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PALACE Program Chart

Precision Autonomous Landing Adaptive Control Experiment

* Purpose:

— Autonomous precision UAV VTOL to unprepared sites in variable winds for: perch and
stare surveillance, precision UAV supply delivery, recovery and FARP operations. Exploit
greater portion of potential VTOL performance envelope.

 Product:

— Performance criteria, methods and flight proven adaptive control techniques for precision
helicopter landing at arbitrary sites. Includes full nonlinear vehicle dynamics, control
laws, sensor, & actuator models.

- Payoff:

— Reduces UAYV reliance on prepared landing sites, Reduces manpower, Reduces VTOL
crashes, Allows precision UAYV critical supply delivery, Allows perch and stare
surveillance capabilities, Provides capability for UAV FARP Ops without returning to
home, Greater VTOL UAV maneuverability

FYO03 FY04 FYO05

Year1 Year 2 Year 3
- Control Law Architecture defined - PALACE Integrated Simulation Flight Demonstrate Autonomous
- Analytic optimization performed - Control laws implemented in real- Landing on RMAX
- PALACE mission defined time simulation with characterized
- Initial evaluation of vision vehicle dynamics, actuators, & Target Metrics:
algorithms in simulation and sensors - 4ftlanding accuracy
offline with flight data - Evaluation of vision algorithms - 15 deg landing slope

and PALACE landing in simulation - 15 knot steady winds

- 95% path adherence




PALACE Mission

PALACE Landing Mission:

- Non-cooperative landing site

- Obstacles in landing zone

- GPS denied/occluded environment

- On-board intelligent decision making
- Agile / aggressive maneuv ering

4. Ariival at Landing Zone:

- Survey of landing zone at 500 feet

- Rapid spiral descent to 100 feet

- Fuzzy logic decision making - heading

5. Vision Based Descent and Landing:

- Stereo cameras and laser range finder

- Stereo machine vision elevation mapping
- Safe landing area detemination (JPL)

- Machine vision feature tracking (JPL)

- Psuedo-GPS feedback for nav igation

1. Pre-flight Mission Planning:
- Define full PALACE mission
- Specify intemmediate way points
- Specify location of landing zone

3. Way Point Navigation:
- Based on GPS
- Temain and obstacle free altitude

2. Mission Execution and Control:

- Monitor mission status and actions
- Operator has decision making ability
- Limited re-tasking of vehicle




PALACE Landing Procedure

Arrival at landing zone

Determine optimum heading
for landing

Determination of landing point
at 100 feet (SLAD)

Switch to MPE navigation for
way point control

Descend 20 feet along
glideslope under MPE

Validate landing point /
determine new landing point

Descent to 10 feet along
glideslope under MPE

Switch to Dead Reckoning for
way point control

Final landing under DR position
estimation




PALACE Landing Video




PALACE Integrated Simulation

Functions of Integrated Simulation:

Provide an environment for the development, integration and
demonstration of the machine vision landing technologies

Quantify and optimize the performance of the machine vision
algorithms in realistic landing scenario

Identify limitations and failure modes and refine the autonomous
landing procedure to mitigate these

Provide a level of risk reduction for the flight experiments and
demonstrations




Integrated Simulation Architecture

Vehicle state
and position

CLAW
- Vehicle dynamics models
- Inner-loop control laws
- Outer-loop control law s

Vehicle state
and position

Operator Interface

- Mission set-up
- Runtime display
- Descent manager

Mission upload
Operator commands

Vehicle state and position
CLAW & way point status

Stereo Vision Disp.
- Stereo ranging/ SLAD
- 3D reconstruction

Mission manager status

. Stereo vision results
Tracking results

SLAD results

Mission Manager
- Stereo ranging/ SLAD

- Monocular tracking
- Position Manager

Commanded way points
Pseudo-GPS position
CLAW mode switching

Simulated camera images
Laser range finder

RIPTIDE

Simulated camera images
Laser range finder

- Vehicle dynamics models
- Inner-loop control laws
- Outer-loop control law s




Mission Set-up Operator Interface

File Help

Review and Save Mission Heacler | ) Takeoff Location | [ Landing Area | (W) Waypoint Markers | gl Rally Point I Review and Save
— — — —— -  — .
Review the mission profile. ) E\ L W
You must SAVE to fly it later! \ ‘

Use the back button to return and make
changes.

Use PRINT to print a hard copy.

Click FLY to open the Mission Control
moclule.

