Summary of the Fidelity Nondimensionals............................ SR 150
Modelling Dynamicsand Delays.............................................. 150
Dynamicsof TUrning ... 151
Positioning Fidelity ... 151
InteraCtions... ... . 152
Rationale For a Feedforward Approach ... 152
Rationale For Adaptive Perception ... 152
Rationale For aReal-Time Approach............................................. 153
vi.



PART III: Intelligent Autonomous Mobility

Chapter 1:

Section 1:

1.1
1.2
1.3
1.4

Section 2:
2.1
2.2
Section 3:

3.1
32
33
34

Chapter 2:

Section 1:
Section 2:

2.1
22

Chapter 3:

Section 1:

1.1
1.2
1.3
1.4
1.5

Section 2:

2.1
2.2
23

Section 3:

3.1
3.2
3.3
3.4
Section 4:

4.1

Table of Contents

Concept . 155
Standard Architectural Model .........cccceeeiiieeiiiiineniineeenteceeeeee e 155
POLICY LaYET ....oovniiiiiiiiiiiiiiiiiiiiiircctc ittt 156
Strate@ic LAYET ....ccccerviiiiiiiiiiiiiiiicencrcinnc s 157
Control LAYET ...c.eeruiiiiiiciiiieniictintenrecrirer et 157
Tactical LaYer ...cccccovuiiiiiiiiiiiiiiiiiiiiiiiccctinncrrr et 158
Bandwidth - Conceptualization Gap........ccceeveeeevrereinerinneenineeninecinneennnees 159
Fast Execution Monitoring and Path Replanning ..........ccoccevviiinnnnnnnnn. 159
SMArt CONIOL ....eeiiieieiciieeeeccreeercee et ree e e s esee e e s sane e e e s s sneeessssnnenes 159
Tactical Control LaYer ........cccceeiviiriiierinieriiieniiieneeecneescnee e cssaeecnnees 160
Command Following Problem .........cccccccvvviiriiiiininncniniinniccnnnccnnncennnee. 160
Tactical Control IaYer ........ccccceeiiiiiiiiiiiiiiiiiineee et 160
Hierarchical Time SPectrum ........cccocccvvveiriiiinieciniieiiiicccnenneeccnneeenns 161
8511673 ¢ 7211 11 PRSP TR 161
Design 162
The Nature of High-Speed Autonomy ...........ccccvviiiiniiniiniinniininenninnn, 162
Intelligent Predictive Control...........c.coiiieiiniiniiiiiiiniiciccicccnccecnn 163
Deliberative EIEMEnLts .........ccooovveeiiiiiiiiiiiiiniecnceeeeceeceeeseseneeeesessanseesnens 163
Reactive BIEMENLS ......oooiiiiiiiiieeeeteeeccrtrtee e creree e e e s eaneeeeee s 163
Implementation 165
Real-Time Kernel ........ccccciiiiiiiiiiiiiieiiiienn e seccneessesneeeseesvensessssssenens 165
Position EStIMAtOr .....ccceieivreirieiieeeiieiireenccciee e e csvee e s seree e e s s sanae e e 166
MaP MANAZET ...cooueeieiiiiiiiteieiiterecie e st e e eesanreee s s saeeesseessneesssesnnnessnns 166
=] 11 o2 (U 166
(0703511 o)1 1< SN 166
PEICEPLION ....oeeiiiiiiiiiieiireetecte et e st e e e srer e e e e s sanessa s vaae s e s nnaaessanne 166
Rationale - Bandwidth Requirements.............cccccueeeeeeerniieeenieeeeneeeeceeeesenenns 167
Image Input SrEAmM .....cooccoveiiiiiiiiiiiiieee et cereee e ceer e e e e sre e e e e s saeae e as 167
Vehicle State INPUt SrEam ........ccceeeiierieriieenerntieseeereeeeeeeeeseeeeseeseseeesnes 167
Vehicle Command Output Stream ..........ccceecceereceeeeeeieeenieeeessineeesseeesneennns 167
Test Environment Layer..........coooviieiiiiiiiiniiieiicieenecereeceeeesneeeeeeeeenneeennees 168
JJO FAIET ettt e ctee e e e e e be e cess e e e rane s e sne s ssnesennns 169
General Rationale for Physical I/O ........ccocoooiiiiiiiieiicreeeeeeeeeeeee. 170
Main Event LOOD ......coviuiiiiiiiiiiiiiiiiiciteecteceteee sttt aneesaee e 171
Development Support TOOIS ........ccoiieeviiereriiieiiieiriireeecreeeeeeeeeee e e e e eneeeeaes 171
Computational Hardware ..........cccceeeveeeiiiiniiiiieiienciieeecieeesneeesneeeeaneeesnnas 172
Engineering WOrkStations ...........ccecceireiieeiiiiiniieinnnieneeeecsneescneeeeneeeenns 172
vii.



