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Syrphid flies: hover flight

Conquest of the skies (BBC)



Visual cues of insects navigation

Sun Cues Sky’s Polarisation
(Azimuthal Position) Pattern Stellar Cues (Milky Way) Lunar Cues Translational Optic Flow

T

[Freas and Spetch, 2022]



Insect-scale flying robot

. -
2 -
. .

nr?“;r\ RoboBee, Harvard, USA




Biorobotics : a scientific method







The compound eye
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Optic flow as seen by a wingsuiter
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Winged insects used the optic flow to navigate: ()~ — sSin @



LOBULA PLATE

Neurons sensible to
preferred directions

Hausen, 1984




. The optic flow regulation
principle for visual guidance

3 robots: Octave, Lora, Beerotor



Ventral optic flow in the vertical plane

Franceschini, Ruffier, Serres, Current Biology 2007



Ventral Optic flow is kept constant by insects

1/ Kennedy’s “preferred retinal velocity” theory (1951): qualitative data on locusts

2/ Srinivasan et al. (1996): quantitative data on landing Bees

v, (1)
h(?)

but how?

~ Constant

Srinivasan et al. (1996)



=> Disturbing the ventral optic flow

VBee / Air
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Portelli, G., Ruffier, F., & Franceschini, N. (2010) J. Comp. Physiol. A, 196:307-313



While the floor moves, honeybees
decreased their height
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Stationary floor

High-roof tunnel
equipped with rollers

Portelli, G., Ruffier, F., & Franceschini, N. (2010) J. Comp. Physiol. A, 196:307-313
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— Honeybees decreased their height,
thus restoring their Optic Flow

= Ventral Optic flow may be
regulated by adjusting altitude

Portelli, G., Ruffier, F., & Franceschini, N. (2010) J. Comp. Physiol. A, 196:307-313



OCTAVE robot: ventral Optic flow
regulator that adjusts the altitude
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Landing by backward pitching

Wind speed
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h

i Backward pitchi'n Upright |
L} " approach

foi,

A ?
4 Constant
descent angle

Srinivasan et al. (1996, 2000)

Vx is an exponential function of time

= h is an exponential
= Vz 1s an exponential

— Vz/Vx is therefore constant

In addition, we show that landing with a constant slope 1s not a requirement but a
consequence of the optical flow regulator.

Franceschini, Ruffier, Serres (2007) Current Biology 17: 329-335



Landing on a moving target

1 1 |l ) I

A V2 1.4 mis

- Ruffier Franceschini (2015)
- JIntell Robot Syst




[ ORA robot

Roubieu et al. (2014)
Bioinspir. Biomim.

3

¥
.
A0
Y
|
o v
i

i &

]
»
.

»
| ’ '
. '
1\
N y
- N
.i‘l
/




Optic flow (OF) measurement
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Selection of the wall to follow
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Speed control loop ?

The side control loop
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Speed control loop:
Source of inspiration

Observation:

« Bees tend to keep their flight speed
proportional to the corridor width »

Conclusion:

« The speed of flight is controlled by
regulating the image velocity »

Srinivasan et al. (1996)



LORA IlI: Forward control loop+Side control loop
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dual OF §
regulators §

Roubieu et al. (2014) Bioinspir. Biomim.



N E NN
il

Srinivasan et al 1991

l Y

—_— — - — =

s ¥

dual OF §
regulators |

figure 6(C) - figure 6(D)
e e S
X B X—>» — - — —>»

; ! ,/‘\

Roubieu et al. (2014) Bioinspir. Biomim.
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. . . . . dual OF

regulators |
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. . . . . dual OF

regulators |

figure 8(C)

Barron & Srinivasan 2006
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Beerotor robot

Expert, Ruffier (2015) Bioinsp & Biomim



Beerotor. Flying over uneven moving
terrain based on optic-flow cues

3 degrees-of-freedom e~ —

aerial robot

b)

Bluetooth
module Brushless

Main controller
microcontroller
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2cm
without using the inertial reference frame or

accelerometer
Expert, Ruffier (2015) Bioinsp & Biomim



1st control law:

To regulate the maximum optic flow (ventral or dorsal)

