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Abstract

Fly compound eyes pool signals from photoreceptors that sample the same region of
visual space through neural superposition in the lamina. The optical axes of
photoreceptors projecting to a single lamina cartridge are not perfectly parallel, but
instead converge at a point a few millimeters in front of the eye. At short viewing
distances (1-10 mm) this leads to distance-dependent differences in receptive field
overlap. We explored whether it was possible that flies could sense depth in this
“personal space” purely from the geometry of neural superposition. To this end, we
combined a computational model of fly eye optics with a disparity-tuned lamina model
originally developed for stereoscopic prey capture in praying mantises, and simulated
the responses of lamina monopolar cells to moving stimuli at different distances. Across
variations in stimulus parameters and lamina models, we found that lamina neuron
responses indeed contain a distance-dependent component, which can overall be
summarised as an enhanced response due to temporally overlapping receptor responses
at a critical distance of 3—4 mm, the convergence distance of photoreceptor axes.
Depending on the lamina model and stimulus size, either response amplitude or onset
gradient, or both, exhibited this peak. We further show that changes in eye size
systematically shift this preferred distance, such that larger flies had a peak response at
a greater distance. Our results demonstrate that lamina cell responses may contain a
robust, geometry-derived component that is specific to object distance and invariant to
other stimulus properties. This suggests that neural superposition, beyond improving
sensitivity, may function analogously to a light-field camera system that is effectively
“focused” on a behaviorally relevant distance.

Author summary

In this study, we explored how neural superposition in fly compound eyes may lead to
an enhanced response to objects at a behaviorally relevant distance. The optical axis of
neurally pooled photoreceptors, from neighbouring ommatidia, are not parallel, but
converge at a point a few millimeters in front of the eye, which should lead to the
strongest correlation of their signals at that distance. This idea was tested by combining
a geometric model of the fly eye optics with a computational model of how the lamina
cells process the responses of photoreceptors, and evaluating the output for a moving
bright dot at different distances. We found that the simulated lamina cell has its fastest
response, as measured by the onset gradient, to a stimulus at the distance where the
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photoreceptors converge (3—4 mm). This distance scales with the simulated eye size and
corresponds to behaviorally relevant distances for fly behavior. This suggests that
neural superposition may act to enhance the response to objects at a critical distance in
the early visual processing of flies.
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Introduction

In dipteran compound eyes, multiple photoreceptors from different ommatidia project onto the same lamina
cartridge, forming a neural superposition eye [1,[2]. This arrangement is classically assumed to pool signals
from photoreceptors that sample the same point in visual space, thereby boosting sensitivity under dim
conditions without losing spatial resolution [3]. However, the photoreceptor’s receptive fields do not perfectly
overlap [4-6]. Measurements show that in dipteran flies the optical axes of photoreceptors wired to the same
cartridge are not exactly parallel: they converge a few millimeters in front of the retina, with the exact
distance varying between and within species [5,(7,/8]. Thus, the contributing photoreceptors do not sample
identical visual directions. This raises the possibility that neural superposition may preserve information
about object distance, at least over short, behaviorally relevant ranges.

Lightfield sampling in compound Eyes

The optical arrangement of compound eyes can be compared to a lightfield (or panoptic) camera [9], which is
often constructed by adding a microlens array in front of the sensor array [10] (See Bottom row of Fig. . To
explain the key principle, consider first a standard single-lens imaging system, in which a set of light rays
emerging in multiple directions from a single point in space are captured and refocused by the lens onto a
single location on the image plane, providing a summed estimate of the total light intensity (Top left in
Fig . Geometrically, the exact convergence of the light rays on the image sensor for an object at a given
distance from a given lens depends on the focal length (distance from lens to image sensor). If these
properties are mismatched, the rays will not exactly overlap on the image plane, producing blur (blur circles
for different object distances areillustrated in Fig. . Consequently, it is possible to infer depth from focus,
by finding, for a particular part of the scene, the focal length that provides the clearest focus, usually
evaluated by maximum contrast [11}/12].