4.2 Implementation in Special Purpose Hardware ..........cccccoeceeeenirncninucnnnene 172

4.3 Implementation in Parallel Hardware ........cccccooceiviiiiiiiininnninnciciiennen. 172
Chapter 4: Results 173
Section 1: Vehicles AUtOmMAted ........ccccevceeeieieiiueineiiieeiieeee et reeeneas 173
Section 2: Test Run Excursion and Speed .........ccocvvveveieiiiiiiiinienniiiencieencieeccneesenee 174
Section 3: Real-Time Performance .........ccocceviviiiiieiicinicniieiniceicetennecsseeseeeeeeeane 175
Chapter 5: Summary and Conclusions 177
Section 1: L0001 1TC) oL SO 177
1.1 Standard Architectural Model ...........ccccevviuiiiiiicneiiiiiiieniiccneececceeeenes 177

1.2 Bandwidth - Conceptualization Gap .........cccoeevvvernniiiniiininininneeinneennnn. 178

1.3 ‘Tactical Control LAYET .......cccccceeervieriiirniitiriietenneteteeeeeenecseseesessesesennne 178
Section 2: | T T 4 o TR 179
2.1 The Nature of High-Speed Autonomy .........cceceeevvveervvieiircnrcnineeecnnnnennn. 179

2.2 Intelligent Predictive Control ...........cocevuiriiinniiiieiiniiiniciniinnecnncennes 179
Section 3: 153310530010 112 10 10 o OO 180
3.1 Real-Time Kernel ..........cccccevieririnininniniinniiiciicctintecncsresseeesesssecssesnees 180

3.2 Rationale - Bandwidth Requirements ..........ccccccvvvuecriinriiiininnieecniinnennn. 180

33 Test Environment Layer .......c.cccccceveveiiiiiiiiniinncniiiincnciienncccnecnne 180
Section 4: RESUILS....ueiiiirieeieectcertte ettt ae s eae e s s saae s s ae e s ar e s ene 181
4.1 Vehicles Automated .........cccccevvuieirieiiiniiiiniccniei e 181

4.2 Test Run Excursion and Speed ........ccccovvinniniiinieiinniinnicnnninnnicincennnens 181

4.3 Real-Time Performance ..........ccccceeviiivinviiniinniiinniiniinecnniceccnecenneens 181

Table of Contents viii.



PART IV: Perception

Chapter 1: CONCEPL.......ooiii et e e enneeas 182
Section 1: AdaptiveLookahead ... . 183
Section 2: Adaptive SWeep ... 183

21 SelectionProblem ... 183
2.2 Computational Range Image Stabilization....................................... 183
2.3 Computational Stereo Range Image Stabilization............................. 185
Section 3: Adaptive Scan ... 185
(O T o 1= G B 1= T o o RS 186
Section 1: Adaptive Perception FromRangelmages........................................... 186
11 Range Window Computation - First Phase ... 186
12 Range Window Processing - SecondPhase ... ... 187
Section 2: Adaptive Stereo Perception. ... 190
2.1 Basics of Stereo Perception. ... 190
2.2 Stereo Triangulation ... 190
2.3 Width of Disparity Window. ... 191
24 Essential Difficulty............. . 191
Section 3: Refinements to Correlation-Based Stereo............... ... 193
31 Optimal Shape of the Correlation Window ... .. 193
3.2 Complexity of Stereo Vision ... 193
3.3 Adaptive Scanin Stereo Vision ... 196
34 Adaptive SWeeD ... 198
Section 4. Terran Mapping ... 199
4.1 Wrappable Map ... 199
4.2 Motion Distortion Removal. ... 200
4.3 Delayed Interpolation........................... . 201
4.4 Image Registration ... . 202
4.5 Elevation Uncertainty. ... ... 202
Chapter 3:  Implementation.............c.ccooe oot 203
Section 1: Coordinate Transformation................................................. 203
11 Ambiguity Removal. ... 204
12 Median Filter ... 204
13 RangeWindow Filter ... .. . . 204
14 Range Window Computation ... 204
15 Imageto Sensor................ 204
16 SensortoVehicle ... 204
17 VehicletoWorld ... 204
18 Pose Selector... ... ... . 204

Table of Contents



Section 2

21
2.2
2.3
24
2.5
2.6
2.7

Section 3:

31
3.2
33
34
35
3.6

Chapter 4

Section 1:
Section 2:
Section 3:

31
32

Chapter 5:

Section 1:
11
12
13
Section 2:

21
2.2
2.3
24

Section 3:

31
32
33
Section 4:

4.1
4.2

Table of Contents

WorldtoMap ... 205
MaptoWorld ... 205
Registration ... 205
Fusion/Accumulation ... 206
Write Map... . 206
Read Map .. ... . 206
Age Flter . 206
SO VIS ON 207
Scaleand NOrmalize ... 207
ReCtify . 207
COrTE Al ON 207
Disparity. ... 208
Cleanup......... 208
Triangulation ... 208
R BSUIE S . e e 209
Parameter Configuration.......................... 209
Rangelmages. .. ... .. . 211
St EreO VIS ON . 214
Horizontal Basaline . ... ... . . 214
Vertica Basaine ... . 215
Summary and CoNClUSIONS........cooieriiiiiieee e 217
CoNeCEpt ... 217
Adaptive Lookahead ... . 218
Adaptive SWEED ... 218
Adaptive Scan ... 218
DS ON 218
Adaptive Perception FromRangeIlmages........................................ 218
Adaptive Stereo Perception. ... 219
Refinements to Correlation-Based Stereo................ 219
Teran Mapping............ . 220
Implementation ... 222
Coordinate Transformation .. ... 222
Map ManNagEr. ... 222
SEreO VIS ON . 222
RESUILS . 222
Rangelmages. ... ... . . 222
S EreO VIS ON 222



