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Optic flow definition

-> Winged insects use optic flow, w, to navigate



Visual motion sensor

/
Local Motion Unit (LMU)

b FEEET
L AL

Blanes (1986) Ruffier et al. (2003)

Franceschini et al. (1992)

Franceschini 2003

Mass (g/LMU) 6 2.5
Size (mm?2/LMU) 1260 500
Power consumption 100 40
(mW/LMU)

Number of LMU 1 1




Optic flow sensors

bl S

Ruffier et al. (2003) IEEE ISCAS Beyeler, Zufferey and Floreano 2005

No full characterization of optic flow
SeNsors :

. Influence of illuminance changes
. Outdoors and indoors

. Refresh rate Barrows, Centeye




Tested sensors

LSC : Linear array from Adaptive Pixels for Insect-based
IC-HAUS company Sensors (APIS)
~\\\\\\\\\|lllllll ppreer é
2 D
- Linear on-chip Viollet et al. (2010) Proc. ofSENSORCOMM Conf.
preamplification circuit - Delbruck-type auto-adaptive pixels
_ Delbrtick and Mead 1994
- 6 pixels

- Custom-made VLSI retina comprising 25
pixels

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics
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Peak Potential (mV)

Tested sensors

LSC : Linear array from Adaptive Pixels for Insect-based
IC-HAUS company Sensors (APIS)
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Adapted from Normann and Perlman 1979
(on turtle retina)



Tested sensors

LSC : Linear array from Adaptive Pixels for Insect-based
IC-HAUS company Sensors (APIS)
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ADNS9500 - Mouse sensor

- 30x30 pixels

Expert, Viollet and Ruffier (2011) IEEE Sensors Conf.



Part | :

Time of travel processing and
optical characterization
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Elementary structure of a compound eye
A
\

|| Acceptance angle Ap

Visual axis—

~N

-

Diurnal insects :

AP = Ap

Land 1997

Horridge 1977




A fly-inspired elementary eye

Eye geometry Photoreceptor outputs
/ Optical axis’? A Lih:

/ Ph1 Vont ;
Ag /

\ Lens Ph2 Vphz
v

()

)

= The eye optics converts the angular velocity (optic flow) o
into a delay At ( “travel time” of a contrast edge )

= Our EMD outputs a voltage o = Ap/At

Ruffier et al. IEEE ISCAS 2003



Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92)

: ! 5Hz 30Hz START :
. / \ u > '
: :_’ ) | | Look-up :
APIS ' ! Timer table (U,\Plsl'
(custom-VLSI) :.§ i TR | | UWppis (At) :
L > » | U >
£/ \ STOP

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics



Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92)

W Digital processing @

~- R L R TR O R R T TR .
! -— : 1| 5Hz 30Hz START :
- ‘; t : u —> I
EEpzE Al S ook |
APIS EZNEE ' Tmer |»  table [Ws)
(custom-VLSI) ===s=4 'S e I Wiers (At) I
\ ;) @ N [
U e\ ulf- STOP |
. Analog : ,323 : :
. 2.4mm , preprooessing: _g’ ! :
' U [20Hz 116k ' 8 30Hz '
| START '
e —p u —p ;
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Step 2 Step3 Step4 Step5 Step 6

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics



Gaussian angular sensitivity

For the LSC-based sensor, identification from a slow rotation

in front of a fixed point light source.

Fixed point light source

*stepper motor

Photodiode output

>

>

Angular position (°)

-> Tuning Ap by defocusing the lens



LSC

Normalized amplitude

Gaussian angular sensitivity

Raw data

o o
@ @
1 -

Normalized amplitude
=}

02

b)r

Identified Gaussian sensitivities
' L Ab = 3.83° ' ‘

For the LSC-based sensor, identification from a slow rotation in

front of a fixed point light source.

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics




Gaussian angular sensitivity

For the APIS-based sensor, identification from a rotation in front of a vertical
black-and-white contrasting edge because of the temporal high-pass filter effect

r

Photodiode output

Angular position (°)

Kerhuel (2009) Phd thesis



APIS

Voltage (Volts)

Gaussian angular sensitivity

For the APIS-based sensor, identification from a rotation in front of a
vertical black-and-white contrasting edge.