The mission profile appears below:

Operator: Colin Theodore
Mission: Example
Operation Area: Moffett

Launch: N 36,4168

E 122,064 | LA e A Trer ; :
Elevation: 100,0 meters = \ . \ J Hidle Tags |
Inital Climb To: 100,0 meter . 3 -~ - X ) \

Inital Speed To: 100,0 knots

Waypoint 01

Fly Through MWaypoint

N 36,418

E -122,059

Altitude: 0,0 meters

Speed To Waypoint: 0,0 knots
Continue Req'd: No

Waypoint 02

Fly Through Waypoint

N 36,418

E -122,059

Altitude: 150,0 meters
Speed To Waypoint: 25,0 knot
Continue Req'd: No

KWaypoint 03

Fly Through HWaypoint

N 36,4131

E -122,057

Altitude: 150,0 meters

Speed To Waypoint: 30,0 knot
-

Continue Req'd: No
4 »

SAVE |




Mission Runtime Operator Interface

IAV Controls ¥ Camera Controls ¥ Display Controls ¥ Mission Profile ¥ Help ” PAUSE [ ABORT = I

Air Vehicle Performance | =VIEW CONTROLS:

VSI HDG SPEED 2oorf%|

Ko  =ARC MAP:

Moving Map

RUN TIME

ooo w
LAT-LONG

CENT MANAGE

§ 00,000 IYRT)
[0 HDG (deg)

| Proceed to Mext Wpt. I

OFTIONS

Landing Site (+) Coordinates
N 123.45.6789




Stereo Vision Display

Camera Images

Waypoint
East:

sa3se1.45 | SLAD Analysis Results

Northk L Waypoint
4142217.04 East:

Elevation Map Roughness Map Slope Map

. 583541.45
Altitude:
24.79 1 North
. 4142217.04
Heading (deg
337.0 ‘ Altitude:
24.79
Heading (deg
Fly To Waypoint 337.0
Find Safe Landing Site ’

Fly To Waypoint

£DC To nanc

Automated Ri rcraft La ling _onxt Safe Distance Map Cost Map Safe Landing Map

= = Find Safe Landing Site

File Edit Help

Left Stereo Camera | Analysis | 3D Reconstruction Waypoint Switch From GPS To MPE
Fast: Descend To Landing Point

A 583541.45
3D Reconstruction .

North Abort Landing Procedure
4142217.04 S
Altitude: Automated Landing
24.79

Heading (deg Read Waypoints From File
337.0

<< >

Fly To Waypoint
Find Safe Landing Site
Switch From GPS To MPE
Descend To Landing Point

Abort Landing Procedure

Automated Landing

Read Waypoints From File

<< >




RIPTIDE Simulation Environment




Autonomous Rotorcraft Project (ARP)
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Autonomous Rotorcraft Project (ARP)

Point Grey Research

Point Grey Research o Flea - Firewire camera
Flea - Firewire camera '

Color Unibrain
Fire - i400 camera

—— Avionics Payload:
- Crossbow AHRS IMU
- PC104+ flight control computer
- Compact PCI vision computer with 802.11b
- Sonar, Ashtech DGPS




Presentation Outline

PALACE program overview

PALACE Integrated Simulation
Autonomous Rotorcraft Project (ARP)
Machine vision algorithms

Results

Conclusions / Future work



Stereo Ranging

Left Image

) lllllll.
. 1

Disparity (pixels)

Stereo baseline (T) = 1 meter
Focal length (f) = 772.5 pixels




Safe Landing Area Determination (SLAD)

: Slope

Landing Point Constraints:

-- Maximum surface slope

-- Maximum surface roughness

-- Minimum distance from hazards

a it Roughness

.

Elevation

Safe Distance

Safe Landing Point




Monocular Feature Tracking

Template Window

Search Window




Monocular Feature Tracking

Feature location in
previous image New template window

New image region
at best matches old
template window

i

Feature location in
new window

Search Window




Monocular Position Estimation (MPE)

MPE Initialization:

GPS + MPE = Estimated position of landing point




Monocular Position Estimation (MPE)

Subsequent Frames:

Pseudo-GPS estimate = Landing point — MPE
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Stereo Ranging Results

Stereo Ranging Performance Evaluation:
Effect of image texture
Range map accuracy

Effect of image reduction
- Processing time required

Range map resolution




Effect of Image Texture
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‘Holes’ in range maps due
to lack of image texture




Range Map Accuracy

Simulation Camera Image RMAX Camera Image
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- Cameras perpendicular to surface -- 1 meter baseline
- Stereo ranging distances -- 10 to 30 meters




Range Map Accuracy

Stereo Ranging Error
Simulation and Hardware |

—e—Simulation
—e—RMAX Hardware
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- Simulation ranging error with in +/- 1.3% of actual range
-  RMAX hardware ranging error within +/- 2.3% of actual range




Range Map Resolution

Box Height Tests (Simulation)
Test Parameters:

— Stereo baseline =1 m A B
— Cameras = 640x480 pixels

— Camera angle = 30 deg |
— Slant Range = ~12 m

— Ground Elevation (B)

Test Variables: _
— Box height: — Box Elevation (A)

5 to 50 cm — Minimum Elevation

— Range map reduction: — Maximum Elevation
640x480 (full image)

320x240 (50% reduction)
Estimated Box Height = A -B




Effect of Image Reduction

50% Image Reduction Full Image (No Reduction)
(320x240 Images) (640x480 Images)

Box height =15 cm

Processing time = 2 sec Processing time = 6 sec

Boxes clearly visible in full resolution images
3X increase in processing time with full image




Range Map Resolution

Box Height Results (50% Reduction) Box Height Results (No Reduction)

o
N

o
N

°© o o
£ (3] [<}]
°© o o
£ (3] [<}]

o
w
o
w

o
()