PARTV: Planning/Contral

Chapter 1: CONCEPL.......oouiiieiieee e ~ s 224

Section 1: Optimal Control ... 225

11 Hierarchical Planning ... ... . . . 225

12 Optimal Control................ . 226

13 State Space Model.......... 227

14 Actuation Space Search ... 228

15 Feedforward Optimal Control. ... 229

16 Forward Modelling ... . 230

Section 2: Obstacle Avoidance ... 232

SECtion 31 GOAl-SEEKING ... oe oo 233

Chapter 20 DESIGN.....o.ivvoeoeeee e 234

Section 11 Optimal CONLrOl........o. oo oo e 234

11 Goal Arbitration ... 234

12 State Space Model. ... 235

13 Discrete Time Nonlinear Model............................................. 240

Section 2: Obstacle Avoidance.......................................... 242

21 Tempora State Interpolation......................................... 242

22 Hazard Representation ... 242

2.3 Hazard Arbitration ... 243

24 Hazard Estimation................................. 243

2.5 Matrix Representation ... 245

2.6 Hazard Uncertainty. ... 246

Section 3: Goal-Seeking ... .. 247

31 Rough Terrain Pure Pursuit ... 247

32 Feedforward Pure PUrSUIt ... 248

Section 41 Adaptive REGAI ... 249

4.1 Planning WINOOW. ... 249

_ 4.2 Real-Time Latency Moddlling ... .. ... 250

Section 5: Adaptive Regulators. ... . 253

g% Sensor Stabilization and Pointing ... 253

' eed Planning. ... 254
Chapter 3: = _ 9

, IMplemeNntation.............ccoooiiie e 256

Section 1:

11 Controller. ... . 256

12 Command Generator........................ R SEUOU U TP TP UURUPIUTI 257

13 Tactical Controller.................. 257

14 Strategic Controller................ 259

ATDITEr 260

Table of Contents

Xi.



Section 2; N ONIC O 261

21 Syssem Model. ... 261

2.2 FIFO Queue Daemons . ... . 262

2.3 VehicleDaemoNns . ... 263

Chapter 41 ReSUltS........cociiii e, R 264
Section 1 Optimal Control............. .. 264

Section 2: Obstacle Avoidance ... 265

Section 3. Goal-Seeking ... . 266

Section 4: Adaptive Regulation ... 267

Chapter 5:  Summary and CoNClUSIONS........coooeiiiiiiiiiieiere e 268

Section 1. GNPt . 268

11 Optimal Control....................... 268

12 Hierarchical Planning..................oi oo 269

SECHON 20 DESIGN ..o 270

21 Optimal CONLIOL.......o oo 270

2.2 ObStacle AVOIGBNCE ... oot oo 271

2.3 GOAI-SEEKING. ...\ oo 272

2.4 Adaptive REGA ... oo 272

2.5 Adaptive REQUIAKOIS ... o 273

Section 3: Implementation.......................... 273

31 Controller. .. 273

32 VENICIE . 273

Section4: ReSUILS. ... 273

41 Optimal Control................. 273

4.2 Obstacle AVOIGANCE ... oo 273

4.3 Goal-Seeking ... 274

44 Adaptive ReQUIGKION ... 274

Table of Contents Xii.



PART VI: Podgtion Esimation

Chapter 1 Concept ........................................................................................ 275
Section 1: State Space Kalman Filter. ... . 276
11 Positioning Requirements ... 276

12 Design Decisions and ASSUMPLIONS ... 277
Section2: AHRS Dead RECKONING ..o 278
21 AHRS COMPONENES ...\ 278

2.2 OtNEr SENSOIS .. ... oo 278

2.3 Extended Kalman Filter ... 278

2.4 Unforced Kalman Filter ... 278
Section 3: Advantages. ... 279
31 Redundant Measurements....................................... 279

32 Integration of Dead Reckoning and Triangulation............................. .. 279

33 Modelling Frequency Response................................................. 279

34 Computational Inertial Force Compensation....................................... 279

35 Nonlinear Error Propagation..................................................... 279

3.6 Noise Immunity............... 279

(@ aF=T o (= A B 1= o o IR 280
Section 1: AHRS Dead Reckoning SysemModdl. ... . 280
11 Nav Frame SystemModel................... 280

12 Observability intheNav Frame ... ... 281

13 Body Frame SystemModel. ... 282
Section 2. AHRS Dead Reckoning Measurement Model................................ . 285
21 Transmission Encoder.................... 285

22 Doppler Groundspeed Radar. ... 285

2.3 COMPASS .o 286

24 AHRS 286

25 Steering Wheel Encoder............... 286

2.6 Wheel Encoders..................... 287

2.7 Complete DR Measurement Matrix ... 289
Section 3: AHRS Dead Reckoning Uncertainty Model. ... ... . 290
31 State Uncertainty................. 290

32 Measurement UNCEraINtY. ... 294
Section4: Aided AHRS Dead RECKONING. ... ......ooo oo 297
4.1 Fixes in the Navigation Frame.....................coioi 297

_ 4.2 Fixesin aPositioner Frame........................................................ 298
Section 5: Roadfollower Aiding.................. . 299
g% M easurement Model.. ... 299

' Predictive Measurement ... 302

Table of Contents



53
Section 6:
6.1
6.2
Section 7:

7.1

7.2

7.3

7.4
Section 8:

81
8.2
8.3
84

Section 9:

91
9.2
9.3

Section 10:

10.1
10.2
10.3

Chapter 3:

Section 1:

11
12
13

Section 2;

21
2.2
2.3
24

Section 3:

31
32
3.3

Section 4:

