How optic flow based state estimation may explain
the insects' wobbles and their ups & downs?
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Insects oscillations

* Flying insects’ attitude wobbles

* Flying insects’ ups & downs



Syrphid flies

Conquest of the skies (BBC)






Insects navigate by vision

Sun Cues Sky’s Polarisation

(Azimuthal Position) Stellar Cues (Milky Way) Lunar Cues Translational Optic Flow

Ventral Optic Flow

[Freas and Spetch, 2022]



Honeybees perceive their distance travelled
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Measuring the distance travelled

In the literature: accumulation of raw translational optic flow w7 (OFacc model)

OFacc = fa)T dt (1)
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[Bergantin et al., 2021] 11



Oscillations in flying insects
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Optic flow cues

Translational optic flow:

v
wih = 7" (2)

Optic flow divergence:

Vh
Wity =7~ B

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

[Bergantin et al., 2021] 13



Optic flow cues

Translational optic flow:

(%
wih = 7" (2)

Optic flow divergence:

Vh
Wity =5 )

used to observe the state

vector [Ho et al., 2017]
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[Bergantin et al., 2021] 14



Observability analysis

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

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

; 0 1
Neurons sensitive to translational optic flow #(®) = F(x(0), AD(D)) = 3:8)] _ [O 1 ] [ ;; |+
[Ibbotson, 1991; Stone et al., 2017] ., 7,
Neurons sensitive to optic flow divergence [Bidwell and Gooﬁ(%gﬁfxfé)ﬁf T

Optic flow regulator [Franceschini et al., 2007]

[Bergantin et al., 2021]
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SOFla Simulations
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Estimation of the ground height

Estimation of the ground height with
an Extended Kalman Filter (EKF) .

= h can be used as a scaling factor

[Bergantin et al., 2021]



The SOFla odometer model

(Self-scaled Optic Flow Integration)
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Final % error (Xsor1q — Xgt)
odometry of example: :
= 0,69% tail wind

= -1,8% head wind

[Bergantin et al., 2021] 20



Comparison of models
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SOFla results for head and tail wind
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Fusion strategy with 4 optic flow sensors

A

= 3 translational optic flow cues
= 2 optic flow divergence cues
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SOFla onboard a flying

robot
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Test outdoors
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Embracing wobble to control attitude without
IMU

G.C.H.E. de Croon!, J.J.G. Dupeyroux!, C. De Wagter!,
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Theory

Llh =9y x
f ox ot

Animal Robot

OptIC ,,// iGravi‘[y
flow ~ :
<% :

Unobservable

p=0or ¢g=¢
p#0 or =g

Observable

de Croon et al., Nature, 2022



Robot
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Flapper drone flying with optic-flow-based attitude

de Croon et al., Nature, 2022




Observation model

2
Vg cos“(@)v;
Wy =—-—+p=-— +
y ="z, 7P Z, P (Eq. 1)
State update equation
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The common way to proceed with (nonlinear) observability analysis is then to
perform a local analysis by differentiating H(X) with respect to the state to obtain

the observability matrix @:  [_¢0s*(®) p sin(Zg) 2p* cos(2¢)
Z; Z; Z;
_OH(X) _ [ay dy ay] _|sin@lvi  (2pv; — g)cos(2¢) 4 (g — pvp)sin(2¢)
ox ox 0x O0x Z; Z Z;
cos®’(p)v; (g —2pv)sin(2p)  2(pv; — g)cose) + g
Z,° 27,° Z;*
(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 1s 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 1s 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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CurvACE
Artificial compound eye

180° field of view
3g
200 Hz optic flow
STM32F4 processor
168 MHz and 192 kB RAM

Flapper Drone
50 cm wingspan

100 g
~12 wingbeats per second
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