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While accurate engineered solutions to determine global position require
vast networks of well-maintained transponder stations, many animals can
solve this problem using only Earth’s magnetic field. Moreover, animals
are capable of this feat despite evidence suggesting that the magnetic sense
operates at an extremely low signal-to-noise ratio. As such, this sense may
provide valuable insights for the engineer. Here, we explore neuromorphic
encoding strategies that may underlie this ability in animals and test their
ability to accurately encode noisy magnetic information. We describe sparse
encoding strategies that may function in this sense, with systems composed
of as few as eight receptors and tens of neurons. We also find that neural
architecture based on the arthropod central complex (implicated in other
orientation tasks) is particularly robust to encoding noisy magnetic field
information.

1. Introduction

Throughout the animal kingdom, we find examples of sparse sensing and pro-
cessing that put our engineered efforts at efficiency to shame. Moths stabilize
flight using simple brightness cues [1], dragonflies identify prey by a combina-
tion of angular size and speed [2] and many species find their way home via
simple path integration (e.g. [3-5]). Bioinspired engineering takes inspiration
for new solutions to extant problems from these and other examples [6].

One sense in particular may provide unique insight to unsolved engineering
problems. While engineered systems that are capable of calculating global posi-
tion rely on expensive and vulnerable [7-9] networks of transponder stations —
whether terrestrial (e.g. LORAN [10]) or satellite-based (e.g. GPS)—many ani-
mals do the same with only their senses and surroundings to aid them. Phy-
logenetically widespread animals that migrate hundreds of kilometres with
remarkable specificity rely on Earth’s magnetic field to direct their movement
[11-16]. This globally ubiquitous sensory cue can provide both directional and
positional information to animals able to sense and adequately process it [17].

Beyond completing this global positioning task without access to advanced
equipment, animals that sense Earth’s magnetic field and use it to navigate may
do so with a remarkably noisy sensory system [18]. Animals that can sense this
cue prefer other cues when available [19,20], respond slowly to changes in the
magnetic field [12,20] and orient more diffusely to magnetic than other sensory
information [21]—for a full exploration of this reasoning, see [18]. Moreover,
Brownian torque plays a significant role in magnetically induced rotation of
microparticles like those potentially found in biological magnetoreceptors [22].
Insights into how animals process magnetic information with a low signal-to-
noise ratio could be invaluable to far-reaching engineering applications. There
are physical limitations to the sensitivity and accuracy of all sensors (e.g. [23—
25]): what if instead of eking out marginal reductions in sensor noise, we could
learn to sidestep this problem through bioinspired processing?

Biological research into this sense similarly can benefit from an engineer’s
perspective. While diverse animals have been shown to sense Earth’s magnetic
field and use it to navigate, a receptor for this sense has yet to be conclusively

© 2025 The Author(s). Published by the Royal Society. All rights reserved.

Downloaded from royalsocietypublishing.org/rsif/article-pdf/doi/10.1098/rsif.2024.0810/2830569/rsif.2024.0810.pdf
by UNC Chapel Hill user
on 20 August 2026


http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2024.0810&domain=pdf&date_stamp=
https://doi.org/10.1098/rsif.2024.0810
mailto:havens.hm@gmail.com
https://doi.org/10.6084/m9.figshare.c.7752362
https://doi.org/10.6084/m9.figshare.c.7752362
https://orcid.org/
http://orcid.org/0000-0002-4754-2101
http://orcid.org/0000-0002-0604-769X

identified —let alone characterized —in any of them [13,18,26]. We know what magnetic cues many animals are sensing and how
they respond to them, but we do not yet know how these cues are transduced or processed. There are hypotheses of transduction
methods that have strong evidence for or against them in particular species, but without an identified receptor, processing of
this sense remains especially murky [26]. In this context, forward design of systems that are biologically plausible and accurately
encode the magnetic field can provide context for reverse engineering what animals may be doing. Designing theoretical systems
can provide hypotheses of magnetoreception which biologists can test for their explanatory power (e.g. [27-30]).

While little is known of how animals process Earth’s magnetic field, we know more about how animals process other nav-
igational cues. For example, many arthropods process directional information in a brain region known as the central complex.
A head direction circuit in this brain region processes competing directional sensory information via ipsilateral excitation and
contralateral inhibition [31,32]. In other words, this circuit performs vector addition of sensory inputs by having closely agreeing
cues enhance each other and disagreeing sensory cues oppose each other. This neural architecture may be particularly robust to
noisy information such as that likely available from the magnetic field. Indeed, we are not the first to propose this possibility [33],
and there is emerging evidence that central complex connectivity may be fine-tuned by magnetic field information in at least one
animal species [34].