4.1
4.2
4.3
4.4

Table of Contents

Advantages . ... 302

Terrain-Aided AHRS Dead Reckoning ... 303
TETaN ATOS . 303
Measurement Uncertainty. ... ... 304

Absolute Landmark Recognition...................... ... 305
Absolute Landmarks ... 305
Feature-Based SCheme ... 306
Uncertain Absolute Landmarks...................... SUUU USSR RRRRRRRRR 307
[CONIC SCNEME .. 308

Differential Landmark Recognition......................... ... 309
Differential Landmarks. ... 309
Feature-Based SCheme ... 309
[CONIC SCNEIME .. 309
Examples of Differential Aids...................... ... 310

Simultaneous Mapping and Position Estimation..................................... .. 311
State Vector Augmentation ... 311
Measurement Model. ... 311
Measurement Jacobian ... 311

Real Time ldentification ... 312
State Vector Augmentation.............. 312
Measurement Model. ... 312
Measurement Jacobian ... 313

IMPlEMENtatioN........ oo 314

POSItION EStIMaOr. ... 314
System Model. ... 315
SenSOr MO, ... 315
Kalman Fer o 315

System Model. ... 315
TranSition MatrixX ... 315
StateUpdate ... 315
SystemJacobian ... 316
Covariance Update ... 316

SENSOr MOAE. ... 316
PrediCtion..........oo 316
Gradient 316
COVAITANCE 316

Kalman B e 317
Kalman Galn ... 317
Residual..........................................: P OO OO SPUPUUUR 317
CovarianceUpdate ... .. . 317
StateUpdate ... 317

XiV.



Section 5:

5.1
5.2
5.3

Section 6:

6.1
6.2

Section 7:

7.1
7.2

Section 8:

81
8.2
8.3

Chapter 4.

Section 1:
Section 2;

Chapter 5:

Section 1:
11
Section 2;

21
2.2
2.3
24
2.5
2.6
2.7

Section 3:

31
32
33
34
35
3.6
37
38
Section 4.

4.1
4.2

Table of Contents

Relative Navigation ... 318
ZUPS oo 319
State Vector Augmentation................ 319
Initialization and Reconfiguration......................................... 320
Initialization ... 320
Reconfiguration ... .. 320
Bandwidth and Efficiency. ... 321
Asynchronous Implementation................................ 321
Efficiency.......... 321
Outlier Rgection. ... 323
Angular Addition................ 323
Reasonableness Checks..................... TP 323
Legitimate State Discontinuities....................................... 323
RESUITS ... 324
AHRS Dead Reckoning ... .. 324
Crosstrack Aiding ... 327
Summary and CoNClUSIONS.........ocieiiieeriiiiieeece e 328
CONCE 328
State Space Kalman Filter.......................... 328
DeSION . 329
AHRS Dead Reckoning SyssemModdl. ... ... 329
AHRS Dead Reckoning Measurement Model................... ... 330
AHRS Dead Reckoning Uncertainty Model. ... 330
Aided AHRS Dead Reckoning ... 330
Terrain-Aided AHRS Dead Reckoning ... 331
Simultaneous Mapping and Position Estimation............................ . 331
Real Time Identification ... 331
Implementation ... 331
Position EStimator.............................. 331
SystemModel..... 331
Sensor Model ... 331
KamanFilter ... 332
Calibrationand Tuning ... ... 332
Initialization and Reconfiguration.................................................... 332
Bandwidth and Efficiency.................. . 332
Outlier REECHiON ... 332
RESUITS 333
AHRS Dead Reckoning ... .. 333
Crosstrack AdiNg.............. 333
XV.



PART VII: Summary and Conclusons

Section 1:
Section 2;

21
2.2
2.3
24
25
2.6
2.7
2.8
29
2.10
211

Section 3:

31
3.2
3.3

Section 4:

4.1
4.2
43
4.4
45
Section 5:
51
52
53
54
55
56

Section 6:

Table of Contents

Problem Statement ... 334
RANGER Navigator. ... 335
Operational Modes...................... 335
Goal-SeeKiNg ... 335
WorldModel............. 335
VehicleModel............... 336
Hazard ASSessment ... 336
Arbitration ... 337
SISO S oo 337
Adaptive Perception ... . 337
Position EStimation......................................... 338
Implementation ... ... 338
Architecture ... 338
Perspectiveson Intelligence.......... ... ... 339
ONMEMONY. ... 339
OnDeliberation..................... . 339
ONReaCtioN ... 339
Fundamental Arguments...................o 340
Guaranteed Safety. ...l 340
ReSPONSE . 340
Throughput ... 340
ACUIRY. . 340
Fidelity. . 341
Key ASSUMPLiONS ... ... 342
Continuity ASSUMPLION ... 342
Terrain Smoothness Assumption................................. 342
Obstacle Sparsity Assumption...................................... 342
Small Incidence Angle Assumption. ... 342
2-1/2D World ASSUmption ... 342
Static Environment Assumption............... 343
CONCIUSIONS ... .. 344

XVi.