In its most general form, a lightfield camera, instead of summing light rays from different directions,
simultaneously or sequentially samples the light rays from specific directions, allowing retrospective
reconstruction of the image corresponding to different focal lengths, and the extraction of depth (either by
finding the focal length of maximum contrast as before, or by other methods exploiting the directional
information). A simple example of this principle is dual-pixel focus found in many modern cameras. Each
half of each pixel receives light rays from a different direction. Fig [I] shows how light rays emerging from
different distances (left to right: far to near) are sorted by the microlens in front of the sensor array. If the
scene is in focus, the input for each half-pixel will be the same; conversely objects not in focus produce a blur
spread out over several half-pixels [13]. The spread of the blur circle on the half-pixels thereby provides
depth information in a single exposure [14], as illustrated in the blur circles in the bottom row of Fig.

In a similar manner, the individual photoreceptors of neighbouring ommatidia in the fly, which sample
light rays from the same location but from different directions, could theoretically be used by downstream
circuits to estimate depth. However, despite the apparent similarities to lightfield cameras, insect compound
eyes encompass several different light processing principles. In the typical apposition eye, found in diurnally
active insect such as beetles [15], there is minimal overlap in the field of view of the ommatidia, and a fused
rhabdom conveys the summed light from all photoreceptors in one ommatidium to a corresponding lamina
cell [16]. In the optic superposition eye, found for example in dragonflies [17], higher light sensitivity is
obtained by an increased field of view, resulting in overlap, but optical and neural summing means that the
directions of the incoming light rays is not preserved [18]. However, in neural superposition eyes (shown in
Fig , overlapping fields of view project onto a small spatial array of receptors in each ommatidia, such that
receptors from neighbouring ommatidia sample light rays from the same spatial region (or in other words,
have overlapping receptive fields) but from different directions. In principle, this is lightfield sampling, and
could be used to extract depth information, but the subsequent summation of these receptor outputs in the
lamina cartridge suggests again that the relevant information is not preserved (see top right of Fig
Photoreceptor 1-6 project to one lamina cell).

The potential to extract depth from the differential light information received by overlapping receptive
fields of the fly eye has been previously investigated in |7]. The key principle they use is to compare the
outputs of pairs of receptors with parallel optical axes to pairs with converging or diverging optical axes, at a
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known angle, under the general assumption that a natural (static) scene contains approximately linear
spatial intensity gradients. The difference in intensity detected by the parallel receptors provides a
depth-independent measure of the gradient which can be used to normalise the depth-dependent difference
between the non-parallel receptors, and thus recover a depth estimate. They use a geometric arrangement of

Human eye /conventional camera Neural superposition compound eye
1

N \ Receptive fields

v ,' Optical axis

Main lens |

=
1

iOptical axis |

1
1
1 N7/ _—
: IFocal length \}i f :('
1 : ' / ,'\ 7N Ommatidia
: | AP q*oh Q'
1 Photoreceptors - ey
Image sensor F'_/I Medulla

Blur circle

Intensity

Lightfield / dualpixel camera

In focus
Near
a— —_—
(/ Main lens \ N )
.\ | [
Lens array
Left half-pixel T ] BT Right half-pixel (] (]
>

ntensit;

m-- ’

Fig 1. The optical set up for a conventional camera, a neural superposition eye and a dual pixel camera.
The diagrams show light rays from a single point at different depths: far rays in yellow, in-focus rays in green
and near rays in orange. Top left: conventional camera, the blur circle varies with depth but near and far
blur circles are indistinguishable. Top right: Simplified, symmetric illustration of a neural superposition eye
with perfectly overlapping receptive fields for the pooled photoreceptors R;_g at a specific distance. The
disparity of receptive field overlaps produces blur, which may preserve distance information for downstream
visual circuits. Bottom: Lightfield / dual-pixel camera, the ’sorting’ of light rays preserves distance

information, with the disparity of the blur circles on the left (Blue) and right (Red) half-pixel making objects
equidistance near and far from the lens distinguishable.
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receptors in a small array of ommatidia closely based on the eye of Musca domestica (see further below) and s
show that they can indeed produce depth estimates of images of objects in the range of 1.5-2cm. However, ss

this approach depends on comparing individual receptor outputs, which as noted above, does not seem 57
consistent with the known neural circuits, which pool receptor responses. 58
Distance tuning in near-field vision 50
We therefore consider the alternative possibility that the fly eye does not compute a general depth estimate, o
but instead exhibits a tuned response to a critical distance. To explore this idea, we adapt a model 61
previously proposed to account for stereoscopic disparity-based distance estimation in mantises [19]. This 6
model uses a disparity-tuned neuron that produces a maximal response for items of a specific size and 63

distance, corresponding to prey that would evoke an attack strike by the mantis. In an analogous monocular e
model for the fly eye, the disparity tuning should leverage the lightfield sampling to produce an enhanced 6

response at distances that are behaviorally relevant to the fly. 66
At long distances, angular offsets are negligible relative to the acceptance angle. At near distances, the 67
offsets become large enough that each photoreceptor samples a measurably different region of visual space. s