Maximum
OF set-point

=> py acting upon the rotors’ speed

Value of the largest C
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Expert, Ruffier (2015) Bioinsp & Biomim
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2nd control law:
To regulate the sum of ventral + dorsal optic flow
Sum OF => by acting upon the rotors differentially

set-point
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Expert, Ruffier (2015) Bioinsp & Biomim
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3@ Beerotor control law

- Do not orient the drone's body in relation to the
earth's reference frame

- But orient its decoupled eye parallel to the slope
of the ground overflown



A motor decoupling eye rotation from body rotation

=> The idea is to reorient the eye during the flight



Without eye reorientation, the OF depends on the angle between the eye and the
slope which causes the crash

—

a ) Q%Vj\w= B¢yersiope



Without eye reorientation, the OF depends on the angle between the eye and the
slope which causes the crash
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3rd control law:
To orient the OF sinus profile toward surface below

=> by acting upon the eye’s pitch
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3rd control law:
To orient the OF sinus profile toward surface below
=> by acting upon the eye’s pitch
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3rd control law:
To orient the OF sinus profile toward surface below
=> py acting upon the eye’s pitch

Least squares
approximation
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Il. Enriching the optic flow with
oscillations for state estimation

2 principles : SoFla, Embracing wobbles



Insects oscillations

* Flying insects’ attitude wobbles

* Flying insects’” ups & downs



The up and down oscillations are enriching the
optical flow vector field

Modifed from Bergantin et al. (2021) Interface



Honeybees perceive their distance travelled using OF

. ¥
184m 230m

1 1 L 1 1 1 lidine
50 100 150 200 250 300 350
Distance, d (m)

[Srinivasan et al., 2000] 9



Measuring the distance travelled

In the literature: accumulation of raw translational optic flow w; (OFacc

model) OFace = j wrdt (1)

n =630 tra;.

[Berddntin et al., 2021]



Oscillations in flying insects

A [Kirchner and Srinivasan,
1989]
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2011]




Translational optic flow:

(%
wff' ==~ (2)

Optic flow divergence:

Vh
Wiy =7 ()

used to observe the state
Vector [Ho et al., 2017]

X=[hv,] @

Optic flow cues

[Bergantin et al., 2021]



Optic flow cues

[Berdaptin et al., 2021]



Observability analysis

Simplified honeybee vertical dynamics [Portelli et al., 2010]:
r .

h = Un ( h(t) 0 1 n 0
K ' = = = 1 KZ
)5, = _Z_h_l_ T—ZACD ) < x() = f(x(t),Ad(2)) vh(t)] [ _T_J [vh] + - AdD )
Unp — — v_h — E — :
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Observability matrix:

o - [Lﬁl’f(g(x@)) . Locally observable if
(g () u#0h#0uv, %0
as in[Ho et al., 2017]

[Bergdtin et al., 2021]



SOFla Simulations

= Self-oscillations [Kirchner and Srinivasan, 1989; Portelli et al., 2011]
* Honeybee dynamics [Portelli et al., 2010]

(
* Neurons sensitive to translational optic flow | - r(x.800) = [} | - [O __] ME

flowdivboeisen 11 Bdnetensl etal1,72017] < 1&%
« Neurons sensitive to optic flow divergence [Bidwell and’Goddiman, 1988] "

= Optic flow regulator [Franceschini et al., 2007]
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[Berganhtin et al., 2021]



SOFla Simulations

18



Estimation of the ground height

Estimation of the ground height
with an Extended Kalman Filter

( EKF ) a i bai b
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= h can be used as a scaling
factor [Berdantin et al., 2021]



The SOFla odometer model

(Self-scaled Optic Flow Integration)

Xsoria = j W€ - hdt  (8)

Final % error (Xsoria — Xgt)

odometry of example:
» 0,69% tail wind
= -1.8% head wind

[Ber@gntin et al., 2021]



Comparison of models

7 B
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[Ber@entin et al., 2021]



SOFIla results for head and tail wind

15mm
0

A
XsoFla = jw?}eas -hdt

Reliability of the odometer in different winds

A Head wind
4_

o
<_

k Tail wind

(l) | 10bm
Modifed from Bergantin et al. (2021 ) Interface
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Fusion strategy with 4 optic flow sensors

= 3 translational optic flow cues
= 2 optic flow divergence cues
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[Bergntin et al., 2023]



SOFla onboard a flying robot
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Outdoor test

. [rad/s)

KF
div

wiF[rad/s] wk

-~

Xiors: Xgt[m] h,hjm]

0 10 20 30 40 50
t[s]

[Bergantin et al., 2023]
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Embracing wobble to control attitude without
accelerometer

G.C.H.E. de Croon!, J.J.G. Dupeyroux!, C. De Wagter!,
A. Chatterjee!, D.A. Olejnik!, F. Ruffier?