A

Photodiode output

se(\so‘ >

Angular position (°)

Kerhuel (2009) Phd thesis
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LSC

Normalized amplitude

APIS

Voltage (Volts)
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Gaussian angular sensitivity
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Part 2 : Linear pixels versus
Adaptive pixels

LSC : Linear array from Adaptive Pixels for Insect-based
IC-HAUS company Sensors (APIS)

=

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics



Test board

£

\

APIS

// sensor
o

LSC

Al Bl sensor

Conveyor
belt

./

DC

L~ APIS

1cm
= -Rotational speed controlled

Tew

1 by a PID controller
i : Bluetooth
,f ? module

-Indoor and Outdoor
—sensor e€xperiments

| - Embedded rate gyro
~|lluminance
| sensor

- Bluetooth module

Sl —LSC
sensor

Expert, Viollet and Ruffier (2011) Journal of Field Robotics



Real 3D scenes

Indoor and Outdoor environments.
Uncontrolled illuminance and contrasts spatial frequency and intensity.

~2m ~.2.6m ~3.7Tm ~2.1m ~0.85m ~0.9m‘

o
o

~84m  ~19m  ~43m ~177m ~9m ~3.1m ~1.7m

Expert, Viollet and Ruffier (2011) Journal of Field Robotics



Static characteristics

Indoor Qutdoor

L
2000 -

Broad range of illuminance

50 Lux S

Expert, Viollet and Ruffier (2011) Journal of Field Robotics



Static characteristics

Indoor Outdoor
(€
2000 -
' b) o, ©) T d) 7
| 3 i 3 || I |
} % ) )
00 § | } -
|| . ® BRI |
Linearity Error = 0.79%, Std = 27.8"/s Linearity Error = 2.2%, Std = 44.6°/s Linearity Error = 0.81%,%: 28.6%/s Linearity Error = 2.1%, Std = 40.6"/s

Linearity Error < 2.2%

The dispersion of the APIS-based sensor increased with the
illuminance.

Expert, Viollet and Ruffier (2011) Journal of Field Robotics



Static characteristics

Indoor

2000 -
10000 Lux
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Outdoor

i B

Linearity Error = 0.81%, Std = 28.6°/s Linearity Error = 2.1%, Std = 40.6°/s

0

The LSC-based sensor can not detect
contrasts at low illuminance.
Linearity of about 5%

Dispersion < 35°/s

Mechanical angular speed Q (°/s)

Expert, Viollet and Ruffier (2011) Journal of Field Robotics



Static characteristics

Indoor
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10000 Lux
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Expert, Viollet and Ruffier (2011) Journal of Field Robotics



Refresh rate analysis

Refresh rate = number of new measurements per
second with a time lag between the two pixels detection
belonging to our measurement range [50°/s, 350°/s]

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics



Refresh rate analysis- APIS

Indoor Outdoor
2000 -
/1NN 10000 Lux Fa 10000 Lux
U 5 R , d).
|
o © 0©°°
6%000°0° . c0000?° 0©°°
o o 0 °

[ ot .

APIS-based sensor refresh rate independant of the illuminance.

Do not increase linearly with the angular speed due to the strong variations in the
background illuminance.

The APIS chip is therefore constantly adapting to a new illuminance with a
relatively slow time constant.

Expert, Viollet and Ruffier (201 1) Journal of Field Robotics



Refresh rate analysis - LSC

Indoor Outdoor

Y \ 2000 -
S0 Lux S 10000 Lux 100 Lux
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Mechanical angular speed Q (°/s)

Strong refresh rate variations with the illuminance.

Linear increase of the number of new measurements with the angular speed for
the LSC-based sensor.

Saturation at high angular speeds due to the low-pass filters.
Expert, Viollet and Ruffier (201 1) Journal of Field Robotics
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Refresh rate analysis
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Ph. llluminance (A)

Dynamic characteristics

Indoor Outdoor
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Conclusion of Part 2

-> LSC-based sensor can provide 1 angular speed
measurement in a narrow illuminance range (1.5 decades).