Under bright-light adaptation, when acceptance angles shrink [41|6L|20], these differences become even more e
pronounced. This results in a near range of 1-10 mm in which the overlap between photoreceptor receptive

fields varies systematically with distance, and as a consequence, the joint photoreceptor output carries n
information about how far a visual object is from the eye. 7

This range corresponds to relevant behaviors. Fruit flies perform gap-crossing at 2-5 mm using monocular 7
cues [21]. Courtship interactions also occur at 3-5mm [22]. More generally, flies often interact with and 74

manipulate objects with their forelegs [23], suggesting that determining if an object is ‘within reach’ might
be ecologically important. Moreover, the personal space of a fly may differ both between and within species. 7

For example, the gap crossing behaviour of flies is linked to their body size, with larger flies attempting 7
crossing of larger gaps [24]. Larger flies also have larger compound eyes with smaller interommatidial angles, s
shifting the convergence point further away; smaller flies show the opposite pattern [8]. 7

Here we explore the possibility that flies could sense depth in this near ‘personal space’ without binocular s
or motion parallax cues, but instead through the static geometry of neural superposition. We present a 81

conceptual computational model showing that the pooled lamina response of a neural superposition eye can, s
in principle, provide distance-dependent information by producing enhanced responses to simulated moving s

objects at particular distances. We also simulate different stimulus sizes to test whether size has a 8
comparable effect as in the stereoscopic prey capture model [19], but realistic stimulus sizes cover the whole
visual field of the pooled receptors. The model therefore responds to the edge of the stimulus, and 8
consequently the stimulus size effects observed in [19] are not expected to occur in our simulations. 87

We compare alternative models of lamina processing and also examine whether light-dependent 88
(photomechanical) photoreceptor movements, driven by phototransduction reactions [25-27], which 89
morphodynamically narrow and shift receptive fields [4}|6},27H30], interfere with or enhance this %
superposition-based depth information. Finally, we show that increasing or decreasing eye size shifts the o1
distance at which the enhanced response occurs, suggesting a simple geometric link between eye morphology o
and near-space visual tuning. 03
Materials and methods o
Model Overview o

We developed a computational model of a compound eye that combines the simplified fly optics as modeled
in |7] (which in the following we refer to as the ‘Bitsakos model’) with a disparity-tuned lamina cell model, in o

the following referred to as the ’Adapted lamina model’, based on the model from [19]. This model follows %
the scheme of the stereoscopic disparity model in |19], but for neural superposition instead of binocular 9
convergence. The distance estimation in [19] is based on a cell tuned to a critical binocular disparity, that is, 10
receiving binocular input from two receptive fields that converge and overlap in a specific region of visual 101
space. The adaptation we implemented uses the disparity between the receptive fields of individual 102
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photoreceptors projecting to one lamina neuron to model a depth-specific response. We include two
variations of the model, the *O’Keeffe model’, which conforms more closely to [19] and the ’Fu model’, which
is an adaptation from the lamina cell modeled in [31].

The optics from the Bitsakos model represent the region of visual space from which each receptor collects

light, including the overlap in receptive fields resulting from the specific optical axes and acceptance angles of
the receptors in neighbouring ommatidia.