PART VIII: Contributions

Section 1:

1.1
1.2
1.3

Section 2:

2.1
22
23

Section 3:

Table of Contents

3.1
3.2
3.3
34
3.5
3.6

GENETAL CLALITIS cevvveniieieieeereieieeeeeeteseessreteeseseeessesssssssssssssssssessessssssssssssssssssns 346
(@670 13 (o214 o) AR 346
CIASSIfICALION ..evvvreerrrieeereereeeeeee e sssrsaseenaseensaeesssssssessensasnnnssssssssssssssnsanans 346
DEMONSITALION .....ueieieereeiiiiieeeeeerniiiireeeeeeeeeeeresssnssessseerresnsssrsssessereseassnnnns 346

SPECIIC CIAIMS .....oeeiiieiieeierterrterireesee st rete e e sseeesseesnessaessseesseesssesassasans 347
PEISPECHIVE ...eeeeiiiieieeeeeccre et ecree e e te e e eee e e e e nee e e s nnae e s e s sraeeeesnnnns 347
APPIOACKH .ottt e et e e sra et e e ane e rn e e anes 347
(€1 115 11 OSSR USRS 347

Limitations / FUtUIE WOTK......oooieieiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeseessesaeaessasasesasans 348
Strategic Planning .........ccccceceeviiniireneniieneneeeesseve e sse e n e ns 348
STETEO VISIOM et eeeesesas e sa e sesasesanansnssansnssassnnsennnsns 348
TAENUAICALION ..oeiiiiieneeee et e eeeeeeeeeeeeseeesesesseeeaeesesssssnnaseeesessassesssensseseses 348
Coordinated COMNIIOL .....cooiiieeieeeeeeereeeeeeeeeeee e aessennnsesesssnssnsnnes 348
Map MatChing ....cccceeriiiiiiiirerteeeeterte et ae e te e ae e tn e s n e s e enas 348
KalMan FIIET ......ueueeeiieieeeiiieeeeette e e eeeeeeeeeeeeeeeseeeeessnnaaeaeeaseas 348

XVvii.




PART IX: Appendices

Chapter 1: Kinematic Transforms 350
Section 1: Notational CONVENLIONS ........cocceerereeriieririeniieeiteneereeseeesresee st essseesesenes 351
Section 2: Homogeneous Coordinates and Transforms..........ccecceeeeeercrnercnieninennecnns 352

2.1 POINES wvvvevevieierereniieteseseetetesessesesesessesesesesseseseseasssasesesessnsesesssesesssesesensanns 352
2.2 OPETALOTS ....eevviiiniiiinieiiiitiiiitccnirr et crar e e sn e s eas s sasesesasssesanseeas 352
2.3 Homogeneous Coordinates ............cceeeeveeriveniniiniciiieiniiinicnnnninieeniinnees 352
2.4 Homeogeneous Transforms ..........cccceevereneiiiiinncninenninnnninecnnennnenne. ... 353
2.5 Homogeneous Transforms as OPEerators ........c..ccecccereierieieneresecsseenneecnnnes 354
2.6 Example - Operating on @ Point ..........cccccecevivnueecieciincnncninncnecnnenneenne. 355
2.7 Homogeneous Transforms as Coordinate Frames ..........ccccovveeiiieneennnen. 355
2.8 Example - Interpreting an Operator as a Frame .........ccccoeceevenieeniecnncnnnen. 356
2.9 The Coordinate Frame ..........cccccceevieniriiiiinciiicnncnincciecicnnecnecneeene 357
2.10 Homogeneous Transforms as Coordinate Transforms ..........cccceceeeuvennennee. 357
2.11 Example - Transforming the Coordinates of a Point ..........ccccccocveeunennnnnne. 359
2.12 Inverse of a Homogeneous Transform .........cccecceveceevvnnreniecinnnecccnnccnnnee. 359
2.13 A Duality ThEOrEI .....cccccevvirevieiiiiiienieiitiinntesnr e ae e 360
Section 3: Forward KinematiCs.........ccceeeereeeriieniiiiiiiniiinieiieccnnennreesrinsesssessseeseens 361
3.1 Nonlinear Mapping ......c..ccceeeeeieeiiinniiinniiniennienieesneeneensessssessssssssesssnes 361
32 Mechanism MOdEIS ......cccccerieiiiiiiiiiiiiiiininicniitccrciirr e 361
33 Modelling @ MechaniSm ........c.cccceveevienniininiinniinieineennieneeenessesessssennens 362
34 Denavit Hartenberg Convention for Mechanisms ..........ccocoeveennienneennnen. 362
35 Example: 3-Link Planar Manipulator ..........cccoveoieiinieniininiiniiiieenne 364
Section 4: Inverse Kinematics........ccccceeveievuecinnicnncinnecnnnennnnnnand eereeresneaeseesenreesesaassanne 366
4.1 Existence and UNIQUENESS ........c.cceeveeereririesneinneeineenineenneenseesissssssesssnannns 366
4.2 TECHDIQUE .....oovveiniiiniiiiiiiiiccticcteccc e 366
4.3 Example: 3 Link Planar Manipulator ..........cccooeeieeniniiniiniininineeneeene 367
4.4 Standard FOIMS ......cccvueereviiiiciiiniiiniecniitinirc e e snne s ena e sanees 370
Section 5: Differential KinematiCs.......cceeveeerrreeresrerresreesiseerenieeiesineeessnnesseiessesessaseens 372
5.1 Derivatives of Fundamental Operators ..........c.ocooveerieeciinieenseeniecennienenee 372
5.2 The Mechanism JACODIAN ......ccccceeeerierenieeiiiiiniieiniirecineeiiee e siae e e senns 372
53 SINGUIATILY ..vevueeririerniiiiiiiiiitee ettt ss e 373
54 Example: 3-Link Planar Manipulator ...........ccoceevieiinennicnnnncniinnienenne 374
5.5 Jacobian Determinant ..........cceeevceerevereereeerniieiniieiniinneeesneeeiseesessnessssaesssnns 374
5.6 JACODIAN TENSOT ....oeeiiieiireeieeiieeereiineet et ees e s e e s sraaree s sa e s e s ssnaesesans 375
Section 6: Vehicle KINEMALICS .......cceereuierienierinieeriieeeeiiieisiiriesineesesneeesssessssessssssassnsees 376
6.1 AXiIS CONVENLIONS ...eeeevveeeeeeerenneereseeeninerssisteeisneesssseesssssesssssssssesssssesessns 376
6.2 Frame ASSIZNMENL ....cccovvuiiiiiiiiiiiniiiieeiieerenne sttt 376
6.3 The RPY TransfOrm ......cccceeieeeveeeeeiiinieneiiiiiieeiiineeeneessnesesssansessesssseesenes 378
6.4 Frame Parameters for Wheeled VehicCles .........oocooiieiiniiiiiiniiinnininicnns 380
6.5 Inverse Kinematics for the RPY Transform .........ccccceeeiiiiiiiinnninncncenns 380

