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Indoor Navigation

Navigation Goals
Autonomous
Versatile
Agile



Biological Solution

~1-2 cm

Sensing
Halteres gyroscopes
Ocelli horizon
Hair alrspeed

Compound Eyes motion



Background on OF Navigation

Simplified Textures Realistic Textures

Reiser & Dickinson, 2003

Xsens IMU ? _-controller (dsPIC33
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Background on OF Navigation

Group

Type

lida, 2003
Airship
Zufferey et al., 2006

Zufferey & Floreano,
2006

Fixed Wing Zufferey et al., 2010

Barrows et al., 2003

Ruffier &

: Franceschini, 2005
Helicopter

Chahl's group, ~2000

Herisse et al., 2010
Quad-rotor
Zingg et al., 2010

Wagter et al., 2007
Flapper

Our group

Env. Texture

Natural
Stripes
Stripes
Natural
Natural
Stripes

Natural

Random
stripes

Natural

Natural

Natural

Other
Sensors

Gyro, Altitude,
Anemometer

Rate gyro

IMU, GPS

IMU

IMU, barometer

IMU

Behaviors

Odometry, Height Reg.,
Centering (~10m)

Evolved Controller, Obstacle
Avoidance (~95m)

Obstacle Avoidance (~300m, 50
saccades)

Waypoint nav., height reg., obs.
Avoidance (~32km)

Terrain following, some obstacle
avoidance (~30m)

Tethered terrain following, wing
gusts (~24m)

Altitude control, hover under
wind gusts

Obstacle avoidance, terrain
follorwing (~5m)

Depth estimation for corridor
centering (~70m)

Horizon detection, terrain
following




Robot Specifics

Weight 13.6 g
Flapping Frequency 12-17Hz
Power Consumption ~150 mA @ 3.7V

Interactive Toy's VAMP RC Ornithopter

Camera




Implementation Specifics

Image Processing Board
dsPIC Processor Speed
Video Capture

Motor Driver Board
RN-41 Bluetooth Board

Power Consumption
LiPoly Battery

ImageProc Board

dsPIC33F)128MC706
Image Processor

OV7660FSL
Camera

Motor
Bluetooth Driver

Comm Board Drive Board

1.1 g-15x35 mm
40 MHz

160x120px @ 25fps
70mg - 10x10 mm
1.3 g-13x25 mm

70-150 mA @ 3.3V
90mAh @ upto 15C-2.6 g




Indoor Enwronment
| M,,,,_ih”“h "

HMMB Lobby



Optical Flow Algorithm: EMD

wij(k) = Lij(k + 1) - Lita,5(k) — Liga,5(k + 1) - I (),
vi,j(k) = Lij(k +1) - Lij11(k) — Lijya(k + 1) - L 5 (k).

Hassenstein and Reichardt, 1956
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Gliding vs. Flapping

IROS 2009

climb/stall freq ~ 1-2 Hz

T

flapping freq ~ 12-17 Hz
climb/stall freq ~ 1-2 Hz



Comparison
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Analysis
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Follow-up questions

 Can we disambiguate the true OF from
the noise caused by flapping, on-board?

* |Is motor current or voltage correlated
w/OF?



OF Correlation with Back-EMF

Experimental Setup
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OF Disambiguation via Back-EMF
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Two Controls
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Where do we stand?

Group

Type

lida, 2003
Airship
Zufferey et al., 2006

Zufferey & Floreano,
2006

Fixed Wing Zufferey et al., 2010

Barrows et al., 2003

Ruffier &

_ Franceschini, 2005
Helicopter

Chahl's group, ~2000

Herisse et al., 2010
Quad-rotor
Zingg et al., 2010

Wagter et al., 2007

Flapper _
Garcia Bermudez &

Fearing, 2009+

Env.

Texture

Natural
Stripes
Stripes
Natural
Natural
Stripes

Natural

Random
stripes

Natural
Natural

Natural

Other

Behaviors
Sensors

Odometry, Height Reg.,
Centering (~10m)

Gyro, Altitude,
Anemometer

Evolved Controller, Obstacle
Avoidance (~95m)

Obstacle Avoidance (~300m, 50

Rate gyro saccades)

Waypoint nav., height reg., obs.
Avoidance (~32km)

Terrain following, some obstacle
avoidance (~30m)

IMU, GPS

Tethered terrain following, wing
gusts (~24m)

Altitude control, hover under

Ll wind gusts

Obstacle avoidance, terrain

IMU, barometer follorwing (~5m)

Depth estimation for corridor

LS centering (~70m)

Horizon detection, terrain
following

Flapping-oscillations

Back-EMF disambiguation (~10m)




Reactive Behavior

 Height reqgulation
« Wall following
» Corridor Centering

« Obstacle avoidance

Sri

Bee

nivasan et al, 2004

T~




Elementary Motion Detector

Image Motion

. Pixels .

ui,j(k) =1L;,5(k +1) - Iiy1,5(k)
— Lip1,5(k+1) - I; (k)

‘Ui?j(k) — Iz':.j(k T 1) ; I%'-,.jJrl(k) Multipliers
— Lijpa(k+1) - L (k).

?
Hassenstein and Reichardt, 1956 + _
Subtraction

EMD Output .

=

Delays

(adapted from Reichardt, 1987)



Extended EMD

Brinkworth and O'Carroll, 2009

B

Optics

Neighboring
Stage 1

Optics Stage 1

Neighboring
Stage 1

C Low-pass Filter
Variable Low-pass Filter

T | Variable High-pass Filter

Stage 1: Phototransduction

Stage 2: Spatial-Temporal

Optics  Correlational EMD

Angular
Velocity

Neighboring
Stage 3

Neighboring
Stage 2

Neighboring
Stage 3

Neighboring
Stage 2

Low-pass Filtered Divisive Feedback

CJ| Exponential Divisive Feedback

Saturating Non-linearity

Stage 3: Local Motion Estimation

Stage 4: Local Motion Adaptation

Redundancy Reduction

Angular
Velocity

Stage 4
Remove Constant
Spatial High-pass Filter

Threshold

Stage 5: Large-Field Intergration




Closing the loop

Identification

Wind Gusts

Ground Reaction Forces

Environmental Models

World Structure

Inertial Measurement Unit

Adaptive Controller ¢———
Optical Flow

. Sensor Models
Learning
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