Compound eye model

The Bitsakos model corresponds to 7] in the arrangement and response of photoreceptors and was
implemented in Python 3.11. The model consists of a hexagonal ommatidial lattice with seven

Fly optics (Bitsakos Model)

Geometrical set up Image Incident J(x,y,t) Eq.1
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- > "0000000
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Fig 2. The model of the fly optics (Bitsakos model, top) and a disparity-tuned lamina cell (Adapted lamina
model, bottom). The top left shows the geometrical set up of the simulated compound eye and stimulus on
the screen, showing converging receptive fields from seven ommatidia (color coded). The optical axis of each
ommatidia differs by the interommatidial angle Af, and each receptor in an ommatidia has a divergence
angle Af,, as in |7]. The top right shows the overlap of these receptive fields with a small dot in the center of
the screen at three distances (d=1.2, 3.2, 7.2mm), which determines the input intensity to each receptor as
calculated in equation [I} In the Adapted lamina model shown in the bottom, the responses of all
photoreceptors projecting to a laminar cartridge are combined (left). The response over time to a moving dot
for each receptor is the integral over its receptive field (column 2, equation [2)) and the response of all
receptors is summed compared to a threshold (0) and raised to a power (equation [3| column 3) providing the
cartridge input. This is then highpass filtered to model the response of a lamina cell (equation 4l column 4).
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photoreceptors per ommatidium (R;_7, see top left of Fig. , each characterized by an optical acceptance 2
angle and receptor-specific divergence. 113

We used a symmetrically arranged array of seven ommatidia (Top left of Fig. [2)). Each ommatidium had a 11
default diameter of 16 pum, consistent with model parameters for a house fly used in [7], and contained seven s
receptors with one receptor (R7) at the center and the receptors one to six arranged symmetrically around — us
the center (R1_g. Receptor divergence angles Af, were defined as in [7], relative to the ommatidial axis, 17
with interommatidial angle Af, of 1.88° and each receptor had an acceptance angle Af, of 1.9°. In this 118
arrangement the optical axis of the six photoreceptors R;_g from the peripheral ommatidia that project to 1
one lamina cartridge (see below) converge at approximately 3.2mm in front of the eye (illustrated on the top 120
left of Fig. ) 121

The spatial sensitivity of each receptor R; was modeled as a two-dimensional Gaussian kernel fg, with a 12
width determined by the acceptance angle. The light intensities J;(x,y, ) seen by a photoreceptor i were 123

computed as the convolution of this Gaussian Kernel with the presented stimulus S 124
Ji(@,y,t) = S(x,y,t) * fe for i € {1: 7} (1)

To normalise the total light input given the increasing size of the receptive field at increasing distances, the 1

input J;(x,y,t) is sampled at 100 points. Example images for the light inputs of the six pooled 126

photoreceptors are shown in Fig|2| top right. The integral over the receptive field (the sum over this sample) 17

gives the response of each receptor R; over time. 128

Ri(t) = //dzdyJi(x,y,t)w(x,y) forie {1:7} (2)

The response of the photoreceptors can be modulated by an additional spatial filter described by the 129
weight matrix w(z,y), for consistency with the model in [19]; but as explained below, we set these weights 13
equal to one to model the photoreceptor response. 131

We also simulated a smaller and a larger eye by decreasing the ommatidia diameter by 15% and increasing 1z
the interommatidial angle by 15% for a smaller eye and vice versa increasing/decreasing for a larger eye. As 13
the divergence angles are defined relative to the interommatidial angle in [7] and they need to be larger than 1.
the interommatidial angle for neural superposition to work, they were also increased by 15%. The acceptance 13
angle was left unchanged. This variation of the interommatidial angle and ommatidia diameter builds on 136
experimental results by [8] showing that eye size scales with fly body size (depending on feeding conditions 1
around 12-24%) and that the number and size of ommatidia decreases with eye size while the interommatial 13
angle increases, with the reverse being true for an increased eye size. In our model varying the ommatidial 13
diameter and interommatidial angle accordingly leads to a scaled eyeradius r (r =0,3 mm for a smaller eye, 10
r =0.5mm for a larger eye, default r=0,4mm) and scaled distance at which the optical axis of the 11
superimposed photoreceptors converge (approximately 2.3 mm for a smaller eye and 4.3 mm for a larger eye). 1

Disparity-tuned lamina cell models 143
In [19], a binocular cell combines inputs from the two eyes with overlapping receptive fields at a specific 144
disparity. The inputs are modeled as the result of several stages of visual processing preceding this 145
convergence. The retinal image is obtained by convolving the visual input with a Gaussian with the standard e
deviation of the ommatidia acceptance angle, to mimic the resolution of an apposition eye. This retinal 147
image is then highpass filtered to mimic phasic responses in the lamina. The input to the binocular cell is s
then calculated (for each eye) by convolving the image with a center—surround weighted receptive field 149
w(z,y), using an excitatory central region and an inhibitory surround, and summing over the receptive field. s