-> APIS-based sensor can provide 1 angular speed

measurement in a 3-decade range (independant of the
illuminance).
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Part 3 : Time of travel processing
versus Mouse sensor

LSC : Linear array from
IC-HAUS company Mouse sensor

Expert, Viollet and Ruffier (2011) IEEE-Sensors Conf. 2011



Dynamic characteristics
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Dynamic characteristics
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Dynamic
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Conclusion of Part 3

-> LSC-based sensor can provide 1 angular speed
measurement in a narrow illuminance range (1.5 decades).

-> Mouse sensor can provide 2 angular speed (x-y)

measurement with a better refreshed output 25Hz (high
illuminance).

LSC

Expert, Viollet and Ruffier (2011) IEEE-Sensors Conf. 2011



Part 4 : Stand alone T-gram
device of the visual motion sensor

-> 5 single 1-D angular speed measurements, w € [25°/s; 350°/s]

-> 1 fused output : median of the 5 single measurements

-> Size, mass and power-consumption reduced

Roubieu, Expert, Boyron, Fuschlock, Viollet and Ruffler (201 1) IEEE-Sensors Conf.

IEEE Sensors 2011: Best Student Paper Award « 1st prize »



Lens/photodiode assembly

Linear array of 6 photodiodes ‘A . -
.~ Acceptance angle Ap

Interommatidial angle A

Visual axis—_

- Linear on-chip current
preamplification circuit

Lens from Sparkfun™

Horridge (1977)

- Focal length 2mm
- f-number 2.8




Lens/photodiode assembly

Linear array of 6 photodiodes Gaussian angular sensitivities

o 1
©
=
= 0.8/
E
© I
: : 0.6
- Linear on-chip current 3
preamplification circuit % 0.4/
Lens from Sparkfun™ %0_2
Z
0

45 10 -5 0 5 10 15
- Focal length 2mm Azimuth (°)

Roubieu, Expert, Boyron, Fuschlock, Viollet
- f-number 2.8 and Ruffier (2011) IEEE-Sensors Conf.




Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):

6 processing steps

Lens 6-Photosensor
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Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):
6 processing steps

Lens 6-Photosensor  Analo Digital processing (sampled at 2kHz
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Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):

6 processing steps

Lens 6-Photosensor

array processing T

Analog

Digital processing (sampled at 2kHz)

20-136Hz

e
ooooooo
oS ..
.
......
MU

/ \| |
/20-136HZz\

|
Iwmedian
P -

— o o e o e e o e e o e e - )

Roubieu, Expert, Boyron, Fuschlock, Viollet and Ruffier (201 1) IEEE-Sensors Conf.



Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):
6 processing steps

Lens 6-Photosensor  Analog Digital processing (sampled at 2kHz)
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Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):
6 processing steps

Lens 6-Photosensor  Analog Digital processing (sampled at 2kHz)
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Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):
6 processing steps
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Optic flow processing

Time of travel scheme (Blanes 86; Franceschini et al. 89, 92):
6 processing steps
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Implemented into a tiny 16bits dsPic microcontroller !!



Experiment

Indoor experiment on natural coloured scene under

natural light conditions (~1500lux)
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Results : a=60°
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Results a=60°
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Results : a=60°
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Results : a=60°
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Results : a=60°
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Results : a=60°
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Median value output

Single LMU output

N 1.7-fold
Stderror

19 °/s 11 °/s

58

Frefresh




Results : a=60°
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Conclusion (Part 2 & 3)

-> LSC-based sensor can provide 1 angular speed measurement in a
narrow illuminance range (1.5 decades).

-> APIS-based sensor can provide 1 angular speed measurement in a 3-
decade range (independant of the illuminance).

-> Mouse sensor can provide 2 angular speed (x-y) measurement with a
better refreshed output 25Hz (high illuminance).
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Conclusion (Part 4)

-> 1-gram insect-based visual motion sensor of 23.3 x 12.3 mm

-> 5 simultaneous 1-D angular speed measurements, w € [25°/s; 350°/s]

-> 1 fused output : 1,7-fold more accurate (Std error=10°/s) and 4-fold
more refreshed output (up to frefresh=65Hz on average) than a single LMU
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Any further informations ?

Please contact :

Stephane Viollet
stephane.viollet@univmed.fr

Franck Ruffier
franck.ruffier@univmed.fr