Table of Contents Xviii.



6.6 Angular VEIOCItY. ... 382

Section 7: Actuator Kinematics. ... 384
7.1 TheBicycleModel....................... . 384
Chapter 22 Imaging KinemMatiCS.........eiiriiieiee e 385
Section 1: Optical KinematiCs. ... . 385
11 The Reflection Operator........................... ... 385

12 The Vector Projection Operator................................................. 386

13 The Plane Projection Operator ... 386

14 Rate Relationships............................. 387

15 Mirror Galn ... 388

16 Composition of Trandation and Reflection....................................... 389

17 Composition of Rotation and Reflection.......................... ... 390

18 Intersection of aLineand aPlane ... ... 391
Section 2: Kinematics of the Azimuth Scanner.................. ... ... 392
21 Forward KinematiCS................................................ 392

22 Forward Imaging Jacobian ... 394

23 Projection Table ... .. . 395

24 Inverse KinematiCS. ... 396

25 Inverse Imaging Jacobian..................... 396

2.6 Anaytic Range Image of Flat Terrain...................... ... ... 397

27 Feldof View. .. ... . 398

2.8 ReSOIULION ... 399

29 Azimuth Scanning Pattern..................... 400

2.10 Azimuth Spot Pattern................... 401
Section 3: Kinematics of the Elevation Scanner............................................... 402
31 Forward KinematiCS . ... 402

32 Forward Imaging Jacobian ... 404

3.3 Projection Table ... .. 405

34 Inverse KinematiCs. ... 406

35 Inverse Imaging Jacobian ... 406

3.6 Anaytic Range Image of Flat Terrain..................... ... ... 407

3.7 Fieldof View. ... 408

38 ReSOIULION ... 409

39 Elevation Scanning Pattern........................ 410

3.10 Elevation Spot Pattern.............. .. 411
Section 4: Kinematics of the Stereo Rangelmage ... 412
4.1 Perspective Projection ... 412

4.2 Stereo Triangulation ... .. 413

4.3 Forward Kinematics............................................. 414

4.4 Forward Imaging Jacobian ... 414

4.5 Projection Table ... ... 415

4.6 Inverse Kinematics ... 417

4.7 Inverse Imaging Jacobian................ .. 417

Table of Contents XiX.



4.8

4.9

4.10
411
4.12
4.13
4.14

Chapter 3:

Section 1:

11
12
13
14
15
16
17
18

Section 2:

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
29
2.10
211
212

Section 3:

31
32
3.3
34
35
3.6
3.7
3.8
39

Section 4:

4.1
4.2

Table of Contents

Analytic Range Image of Flat Terrain.......................................... 418
Disparity Image of Flat Terrain............................................ 419
Disparity Gradient of Flat Terrain.................... ... ... 420
Fieldof View. ... 421
ResSOIUtION ... 422
Perspective Scanning Pattern ... 423
Perspective Spot Pattern ... 424
The State Space Kalman Filter..........cccovvivviieiieiiieniiiiieeiieeeiene. 425
Random ProCeSSES . ... .. 425
Random Constant ... 425
Bias, Stationarity, Ergodicity and Whiteness.......................... ... 426
Correlation FUNCLIONS ...l 426
Power Spectral Density................. 427
White Noise. .. ... . 428
Kaman Filter NoiseModel.............. ... .. . 428
Scalar Uncertainty Propagation ... 430
Combined Observations of a Random Constant ... .. 430
Fundamentals of the Discrete Kalman Filter................... ... . 431
The State Model of aRandom Process............................................ 432
A Word on the Transition Matrix.......................................... 433
Low DynamicsS ASSUMPLiON ... 433
Discrete Filter EQuations................... ... 434
Timeand Updates. ... 435
Measurement Model............. 436
Observability ... 436
Uncertainty Transformation............................................. 437
Sequential Measurement Processing ... 437
The Uncertainty Matrices ... 437
Connection to Navigation Theory. ... 438
Connectionto Smithand Cheeseman ... 438
Linearization of Nonlinear Problems................. ... .. ... . 439
Linearized Kalman Filter.................. 439
Extended Kalman Filter ... 440
Taylor Remainder Theorem ... ... ... 442
Forms of Linearization ... . 442
State Transition for Nonlinear Problems ... . . 444
System Jacobian for Nonlinear Problems ... ... . 444
Uncertainty Propagation for Nonlinear Problems ... . 444
Other Kalman Filter Algorithms ... ... .. ... ... 445
The Measurement Conceptualization inthe EKF ... ... . 445
State Vector Augmentation ... 446
Principle. 446
CorrelationModels.................... 447

XX.