In our Adapted lamina model, we simplified this processing as we are modeling the convergence that 151
occurs already at the lamina in neural superposition compound eyes. As such, the ‘receptive field’ of each 152
photoreceptor in our model is not centre-surround but a constant weight across the Gaussian, and the 153
highpass filtering is assumed to occur after the input from the receptors has been combined in the lamina 154
cartridge. An example for the receptor outputs and filtered response is shown in Fig 155

Specifically, the instantaneous input C(¢) to the lamina neuron L is the sum over all photoreceptors 156

converging on a lamina cell (the peripheral photoreceptors of neighboring ommatidia R¢, see Fig|l)) minus 15

/29
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tonic inhibition b and with exponent v to control response selectivity.

o) =Y R -] 3)

i€Rc

For parameters b,y we used the same values as in [19]. The input is filtered with a first-order butterworth
filter (implemented using the scipys Ifilter function) with a lower cutoff frequency of [ = 4Hz and an upper
cutoff frequency of h = 60H z. The cutoff frequency was chosen to be significantly slower than the sampling
rate and we varied the cutoff frequencies of the butterworth filter to match the lamina response from [19].

L(t) = filter(C(¢), 1, h) (4)

To assess how modeling the lamina cell and cartridge affects the response to stimulus distance, we also
tested two variations to this model: The O’Keeffe model is more consistent to [19], i.e., with a
center-surround receptive field and temporal filtering introduced for individual photoreceptors before
summing in the lamina cartridge (See [Supporting information| for an illustration of the processing). The
parameters of the receptive field in this model are adjusted from [19] to have a larger excitatory region
(Width inner excitatory region = 30 samples, Width outer excitatory region = 60 samples). Otherwise
parameters are the same as in [19]. Secondly, we tested a different lamina cell model, the Fu model based
on [31], in which the temporal filtering for the lamina cell is done as follows, with the delay n, = 20:

Lt)=> Ri(t)— > Ri(t—1)+ > a;- L(t—1) (5)
7 % i=1
ai=(1+¢)7! ©)

We only model the first layer of the lamina cells from [31] to test how a different temporal filter affects the
disparity tuning. |31] modeled the visual processing of the fly up to the lobula plate, but disregard the optics
of neural superposition in their model of receptor inputs. For a final test of the sensitivity of the Adapted
lamina model to parameter changes in the pooling, we modeled the cartridge as a sum without inhibition,
thus simplifying Eq. [3| further to

C(t) = Z Ri(t) (7)

Photoreceptor movement

Our initial analysis uses static photoreceptors (which in the following we refer to as 'non-moving Rc’), but
motivated by the photoreceptor model of Drosophila melanogaster in [4] we also explored the effects of
light-induced photoreceptor movement (in the following refered to as 'moving Rc’). In response to light input
the photoreceptors have been observed to move inside the ommatidia on a path away from the lens,
narrowing the receptive field, and sideways, shifting the receptive field sideways. The photoreceptors in the
left eye move to the right, thereby shifting the receptive field to the left and vice versa in the right eye. The
receptive field motion thus follows the optic flow for a forward moving fly. In |4] this was modeled as a
spring-damper system with the activation act(t) driving the movement according to the sum over the
absorbed photons of the seven photoreceptors of one rhabdomere:

d*x  act(t)" —14D, 42

Tz Hoon +D.(Dg "% —1) — spring (8)

act(t)"

spring = ko + ke I
S

We use the the same equation for the movement and model the activation as the sum over the light
intensities J;—1.7(x,y,t) seen by the photoreceptors of one rhabdomere Rhb on one ommatidium.

D ierny Bi(t) x ay

act(t) =
ar
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Since the model in [4] had maximal photon flux of 9000 ph/ pm? and the modeled movement became
unstable for higher inputs, the activation in our implementation was normalized to lie below 350 with

aj = iemm Ji=t:7(x,y) for Ji—1.7(x,y) = fo (a stimulus intensity of one covering the entire receptive fields).

All other parameters are the same as in [4] (supp. Material, page 87). As our model is symmetrical with the
same acceptance angles for all receptors, this photoreceptor movement moves and narrows the receptive fields
by the same amount for all receptors, which corresponds to a shift along the x-axis on the screen by
approximately half the width of a receptive field.