—e—50% Reduction
—e—Exact

—_
E
-
=
>
Q
I
x
O
11}
T
Q
ot
(]
E
e
(7]
w

Estimated Box Height (m)

—e—Full Image
—e—Exact

0.2 0.3 . . . 0.2 (K] 0.4
Actual Box Height (m) Actual Box Height (m)

- Improved resolution with higher range map grid size
- Objects below 15cm may not be detected with 50% image reduction




SLAD Evaluations

SLAD Performance Measures:
Rate of success in choosing safe landing site
Number of false negatives / false positives
Processing time

SLAD Performance Evaluations:
Effect of number of safe landing areas
Effect of obstacle spacing
Effect of grid size

SLAD Constraints:
Maximum surface slope
Maximum surface roughness
Minimum distance from hazards



SLAD Evaluation Set-up

Test Parameters:

— Stereo baseline=1m

— Cameras = 640x480 pixels
— Camera angle = 30 deg

— Altitude =~12 m

Test Variables:

— Number of safe landing points:

Oto3

— Obstacle spacing (1 safe area):

90 to 110 % of constraint value

— Light Intensity:
Dim to bright in simulation

— SLAD grid size:
100x100 to 450x450

— Height above ground:
8 to 30 meters

SLAD Tests (Simulation)
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Number of Safe Landing Areas

SLAD Results - Number of Safe Landing Areas

B Success
B False Negative

1 p
Number of Safe Landing Areas

> 85% success rate for all cases tested
10% false positives from SLAD when no safe landing points




Effect of Obstacle Spacing

Effect of Obstacle Spacing (Simulation)

) )
No Safe La‘nding Areas |One Safe Langing Area

—e—Success
—e—False Negative T

Variable obstacle
spacing

95 100 105
Percentage of Open Space Constraint Size

- Degraded performance at the open space constraint value
- Some false positive results when no safe landing site exists
- Require a margin of 5-10% for good SLAD performance




Effect of SLAD Grid Size

100

SLAD Success Rate versus SLAD Grid Size Processing Time versus SLAD Grid Size
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- Slight increase in SLAD processing time with SLAD grid size
- Increase SLAD performance with finer grid resolution
- 350 pixels or greater grid size required for acceptable performance



Monocular Position Estimation Results

MPE Performance Measures:
Frame-to-frame tracking performance
Tracking drift over tracking run of two minutes
Processing time

MPE Evaluations:
Effect of wind conditions
- Wind direction, speed and turbulence level
Effect of height above the ground
Effect of feature tracking parameters

- Search window size
- Template window size




MPE Evaluation Set-up

Test Parameters:

— Tests at each condition =5
— Tracking test = 2 minutes
— Camera angle = 30 deg

— Altitude =~12 m

Test Metrics:

— Minimum tracking coherence

— Number of times coherence < 0.6
— Maximum position estimation drift
— Number of instabilities

Test Variables:

— Wind direction, speed, turbulence
— Height above ground

— Search window size

— Template window size

Easting Error (m) Northing Error (m)

Height Error (m)
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Initial Feature
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Final Feature

60
Time (sec)




Effect of Wind Conditions

Wind Conditions: Tracking Performance versus Wind Direction

— Calm
Wind speed = 2 ft/sec
Low Turbulence

— Windy
Wind speed = 14 ft/sec
High Turbulence

Low Coherence Count

Maximum Position
Error (m)

Best performance achieved with 1 )
heading of 0 deg : F///\
Calm Conditions

Good performance under calm
conditions at 180 degrees

al
3l

2t

Instability Count

Instabilities indicate inability to
track features
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45 90 135 180 225
Wind Direction (deg)




Effect of Height Above Ground

Tracking Performance versus Altitude (Calm Conditions)
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Performance degrades below
about 6 meters
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Tracking becomes unreliable
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Effect of Search Window Size

Tracking Performance versus Search Window Size
1

—® 4 ®

0.8 |

*  No performance gain for window
sizes > 80 pixels

0.6 |-

04}

Minimum Coherence

Significant increase in
processing time for larger
window sizes

Calm-Conditions

Optimum window size 60 - 80 for
calm conditions

Low Coherence Count

Processing Time (msec)

40 60 80 100
Search Window Size (pixels)




RMAX Feature Tracking Video

Open-loop tracking - No vision feedback




RMAX Feature Tracking Performance

Tracking Coherence (RMAX Flight Data)
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Real-time feature tracking on-board the RMAX during descent
jpeg images and tracking data transmitted to the ground station
Good tracking performance during descent based on coherence




Conclusions

Vision based approach --> successful autonomous
landing in simulation

Simulation provided a basis for evaluation of the vision
algorithms in a realistic landing scenario

Overall performance in flight should be similar to
performance observed in simulation

Performance of vision algorithms must be optimized
based on available processing power




Future Work

Integration of mission manager landing procedure and
JPL vision algorithms in RMAX hardware

- Validation of performance of vision algorithms in flight

Examine the anomalies in some stereo-ranging / SLAD
results

- Optimize the performance of the machine vision

algorithms on the RMAX hardware

Fully-autonomous landing using RMAX hardware