PART Irlrltroduction

Autonomous vehicles promise many ultimate applications in tasks which are dangerous, difficult,
tedious, or error-prone when performed by humans. Civilian applications include smart
automobiles, automated delivery systems, autonomous farming, and autonomous mining. Military
applications include battlefield reconnai ssance, troop resupply, and medical evacuation of injured
personnel. Space applications include planetary exploration, autonomous launch vehicles, and
vehicle inspection robots. Regardless of the application, missions which require motions which
exceed the reach of atypical manipulator can be addressed by the mobile robot.

The problem of autonomous off-road navigation is one of the most difficult terrestrial autonomous
navigation problems. Earlier solutions to the cross-country navigation problem have encountered
performance limitations that were not well understood.

This thesis has studied the nature of typical performance limits, expanded the envelope in a
significant way, and demonstrated the higher capability on areal vehicle. It presents the principles
behind and the development of an integrated autonomous cross-country navigation system
incorporating perception, control, and position estimation called RANGER'. RANGER is a
software technology which provides basic high performance intelligent mobility of an autonomous
vehicle. Using the NAVLAB 11 testbed at Carnegie Mellon University, it has been developed to
directly address the requirements of a rudimentary off-road mission.

Section 1: Problem Statement

The thesis applies a structured systems analysis and design methodology to the problem. The
problem that is addressed can be stated in two points:

* assess the fundamental requirements of range image based, high-speed, autono-
Mous cr 0ss-country navigation
» demonstrate an improved ability to achieve a real cross-country mission

Thisreal cross-country mission is asimple piloting mission - to get from A to B as fast as possible
without damaging the vehicle. The strategic planning problem - the problem of generating the
path to follow - is outside the scope of the work. The path to be followed is imparted to the system
as an externally-supplied continuous path or sequence of waypoints.

1. An acronym for Real Time Autonomous Navigator with a Geometric Engine.
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Section 2. Requirements

An attempt has been made to develop an autonomous vehicle control system which achieves:

» the highest possible speed of continuous motion
* on the roughest possible terrain
« for the longest possible excursion

Within the simple navigation context of the work, the following requirements are the highest level
objectives.

2.1 Continuous, High Speed

Speeds which approach the speeds at which humans can drive the same terrain (say, 20 mph) are
targeted. Ideally, the system would adjust its speed based on the terrain roughness - driving faster
when the terrain permits.

22 Rough Terrain

Rugged, sparsely-vegetated, mostly dry terrain is the target environment within which the vehicle
must navigate safely. A flat world assumption is not considered valid? in the target terrain nor is
the typically useful assumption that obstacles can be represented as discrete points in a two-
dimensional space.

23 Ackerman Steer Vehicle

While the Ackerman steering configuration is not ideal for planning purposes, most large vehicles
intended for human use employ this configuration, so the restriction to this class of vehicles is not
as limiting as it may appear. In any case, the maneuverability of such vehicles is dramatically
different from other alternatives, particularly at speed, and the thesis will show that efficiency
demands that a specia case solution for this class of vehicles be adopted. Momentum and the
nonholonomic constraint limit maneuverability of all high-speed vehicles, so many of the results
of the work apply generally.

24 Robustness

The system is intended for relatively long traverses of suitable terrain. While robustness is difficult
to quantify, it is the intention that reliability be sufficient for routine autonomous excursions of tens
of kilometers over suitably chosen terrain.

2. Although this assumption is not valid, it will be used in many places as a useful theor etical approximation.
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Section 3: PreviousWork

This section summarizes the capabilities of some of the most significant historical off-road
systems. The list is not exhaustive, nor is it a complete discussion of each system provided.
Unfortunately, little has been published to date on some systems, and available publications do not
address some of the issues investigated here.

3.1 Differencesfrom Important Historical Systems

RANGER differs from all historical precedents in two ways. Firgt, it explicitly evaluates vehicle
safety in terms of timing, speed, resolution, and accuracy in real-time and employs many adaptive
mechanisms which optimize performance. In particular, explicit computation of stopping distance
and required minimum throughput is performed and these considerations and others form the basis
of an elegant adaptive perception mechanism which makes unprecedented vehicle speeds possible.
Second, the system uses relatively high-fidelity feedforward models of system dynamics and
terrain following and is configured as a tightly coupled controller.

3.1.1 HughesALV

The Hughes Autonomous Land Vehicle [13] was one of the first off-road mobile robots ever
developed. The system generalized the notion of an obstacle to include any vehicle configuration
that is unsafe. This alowed navigation over terrain of any surface shape. Based on the ERIM
rangefinder and a highly terrainable vehicle, it achieved speeds up to 3.5 km/hr, over distances
exceeding 500 meters, and running times averaging 20 minutes.

The speed of this vehicle was limited by many factors including the complexity of the perception
and planning processing, and the speed of communication with off-board processing. Robustness
was limited by low-fidelity modelling of steering constraints, poor terrainability and
maneuverability of the vehicle on wet muddy soil, inability to detect small but dangerous obstacles
(stee fence spikes), constrained excursion due to line of sight radio communications, local
planning minima and bugs in the high-level planner.