Azimuth, or the horizontal angle of the observer to Earth’s magnetic field, is not the only kind of information available to mag-
netically sensitive animals. Animals also interpret variations in the vector of the magnetic field across Earth’s surface as positional
cues. These vector changes are typically described in terms of inclination angle (angle between the field vector and Earth’s surface)
and intensity (the overall strength of the field). These components of the magnetic field vector do not perfectly covary, so sensing
each component can enable access to a bicoordinate ‘map” which many animals respond to as cues of geographical location [26].

Here, we present three neuromorphic processing strategies and evaluate their ability to encode the magnetic field using appro-
priately noisy models of biological magnetoreceptors. First, we evaluate a model based on the head direction circuit found in the
central complex of arthropods for its ability to accurately encode azimuth (horizontal angle). Then, we present two de novo circuit
models using the same receptor layout suggested by the central complex neural architecture and assess their ability to encode field
intensity and inclination angle, respectively.

2. Methods

All models and their assessments are instantiated in Python 3.8 using a custom-written code base [35]. Variable input ranges and
constants for model equations are available in appendix A.

2.1. Magnetoreceptor model

We model magnetoreceptors as modified sensory hair cells with a magnetic encoding hair as previously proposed [36]. While
there is robust debate as to the nature of any animal’s magnetic sensor, many animals sense Earth’s magnetic field in a man-
ner consistent with this hypothesis [26,37]. Particular to our interests, these magnetically sensitive animals displaying behaviour
consistent with encoding the magnetic field using this kind of physical transduction include arthropod species [20,38,39]. This
bolsters the biological applicability of testing the central complex-like processing of information from magnetic material-based
magnetoreceptors.

2.1.1. Magnetoreceptor model equations

Our modelled receptors encode the magnetic field via firing rate modulation in response to the angle of the magnetic hair according
to

|6 _emaxl
$/2

where F, F,y and Fp,ge correspond to instantaneous, maximum and base firing rates of the receptor, o represents firing decay rate

g
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and 6, O« and ¢ correspond to instantaneous encoding hair angle, angle of maximum response and encoding range, respectively.

To account for the low signal-to-noise ratio biological magnetoreceptors likely exhibit, encoding hair angle (8) is dependent on
two separate layers of Gaussian noise, both based on a pseudo-random Mersenne Twister generator [35]. The function of these
noise layers can be described by
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where in (2.2), ©, O, I' and p represent model input magnetic field angle, noise-modulated field angle, one standard deviation of
the base noise level and proportional magnetic field intensity (defined in relation to average intensity), respectively. In equations
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Figure 1. Simplified schematics of modelled magnetoreceptor demonstrating how noise is applied sequentially. In both schematics, receptors are displayed with a bar
magnet denoting magnetic sensory hair and an encoding range (¢) bounded by dashed line. While depicted in two dimensions, magnetoreceptors and noise layers both
operate in three dimensions. (A) Example of effect of the field noise layer defined by (2.2) on the magnetic field vector in the model. Darker shaded region bounds the
first standard deviation of the noise, and lighter shaded region the second standard deviation. One possible outcome of this noise (I") on the input magnetic field angle
(@) is depicted by © .. (B) Example of effect of receptor noise level (y) on optimal receptor encoding (6, calculated by (2.3)) as defined by equations (2.4) and (2.5).
Darker shading marks the first standard deviation of the noise layer, and lighter shading the second. ©, is one possible outcome of this noise, because it is within the
receptor’s encoding range (¢), the encoding hair aligns with that angle, so ©, and © are equivalent. Importantly, if ©, fell outside of the receptor’s encoding range, then
6 would only rotate as close as possible within the receptor’s encoding range.

(2.3) and (2.4), 65t corresponds to optimal alignment of sensory hair with the magnetic field within a receptor’s encoding range
and y to one standard deviation of the receptor noise level in degrees. In equations (2.4) and (2.5), 6, represents receptor align-
ment with noise added irrespective of receptor encoding range, while 6 is bounded within the encoding range (¢). These values
are mapped onto a diagram of the modelled receptor in figure 1.

