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Insects are excellent navigators, They can forage for hundreds of meters* and migrate for We propose a celestial compass sensor and model that immitates zeitgeber time (£,) [h] In the insect brain, time is represented by
Ehousands of kilometers® in order to survive. They achieve that using their celestial compass. First, the one of insects. The design of our sensor is based on the fan- S proteins®, Like the timeless (Tim) and

this compass needs to accurately detect the sun, even when this is covered ba clouds or trees. To Like arrangement of the polarisation filkers in the insect's eyes'. cryptochrome bype 2 (Cry2). These

do that, ik tries to makch the sky's intensity and polarisation patterns with filters on the insect's We propose a local processing pipeline of the Light intensity and :‘g! E proteins are detected in the eyes and
eyes ', Then, the compass needs to compensate Ec:»r the movement of the sun during the day®. So olarisation and how these integrate to create activity bumps in s - antennas of insects, and they translated
it ntegrates Light over the day to approximate the local time, Using the time, it Eransforms ?ha Ehe ring attractors of central complex. We model the calcium <N into neural activity in the central brain
sun's position into a geocentric compass and exploits geometrical constraints to save brain power. oscillations based on Llight sensitive proteins and synchronise 1 cariess | through undiscoverred mechanisms, In D,
“DNlPB neurocns were [)ro osed to inform the celestial compass about the kime fmssecl. i Drosophim their phase to noon for sEabiLiEEB. We combine ring attractor 3 |[e==T—> melanogaster the clock neurons that
melanogaster fruit flies’. There are two of these neurons in each hemisphere of the brain’, bumps (spatial information) with activity oscillations (temporal T o . target the compass pathway are the DN1pB,
expressing dattj calsium oscillations', However, how are these oscillations used bj the compass information) to s[m&iof:emporau? integrate the sun's position and b3 : which show in pairs per hemis[phereg.

-1 .

and how Ekej integrate into a geocentric compass is not je.E understood., time into a geocentric compass®,

@ 3.1 bhe hour angle model (o)

We model the protein levels of the Tim and Cry2 proteins
as the sine and cosine of the hour angle. The hour angle is
zero ot noon and completes a circle by nexk noomn,
ncreasing by 18° per hour. The sine and cosine can then be
used to create a Cartesian representotion of the hour hand
of a clock, that roughtly tracks the sun's position.
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2. sun's position ek 2.1 optical processing

We process the oubputs of the photodiodes in each PAA localy,

sers (PAAS). Each PAA uses 2 UV immitating the per-column Km»tessf.\r\g in the optic lobes of thsects',

We buill a sensor protorype that uses ¥ polarisation axis anal - A - rove
hotodiodes with E}f&hogjcfhat oi.arisa&écfm filkers, immitating & For each PAA, we compule the Light intensity, polarisation contrast,
and their celestial integration,

e properties of the ommatidia on
he dorsal rim area (DRA) of the insect's eye.

fish—eva Zaip . PAAs array olarisation-analysed o 1 _
Bl analyser skeylight: Ty However, the phase of the hour angle
s el Loe L ER / oscillation should not be bount
Rt AT R R \Q % §“ N\ o B Cryl® + b - T, ko sunrise (and as a resulk to
e A\ - i 4 the zeitgeber time). To unbind the
o S intensity: o 96 Cryl) = a I, (b hase from the zeitqeber time, we must
; rﬂ tﬁ"ﬁ;/ e~vector (°) add half the d.ouj length, This amount
Tl Ve photodiode _°"H"zﬂo"‘“u'_fj Ioo + Io e 24 - : = < actual can be computed bj integrating the blue-
fag 0.3 nam oriented polarisers i=—"— 90 = Io 504_} — : = estimated (T.) Light sensitive Cryl Fro&eih level over a year.
S B insect <o ! s o . S To understand how insects might calculate
s o] compound o 35 = : the day length, we optimised a differential
| . AR polarisation: p = Ioo = 1o ,§ % 5> ! gc‘:uaf:i.on f:ho& uses the overall blue Light
B\ 2 I 3 & o : : intensity in the sky,
= / P oy IFMAMIIASOND © R4 Our result sugqests that a continuous upc\.a&a
\_;&F“'ﬂeb g =y \ -1 o . time [months] time [h] o«f the d&v length estimation needs less than
sensor abtached ko Fhe robob onmmatidium i) Al O c=I-p emvector () § days to synchronise to the local time,
E-
& 3.2 the comrtekz B clination _E_ time
2.2 resolving the solar azimuth < solar azimuth model (a) \@\@
A vector is assigned to every optical processing \D celestial bl e and clock connection The ho?,r M\SLQ. LT @I accmf,ra&etv Pt t:he Local
neuron, The direction of thé vector correlates . solar time but it does not predict the solar azimuth, To do /7 >
N e . : ER / CX that, we need the time of the year (season) and geograpktc
with the viewing direction of the PAA. Its DN1pBN ! Lokibud Fhe ob W E bhak i E
length depends on the response of the neuron DRA — ! o N\ LT364 atituce of the observer. We suggest that bhsecks can
, P P R C) S ! \ SLPOG4 compute these values locally by utilising the solar
A vector sum gives us the solar azimubh based @ o \ R7/RE | SLP270 }b . declination and geomaghetic nclination respectively, i
. . ag = -sin(a
on the light intensity (1), polarisation contranst o o S . 5= 6:(&)
(p) or their integration (<3, ) 5 (& » solar declinakion (5)
; @ = \ . : : = ~cos{a)
This is the angle of the subsolar point (point on Earth Gy = —cos\d
° =
e ?& Bua .) Ehaot the sun is ab the zenith) fron’: the egu,af:or. In the = @[ &)] + 3o} i)