The system discussed here differs from the ALV in its real-time minimalist approach to the
problem. The adaptive perception algorithms are considerably faster than the Connection Machine
implementation of the ALV algorithms. It also discards the costly energy minimization
interpolation scheme of the ALV in favor of a temporal interpolation of the hazard vector signal.
The system also differs in its high-speed design incorporating a differential equation state space
model.

3.1.2 JPL's Robby

The JPL rover [82] was the first system to drive autonomously across outdoor terrain using dense
stereo data, rather than sonar or laser rangefinder data. This system was demonstrated in a 100
meter cross-country demo in September 1990. It has achieved an average speed of 100 metersin4
hours (7.0 mm/sec) in a start/stop mode. The total elapsed time in this caseis not very meaningful,
since it includes downtime while the system was being debugged and numerous stops to evaluate
performance3. The vehicle speed was mechanically limited to 4 cm/sec and off-board

3. Larry Matthies, personal communication.
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communication throughput was limited. Cycle times were on the order of 30 sees for planning and
10 sees for perception. Passive stereo was used in the perception system. Later runs were able to
achieve speeds of 4 cm/sec.

The system discussed here differs from Robby in that it attempts both wide excursion and high
speed. It is difficult to assess the degree to which computer evolution alone has made this possible.

3.1.3 JPL'sRocky Series

The Rocky series of Microrovers [78] are small-scale prototypes intended as testbeds for smple
behavior-based control systems. They are intended to produce a flight rover for the MESUR
pathfinder mission of 1996. These robots are tested in the context of operations in the vicinity of a
planetary lander, so large traverse distance or high speed are not being pursued.

The system discussed here differs from the Rocky series in its deliberative approach to autonomy
and its attempt to achieve wide excursions at higher speeds. It borrows the minimalist configuration
principle in an attempt to optimize real-time performance.

3.14 CMU'sFastNav

The FastNav project concentrated on achieving high vehicle speeds and robust obstacle detection
on fairly benign terrain. The Cyclone single scanline laser rangefinder was used as the basis of the
perception subsystem. It was used to check aglobal path for discrete obstacles, such as trees, rocks,
and ditches, and stop accordingly. Obstacle detection was based on detecting deviations from a flat
world. Path tracking used a position estimation system based on inertial navigation, dead
reckoning, and the GPS satellite navigation system.

FastNav [74] made use of smple tire/soil interaction and vehicle dynamics models to navigate on
locally flat terrain with sparse obstacles. Path tracking was demonstrated at 30 km/hr and obstacle
detection was demonstrated at 3 m/s.

Some of the reliability problems that were experienced include high sweep rates of the Cyclone
scanner due to vehicle pitching, and poor accuracy of the inertial navigation system. Early
problems with instability of the tracking algorithm were fixed by incorporating afirst order model
of the stefri ng dynamics into a feedforward compensator. The longest autonomous run was 1
kilometer™.

RANGER borrows heavily from the FastNav project in three ways. First, steering dynamics
feedforward is generalized to a complete state space rough terrain model. Second, the mere fact
that such speeds were possible pointed directly to a problem with the way in which nonadaptive
Image processing was a mgor cause of poor rea-time performance. The line scanner has been an
important existence proof that the bare throughput requirement at these speeds was far less severe
than it appears to be. Third, the pure pursuit path tracker is an adaptation of the FastNav tracker for
rough terrain.

RANGER also differs from FastNav in that it is a cross-country system, not adirt road system. Full
3D models are employed and the considerable difficulties of rough terrain drive many aspects of
the design.

4. Much of thisis personal communication with Sanjiv Singh and Jay West. Existing documentation does not
cover the issues mentioned completely.
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3.15 CMU UGV Systems

From September 1990 to the present, CMU researchers have developed two preliminary versions
of autonomous cross-country navigators. Both navigators are based on the Highly Mobile Multi-
Wheeled Vehicle (HMMWYV). The performance of both prototypes has been promising when
compared with that of previous systems. Both systems are based on the ERIM laser rangefinder.

Thefirst system [10] is similar in concept to the ALV. It generates a compl ete geometric description
of the terrain in cartesian coordinates by transforming successive range images. It evauates
candidate vehicle trajectories by simulating the vehicle state forward in time in order to predict
collisions.

This system was the first to model dynamic constraints on vehicle state in path planning. Path
generation was based on an alternative to the spanning arcs approach of the ALV for path
generation which is theoretically superior in cluttered environments.

Reliability problems for this system were associated with the poor fidelity of elevation maps, cycle
time overruns, and path generation and planning algorithm failures. Nevertheless, this system had
achieved its purpose of advancing the state of the art and serving as an experimental testbed.

The most impressive achievement consists of atest run of five kilometers comprised of some thirty
orbits of the same circular path on substantially flat terrain with a total of less than ten obstacle
avoidance maneuvers. Speed has never exceeded 3 meters per second, and only half of this speed
has been achieved while avoiding obstacles.

RANGER borrows heavily from this system because it is basically the next prototypein this series.
It differs from its predecessor in its adaptive perception algorithms, the efficiency of its
admissability module, its universal 3D models, and it favors a controls feedforward approach over
the cluttered environment search-based planner.

More recently, a second group [53] has developed a system called SMARTY which processes
range images to recover regions of constant terrain gradient. This system has achieved runs over
distances of 840 meters, at speeds of 2-3 m/s while avoiding natural obstacles, and it has probably
exceeded these results as of this writing.

RANGER differs from SMARTY in that it can be considered to be more of a deliberative system
on the spectrum of such systems because it remembers both vehicle state and environmental state
from cycl