Briefly, (2.2) describes a field intensity-modulated noise layer applied directly to the magnetic field angle input to the model.
Equation (2.3) describes the optimal alignment of a receptor’s sensory hair with the noise-modulated magnetic field as calculated
by (2.2) within the receptor’s encoding range by minimizing the difference between 6,,; and @r while bounding 8, within the
range defined by 6,,¢ + ¢/2. Equation (2.4) modulates this optimal receptor hair alignment by a static noise level while (2.5)
bounds this within the receptor’s encoding range to calculate 6 used to determine firing rate in (2.1). In concert, these two noise
layers approximate the consistently low signal-to-noise ratio expected of biological magnetoreceptors while allowing simulation
of magnetic field intensity. Importantly, these noise layers and instantaneous encoding hair angle are calculated independently
for each modelled receptor for every firing rate calculation.
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2.1.2. Estimation of noise level

Based on both the behavioural and physical evidence explored above, magnetoreceptors like those modelled here likely exhibit
very low signal-to-noise ratios. While it would be difficult to calculate exact noise levels from this general principle, there are
nonetheless physical features of how these magnetoreceptors would behave that we can use to arrive at useful estimations for
simulation.

First, we should acknowledge that the torque exerted by Earth’s magnetic field on a magnetic sensory hair would be quite
small. Earth’s magnetic field ranges from 25 to 65 uT in intensity, and any microscopic sensory hair would have a consequently
small magnetic moment. Therefore, even the maximum torque applied by Earth’s magnetic field is likely to be small. Perhaps more
germane, however, this torque would also be proportional to the sine of the angle between the sensory hair and Earth’s magnetic
field vector [40]. In other words, torque would be maximum at orthogonality and zero at alignment. Between low maximum
torque, angular dependence of that torque and susceptibility to Brownian torque [22] and thermal noise, microscopic magnetic
sensory hairs would likely display pendular behaviour centred on Earth’s magnetic field vector [36].

From these physical features, we derived noise estimations for our magnetoreceptor model. Across all simulations, the mag-
netic field noise level (I") was estimated as having a standard deviation of 60°, while receptor noise levels (y) ranged from 0° to
60°. The field noise level (I' = 60°) was designed to capture the idealized pendulum-like behaviour of the magnetic sensory hair as
would emerge from torque proportional to the sine of the angle between the hair and the field vector. For instance, in the case of a
magnetoreceptor encoding a field vector within its encoding range, the sensory hair forms a probabilistic approximation of pen-
dular behaviour centred on the field vector. However, if the field vector is far outside of the receptor’s encoding range, the angle of
maximum torque and the rotational limit of the sensory hair coincide, causing the sensory hair to become mostly stationary at its
rotational maximum. This idealized behaviour can be approximated by a field noise value of 60°, which corresponds to the angle
at which magnetic torque is 87% of maximum. The range of receptor noise levels tested then serve as levels of deviation from this
somewhat idealized version of the effect of thermal noise. In sum, this approach is a computationally efficient approximation of
the behaviour of a magnetic sensory hair subject to both thermal noise and angle-dependent torque.

2.2. Neural circuit models

Across our circuits, neurons in each layer are modelled as leaky integrate-and-fire neurons [41,42] solved every millisecond of
simulation time using Heun’s method, similarly to previous computational modelling of arthropod neurons [43,44]. This was
instantiated in BRIAN 2 [45] according to

dv ((UO - U)/Rm)
dat C, ’

U= Othresh— ¥ =09 V t = tihresh + trefs (2.7)

(2.6)

where v, vy resh and vy correspond to instantaneous, firing threshold and starting voltage of a given neuron, respectively. R, and
Cy,, correspond to resistance and capacitance of the neuron’s membrane. Time variables fy o5, and ¢ are the timepoint of reaching
the firing threshold of the neuron and the post-firing refractory period, respectively. In other words, (2.6) describes the normal
voltage change dynamics of modelled neurons, while (2.7) describes how voltage resets after a firing event and remains stable for
a set refractory period. See [46, chapter 3] for a visual representation of leaky integrate-and-fire neuron performance.

To allow connection between modelled magnetoreceptors and neurons, firing rates calculated by (2.1) are treated as Poisson
inputs to their postsynaptic neurons [47]. This translates firing rates as calculated by (2.1) into individual firing events (action po-
tentials) interpretable by (2.6). These magnetoreceptor-neuron connections and all other synaptic weights are modelled in terms
of their direct effects on postsynaptic voltage. See appendix A for more information on synaptic weights.