northern hemisphere, this is positive during the summer
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:
o brockinag bhe solor ozimubh N ' and negative during the winter, : : - _
D (swbai. reference 2:6") O E o and is described by an angle spHn s time of the year (£) [months]
e, N Sect divection of each wnit MeTu ! MeTus oscillating between 223.45°, The Squat,, £ 1 423,480 AT TS (UL
t T T T TH eneocieet ciraction o each uht ' nsect brain could encode the =z v o | '
Y 1g - T T ' 11 ' J —>  strength and sign of the response : solar declination with two clock 3 i 0.00°
3 T L l : heurons with annual peréoc\.. : - B
Z 1 14 L : l compass pathway | time information : -23.48° (£
§4:lll lll A X ' tic inlination ()
y . . geomaghetic inLtination \H
E 14 = Seome"\&rbc La&‘t&ude ((p) -90° ...4.5“ 3P ..,..4_59 +90°
g ' o . o Some insects can detect the geomagnetic w90 _
1 3 nclinakion®? (p), which is a monoctonic o° ?i‘f’é’"‘f""c

function of their geometric latitude, o (poi;; <
-90
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Cartesian vectors can be represented by ring attractors that form bumps of activities'? \ | photoreceptors antennas ho compensakion
These bumps describe sinusoidal signals: their phase is the angle and their amplitude is We bested Hh £ £ . £ .
the length of a vector. RYRE e keste e performance of our compass in a foraging S
scenario, where an insect searches for food and finds ik 10om A
s A4 . . . y - O@
We assume a 90° phase shift between two neuron Ejpes i the insect brain (TuBula and - .'?:M: aMe & others “"’E"‘j&\i‘i‘;"‘. é::\ehn:&sk+§& ?E\c’;rﬁ EIE: :’\:)C;s h&c:) M§;“;Es v::g;orsghi / O
TuBulb). This represents the sine and cosine of the solar azimuth. medula | pOstELe ‘ s LES AESE. TAC LASE “mp raye < stere ¥
Tim Per Locakion repea&ed&j every hour, ra
J J
We then Predic& that one neuron (e.q., activated by the Tim Pro&eiv\) targets one MeTu2 ®| o Cryz, Vri ‘ il
TuBul EzEe and another DN1pB, heuron (activated bj the Cry2 protein, respec&évetj) s DNLpB (a) J J
k k Eh . ~ ¢
e — S AOTu L & DN clocic complete model Based on the travelling speed of desert ants
ubuia ubu neurons , (0.5 m sec™), the foraging duration in this
U dias OO ® ‘. ® UL At TuBulo/b T . experiment was around 6.5 min, At the end of
solar /\/ ) \/ solar l foraging the sun's position did not change
azimubh oS O 90 azimuth (o) bulb (= = mashroom bod 2] descending much, which made the returi routes sugqessful
space ER4m neurons even when time compensation was hot used.,
central complex
x  centre of search
celestial compass ‘ J & around feeder
: : . . Without time compensation
4 1=
Cff;&h::h /\/ cf;;hxh the stored Loca&icﬁx drifts 200 ﬁ:ﬁfdciosnizmh
with time, reducing the 100
Q foraging Ferformam:e. theoretical memory
vector
desert ant

Using either the hour angle
or the comPLeF:e model for
tine compensa&ion, the
performance increased
and almost mabkched the
one of the desert anks*,

geocentric returh_data initial forage route
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cos{a = o + P") = sin(a) sinla - ") + cos(a) cos(d - P")

foraging routes
This metemen&s a crucial trigonometbric Ldeh&i,&j that shifts the detected sun's position from memory
by the expected solar azimulbh as claculated using the clocke neurons. The resulk is a
) E 9 '

compass hak poih&s North!

Euclidean distance [m]

(o I

rebturn routbes

Glcanias and Webb, 2028 We further challenged the two models in the south hemishere (Bongong moths) and close to the equator (globe
Nature Communications skiimmer dragonfly), where the sun moves counterclockwise and biannually switches moving direction respectively,
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6. migration

When we hardwired a switch in its moving direction, the hour-angle model did well in the south hemisphere.
However, even when we hardwired a switch from east ko west in the afternocon, the model drifted

We challenged our compass model n migration scenarios,
close to the equator as its latitude diverged from the subsolar Latitude.

imitating the autumin migration of monarch butterflies (Danaus

plexippus).

On the other hand, the performance of the complete model was unaffected. Our sensitivity analysis
revealled that the multidimentional representaiton of the sun made the model more resilient

Both the hour-angle and complete time compensation models -
to noise, while temporal and magnetic noise disturb the model in a similar rate. N

successfully drove the butterflies from the Canadian borders to
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Danaus pLexiFFus

Mexico, ?
Aqgrotis infusa % Pantal flavescens =
£00
—d
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Z = 5 v
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7. conclusions and future directions
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Our time compensation mechanism can correct for the sun's

movement during the day, transforming the sensor into a We are also working on miniaturising the compass sensor and

geocentric compass, moving the processing on board with analoque electronics.
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