1. Micro Air Vehicle laboratory, Control and Simulation, Faculty of Aerospace
Engineering, Delft University of Technology, the Netherlands

2. A1ix Marseille Univ, CNRS, ISM, Marseille, France.
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Unobservable
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Observable

de Croon et al., Nature, 2022
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Observation model

cos?(@)v,

Z (Eq. 1)

State update equation

Vi g tan(p)
’ZB . AL . . .
4 Nonlinear observation analysis based on taking
, subsequent Lie derivatives L:h, which lead to an
i, “observability mapping”
Y|
g
y =Wy = h(x)

de Croon et al., Nature, 2022



The common way to proceed with (nonlinear) observability analysis 1s then to
perform a local analysis by differentiating H(x) with respect to the state to obtain

the observability matrix 0:  [_<25"(®) p sin(2¢) 2p* cos(2¢)
Z Z Z
aH(‘) dy dy ayl [sinQe)v; (2pv; — g)cos(2¢) 4 (g — pvy)sin(2¢)
dx 0x 0x Z Z Z
cos®(pv; (g —2pv)sin(2p)  2(pv; — g)cos(2g) + g
Z,° 27,° 7,

(Eq. 6)

To find all conditions in which the matrix O 1s not full rank, we solve for its
determinant being zero. We find several solutions. Most are impossible physically.

But, the state is not strictly locally observable, as p = 0 and ¢ = 0 lead to a range

of solutions.

=> Since p 1s a control input and can be set nonzero, and ¢ = 0 will be a transient

state for nonzero p, the system 1is likely globally observable. de Croon et al., Nature,

=> We have proved the stability of the feedback loop based on this estimate 2022
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lll. Vision is enough to trigger collective
movements

Diego CASTRO, Franck RUFFIER, Christophe ELOY
ISM - Biorobotics / IRPHE
Aix Marseille Université



No interdistance info, solely vision

Milling N=300

BioGraphicMagazin — Max Planck Institute CaStrO, Rllfﬁer, Eloy, PR ResearCh, 2024

https://www.youtube.com/watch?v=Y-5ffl5 7Al




No interdistance info, solely vision

Visual Shades produced
by individuals in the FoV

Apparent Distance

Castro, Ruffier, Eloy, PR Research, 2024



No interdistance info, solely vision
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Self-propelled Particles Model

Uei,

k@—l- k”@-F k”’? N,

@ = ([ RH@p@sinods) D
@ _ </7T é; x Vi) €(¢)d¢D

If we develop using e’t - V;J ) sin (/5 + O;(¢) cos ¢
visual cues

Castro, Ruftier, Eloy, PR Research, 2024
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Phases using vision alone

(a)  Swarming (b) Schooling (c) Milling
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Phase Diagrams
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Castro, Ruffier, Eloy, PR Research, 2024



Phases using vision alone

Swarming N=50 Schooling N=50 Milling N=50

Castro, Ruftier, Eloy, PR Research, 2024



(here at 0.2m/s)

- Sphero Bolt : a stabilized wheel equipped
with a display panel

=> We Add a Repulsion

- We implemented the previous model with function to limit collision A(Aqb)
these “Hardware in the loop” 1

-  We use the Color LED display panel to
localize each Sphero with a camera attached
to the ceiling

™

S ER

T
- Optic flow and retinal cues created by i . B (e; XV )
other individuals is computed in real time “o= < E(A¢)R2(¢)b€(¢) o ¢d¢> @ <£: (89) R(¢) be (9)d¢
for each Spheros FoV thanks this
localization Castro, ElOy, Ruffier In prep
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