2.2.1. Azimuth encoding

Our azimuth-encoding circuit is designed to use polarity information to calculate the horizontal angle of the magnetic field to
the observer. It is therefore one possible version of what is often referred to as a ‘polarity compass’ in the literature. This circuit
is modelled after the head direction circuit found in the central complex of arthropods. It takes the form of an eight-node ring
attractor circuit with characteristic ipsilateral excitation and contralateral inhibition [31,32]. This connection pattern is particularly
well suited to calculating a single heading from competing (or noisy) sensory inputs.

In our model, each node of the circuit is connected presynaptically to a magnetoreceptor sharing its orientation. Nodes of the
circuit form excitatory connections with associated neurons in inhibitory and excitatory layers. The associated excitatory neuron
forms a recurrent connection with the node and also excites its nearest neighbours. The associated inhibitory neuron connects to
all non-neighbour nodes (figure 2A).

2.2.2. Intensity encoding

Our intensity encoding circuit calculates this positional cue via assessment of the level of agreement between magnetoreceptors.
This concept has been explored previously [28,29,36], but unlike previous research our model computes agreement between re-
ceptors with different encoding fields. This circuit calculates magnetic intensity using the same eight magnetoreceptors used in
the azimuth encoding circuit by connecting neighbouring magnetoreceptors to a shared high-threshold interneuron through a
receptor encoding layer. The shared interneuron is unlikely to be excited by the output of a single receptor alone and therefore is
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Figure 2. Simplified schematics of neural circuit connection patterns with one functional node highlighted for each. In the computational model, excitation and inhibi-
tion are performed by separate interneuron layers, here these are omitted for ease of general interpretation. For a detailed layer-by-layer connection map, see electronic
supplementary material, figure S1. Magnetoreceptors are depicted as in figure 1, and interneurons are represented by circles. Solid blue lines and arrows correspond to
excitatory connections; dashed red lines and bars correspond to inhibitory connections. (A) Azimuth encoding neural circuit based on the head direction circuit found in
the arthropod central complex showing characteristic ipsilateral excitation and contralateral inhibition. (B) Magnetic intensity encoding circuit, which functions via exci-
tatory connections from two adjacent magnetoreceptors onto a shared high-threshold interneuron. (C) Inclination angle encoding circuit, which functions via summed
firing rate across all receptors.

most likely to fire if adjacent receptors agree on magnetic field angle. Each of these interneurons then synapse onto a single shared
output neuron (figure 2B).

2.2.3. Inclination angle encoding

Our inclination angle encoding circuit uses the same eight receptors as our azimuth and intensity encoding circuits to estimate
angle of the magnetic field to Earth’s surface via summed firing rate. Since the magnetoreceptor arrangement is based on the
horizontally oriented head direction circuit found in the central complex, as the magnetic field deviates from horizontal (and ab-
solute inclination angle increases) firing rate of all receptors will generally tend to decrease. To calculate this generalized firing
rate as a proxy for inclination angle, our circuit functions by having all magnetoreceptor-encoding interneurons form an excitatory
connection with a single shared output neuron (figure 2C).

2.3. Model assessment

Neural circuits described above are tested for their ability to accurately encode magnetic field azimuth, proportional intensity
and inclination angle at a range of receptor noise levels and integration times. To do so, a shared set of magnetoreceptor firing
response arrays is generated. These are comprised of firing rates of each magnetoreceptor calculated for every millisecond of sim-
ulated time in response to a magnetic field presented every 10° from 0° to 360° on the horizontal axis for 640 seconds each. This
receptor response was collected at every combination of inclination angles (0°, 5° and 10°) and proportional field intensities (90%,
100% and 110%) that were tested. Receptor response arrays could be truncated for shorter tested integration times. Each circuit is
assessed for its ability to accurately encode the feature of interest across all other combinations of features.

The combinations of test features are designed to estimate the resolution and timescales at which we observe animals respond-
ing to the magnetic field. Integration times were subdivided into log, increments from 625 ms to the full 640 seconds. This was
done to estimate the wide range of integration times that may be present in magnetoreception. Behavioural responses to changes in
the magnetic field typically occur on the order of seconds to minutes (e.g. [12,20]), though faster integration times may be possible.
Here, we test a range of integration times from those slightly shorter to somewhat longer than typically observed behaviourally.
The log, time increment employed likely better aligns with commonly observed sensory system dynamics [48].

Ranges for both field intensity and inclination angle similarly are designed to test experimentally observed magnetoreception
capabilities. Many magnetically sensitive species have been demonstrated to respond to changes in the magnetic field smaller than
our modelled parameter step sizes (5° inclination; 10% intensity) as positional cues (e.g. [11,49,50]). Still other animals have been
shown to respond to magnetic changes smaller than the maximum change tested in our modelling (10° inclination; 20% intensity)
as positional cues (e.g. [51-53]).

Furthermore, our tested intensity and inclination angle changes represent the minimum viable resolution of animal magnetore-
ception. For example, a variation of +10% baseline field intensity encoded in steps of 10% change could provide useful positional
information to North American migrants with similar ranges to the Monarch butterfly, which commonly migrate from locations
of approximately 55.7 uT (Minnesota, USA) to locations of approximately 39.8 uT (Michoacan, Mexico) field intensity [54,55].
The inclination angle range tested similarly could provide useful information to magnetically sensitive migrants. For example, a
variation of 10° encoded in 5° increments could provide European migrants with ranges similar to the European robin (which can
migrate over distances covering 15° in inclination change) with relevant positional information [55,56].
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2.3.1. Azimuth encoding accuracy

We assess azimuth encoding accuracy via vector addition of the cumulative firing rates of all eight circuit nodes to arrive at an
encoded angle. The resulting vector angle is compared directly to © to assess accuracy. We use average absolute deviation be-
tween encoded and actual azimuth for each assessed integration time and noise level to construct an encoding accuracy heatmap
encompassing all tested parameters.

2.3.2. Intensity encoding accuracy

We assess encoded magnetic intensity match to modelled intensity via the strength of correlation between firing rate of the cir-
cuit’s output neuron and proportional field strength. As a first step, this circuit is assessed for theoretical viability by calculating
the linear regression correlation statistics (>, Wald test, p-value) between output neuron firing rate and intensity levels of 50%,
100% and 150% of normal values presented at azimuths of 0° to 360° every 10° at an inclination of 0° to receptors with a low noise
level (y = 0°). After this first viability test, correlation statistics are calculated using the receptor data shared in common among
the three circuits for every combination of noise level and integration time tested. These statistics are used to construct a heatmap
of accuracy across integration time and receptor noise level.

2.3.3. Inclination angle encoding accuracy

We assess inclination angle encoding match as the correlation between output neuron firing rate and inclination angle, similarly to
the assessment of our intensity encoding circuit. First, the circuit is tested for theoretical viability by assessing correlation statistics
(r?, Wald test, p-value) between circuit output and inclination angles 0°, 30°, 60° and 90° presented at azimuth angles every 10°
from 0° to 360° at 100% of normal proportional field intensity to low-noise receptors (y = 0°). After this viability test, correlation
statistics are similarly calculated for the receptor data shared in common among the three circuits for every combination of noise
level and integration time tested. These statistics are used to construct a heatmap of accuracy across integration time and noise
level.

3. Results

3.1. Azimuth encoding

In encoding accuracy tests with variable receptor noise (y levels ranging from 0° to 60°) and integration times ranging from 625
ms to 640 seconds the maximum calculated error was 76°, recorded at the highest noise level and shortest integration time (y =
60°, t =625 ms). At low noise levels (y = 0°), error at the same integration time is 44°. With 10 seconds of integration time, these two
noise levels result in 41° and 8° of error, respectively. Integration time required to reach an encoding error under 5° is 40 seconds
for y = 0°, 15°, 80 seconds for y = 30°, 320 seconds for y = 45° and 640 seconds for y = 60° (figure 3A).

3.2. Intensity encoding

In viability testing, circuit output was found to significantly correlate with magnetic intensity values ranging from 50% to 150%
of normal (Wald test, p =2.43 X 10776; 42 =0.961). In animal relevancy testing, circuit output significantly correlated with intensity
presented from 90% to 110% of normal at 48/55 tested receptor noise levels and integration times (Wald test, p < 0.05). Correlation
was not significant for integration times of 625 ms and 1.25 seconds at y = 30°, 45° or 60°, and at y = 60° 2.5 seconds integration
was also not significantly correlated. Strength of correlation between intensity and circuit output varied from 2 =0.986 (y=0°1t
= 640 seconds) to 2 = 0.0001 (y = 60°, ¢ = 625 ms) (figure 3B).

3.3. Inclination angle encoding

In a test of theoretical viability, circuit output was significantly correlated with inclination angle (Wald test, p = 1.94 x 107%; r? =
0.974) when presented at 0°, 30°, 60° and 90° for 640 seconds to receptors with low levels of receptor noise (y = 0°). In a test of
function at scales relevant to animals, output did not significantly correlate with inclination angle presented from 0° to 10° at 53/55
tested combinations of receptor noise (y) and integration time (Wald test, p > 0.05). The 12 values for these correlations ranged from
1.6 x 1077 t0 0.015 (figure 3C,D).

4. Discussion and conclusion

4.1. Azimuth encoding

The azimuth encoding circuit based on the head direction circuit found in the central complex of arthropods reliably encoded the
horizontal angle of the field across a range of noise levels and integration times. Even at the highest noise level (I = 60°, y = 60°)
tested, average encoding error was only 41° after 10 seconds of integration time. This resolution, while inadequate for many engi-
neered applications, could allow animals to orient at the scale of cardinal directions on short timescales, even with receptors with
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Figure 3. Heatmaps and violin plot displaying encoding of tested circuits. (A) Heatmap displaying average encoding error of the azimuth encoding circuit at different
receptor noise levels and integration times. Encoding error is calculated as average absolute deviation of encoded angle from presented angle. (B) Heatmap of encoding
error of magnetic intensity encoding circuit. Error is displayed as the complement of the r* of the linear regression between magnetic intensity and circuit output. (C)
Heatmap of encoding error of the inclination angle encoding circuit. Error is calculated as the complement of the r? of the linear regression between inclination angle and
circuit output. (D) Violin plot of viability test for the inclination angle circuit. As inclination angle increases from 0° to 90°, output firing rate falls.

exceptionally low signal-to-noise ratios. With lower noise levels or longer integration times, performance improved enough to
allow fine-scale orientation. Indeed, receptors at the midpoint of noise levels tested allowed orientation on the scale of cardinal di-
rection after only 1.25 seconds of integration time. With this in mind, we find that central complex-like processing is exceptionally
robust to signal noise of the kind one might expect from biological magnetoreceptors.
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We are far from the first to observe that the ring attractor design of the arthropod head direction circuit may be particularly
robust to noise [31,44,57], or indeed that this and other features make the central complex a likely seat of magnetoreception process-
ing [33,34]. Nonetheless, our work provides some useful bounds to this theoretical robustness. With only eight receptors encoding
the magnetic field subject to two independent noise layers, each covering 120° in their first standard deviation this circuit took
just over a minute to calculate heading within 15°. With higher signal-to-noise ratio information either at the receptor level or
via larger arrays (both of which we see in other senses), central complex-like processing could provide robust, high-resolution
heading information at short integration times.

Of the many arthropods sensitive to Earth’s magnetic field, at least two, the lobster Panulirus argus and the ant Cataglyphis
nodus, respond to the magnetic field in a manner consistent with our magnetoreceptor model [20,38,39]. Our theoretical work,
combined with the recent evidence that magnetic field conditions are correlated with central complex architecture plasticity in
Cataglyphis nodus, suggests that magnetic field information could be processed in the central complex [34]. Future research could
assess whether our central complex-like model predicts any aspect of P. argus or C. nodus magnetic cue-driven behaviour.

4.2. Intensity encoding

Our de novo circuit for encoding magnetic intensity performed at a resolution and timescale similar to magnetoreceptive animals
at some of our tested noise levels. At the low end of tested noise levels (I" = 60°, y = 0°), magnetic intensity accounted for approx-
imately 75% of output variation within 20 seconds. At the midpoint of noise levels tested (I" = 60°, y = 30°), this level of accuracy
was reached after the full 640 seconds. Depending on the exact noise level found in biological magnetoreceptors, this processing
strategy could indeed be adequate to provide magnetoreceptive animals with field intensity information.

While using receptor agreement as a measure of field intensity has been explored previously, these examples have been based
on larger receptor arrays with multiple receptors encoding the same receptive field [28,29,36]. Agreement in these instances could
be computed more directly between receptors with essentially identical properties. Here, we demonstrate for the first time that
this concept could be employed even if all receptors encode different (but overlapping) receptive fields. We therefore find that this
mechanism can function with even sparse sensor arrays, such as demonstrated here with only eight receptors.

4.3. Inclination angle encoding

We found that encoding inclination angle using eight horizontal receptors is theoretically possible, with the circuit encoding large
changes in inclination angle (0° to 90°) with high accuracy. However, at realistic noise levels and required resolution, performance
is much poorer. Only two of the 55 conditions returned a significant correlation between inclination angle and output firing rate,
consistent with random effects. These two significant correlations can be visually identified in figure 3C, but both have an en-
coding error greater than 98%. Consequently, we find the circuit was unable to reliably encode changes from 0° to 10° within 640
seconds. Given that this level of resolution would be necessary to distinguish locations as distant as Copenhagen and Monaco
(inclination 70° and 60°, respectively; 1370 km apart [55]), it seems unlikely that any magnetically sensitive animals are using this
exact method to encode inclination angle. This should not, however, be taken to suggest that encoding inclination angle with re-
ceptors like the kind modelled here is not possible, merely that it would likely require larger or differently oriented (e.g. vertically
arranged) receptor arrays.

4 4. Conclusion

Both our azimuth and intensity encoding circuits function at resolutions and timescales similar to those at which animals oper-
ate. However, we found that while our inclination angle circuit is theoretically functional, it does not operate at the resolutions
and timescales that animals sense the magnetic field. Importantly, all of these circuits accomplish this directional and positional
encoding using only eight noisy receptors and fewer than 40 neurons combined. This suggests to us the possibility that magne-
toreception could in some animals be a remarkably sparse sense, in terms of both total receptor number and overall size of neural
circuits processing this information. This plausibility of sparse sensing and processing in magnetoreception may have important
implications for both biological and engineered applications.

That a sparse array composed of noisy receptors could function at similar resolution and timescales to animals with magnetic
information may help explain the elusive nature of biological magnetoreceptors. From our findings, it seems possible that there
are as few as eight receptors hidden among the thousands to millions of neurons and other sensory cells of the species at question.
Based on this and the evidence presented here that central complex-like computation is particularly robust to noisy information,
we suggest that identification of putative processing centres (such as the central complex) may provide more fruitful substrate for
future biological research than identifying potential receptor locations.

However, there are many magnetically sensitive animals in which a receptor array as small as the one tested in this paper
would represent an extreme departure from established sensory principles. In vertebrates for instance, it is difficult to imagine
such a sparse array being employed without significant redundancy. In these cases, while we think our work (based as it was on
principles drawn from arthropods) is unlikely to describe any vertebrate system, it nonetheless may provide useful context. Some
vertebrate head direction circuits share interesting similarities with that found in arthropods [58], and the efficacy of an eight-
receptor array in our theoretical work may provide a useful comparison point from which to assess redundancy. While vertebrate
sensory systems are often significantly redundant, even equivalent levels of redundancy in magnetoreception might still result in
a fairly sparse sense on an absolute scale.
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Beyond biological implications, the simultaneously sparse and robust encoding that may be employed in animal magnetorecep-
tion could meaningfully inform bioinspired engineering. As noted above, the head direction circuit found in the central complex
of arthropods consistently overcame high levels of noise to compute directional information. Our de novo intensity circuit, though
not as robust as the directional circuit modelled after a known example from nature, demonstrates another approach to sparse
encoding that calculates meaningful information from a sensor array modelled to match the central complex. In studying how
animals may process the magnetic field, we hope we have also demonstrated how this process helped us conceive of new sensory
processing strategies that may one day be useful for engineered systems. In the research of magnetoreception in particular, we
believe that there is an opportunity for a simpatico relationship between forward- and reverse-engineering to both uncover how
animals accomplish this feat and develop new ways to process information ourselves.
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Appendix A.

magnetoreceptor model variables

description
base firing rate Fiose 5Hz
. mammumﬁnngratemodulatlon I F,W S
receptor encoding range ¢ 120°
e - B L e
. r'écépfbr'ho'i'se“ SR
N ecay T S S L

neural model variables

description

starting voltage v —52mV
e Rm S

membrane capacitance G, 0.002 uF

standard threshold voltage Viresh —45mV
v Iowthresholdvoltage Vm S
. hlghthresholdvoltage me S

standard synaptic weight Vo 3mV

highsynapticweight [ .VM R . . . . v
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