Stimulus Generation

Visual stimuli were presented on a virtual screen located at variable distances (1.2-7.2mm) in front of the
eye. Thus any one stimulus was presented at one distance from the eye. The screen had a simulated pixel
size of 0.4um and was updated with a temporal resolution of 1 ms for all simulations. The tested stimulus

was a bright dot (Stimulus intensity = 1.0 on a screen intensity = 0.0) moving parallel to the compound eye.

We tested a dot of a size of 90% (0.9 va or 1.7°) and 390% (3.9 va or 7.4°) of the receptive field size, moving
at 50, 75 and 100°/s. The dot size was set in percentage of the receptive field size, so that for every distance
the image of the stimulus on the receptor would be the same. This was done to test whether the difference in
overlap could be used to disambiguate larger objects at a farther distance from near, smaller objects. In the
range of the simulated distances the larger dot size might be considered to correspond to realistic object
sizes, with a size of 1 mm at a distance of 10 mm. The smaller dot size was only a few pum in size and mainly
simulated to test the principle of a distance specific response in Lamina cells. We also varied the direction of
the stimulus (+1, i.e., front-to-back or —1, back-to-front) and the movement axis (horizontal (x) or vertical
(v), see top screen of Fig. [1] for an illustration of the stimulus movements). When included, the receptor
movement was modeled as a positive shift of the receptive field on the screen; the receptive fields thus moved
with the stimulus for a stimulus moving along the x-axis in direction +1 (back-to-front).

Distance Analysis

To measure the response of the modeled Lamina cell to a stimulus at a specific distance, we integrate the
rectified L(t) over the duration of the stimulus, as also done in [19)].

My, :/_ |L(t)]dt (11)

As another measure, we calculated the mean temporal derivative of the lamina response during the first
10ms (N = 10) following the first positive derivative of the response (in the following referred to as the onset
gradient Gopset). This measure represents how quickly a downstream neuron might reach the threshold to
fire an action potential and is defined as follows with ¢, as the first time point at which the temporal
derivative of the lamina response L(t) became positive.

N-1
1 AL(t)
Gonset - N kEZO At ) (12)

t=t+kAt

Results

We simulated a neural superposition eye using the Bitsakos model of the compound eye |7] and combined it
with a disparity-tuned lamina cell model derived from a stereoscopic prey capture model [19] to investigate
the distance dependence of neural superposition. The left panel of Fig 3| shows, in 2D, the optical geometry
for two photoreceptors (R3 and R6, see Fig. 2| for photoreceptor arrangement) that project to the same

neural cartridge, with their separation and optical axes as defined in the methods, but with the acceptance
angle Af, set to 0.4° to make the visualization of the region of overlap more salient. The area in which the
receptive fields of the two photoreceptors overlap is indicated by the distances dg,, (the furthest distance at
which overlap starts) and dpear (the nearest distance where overlap ends). The relationship between the
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acceptance angle and these two distances is shown in the second panel: for acceptance angles larger than
0.6°, dg,, is infinite, i.e. the receptive fields continue to overlap at all distances larger than dyes,. This holds
for the acceptance angle used in our model (third panel) but the degree of overlap still varies with distance,
and falls off sharply for smaller distances (right panel in Fig . Irrespective of the acceptance angle, the
receptive fields overlap perfectly at a distance of 3.2mm. This distance-dependent change in the receptive
field overlap should result in differences in the temporal alignment of the photoreceptor outputs for a moving
stimulus but also a difference in contrast of still images at different distances.

20 -, ; 120 7—4q.., 204 ;4] . 1004
\ o1l ! ] ARt 1o 3
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\ 1 ! | Y 1)l 2 80
—15 4 \ 1" ! |15 1154 Y\ it K]
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8 i e ]2
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dneart ; _ d @
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-0.1 0.0 0.1 0.25 0.50 -0.250.0 0.25 10 20
X-coordinate [mm] Acceptance angle [deg] X-coordinate [mm] Distance [mm]

Fig 3. How receptive field overlap varies with distance. For simplicity we show the geometrical relation for
two receptors from neighbouring ommatidia with overlapping receptive fields, illustrated in 2D. Left: The
optical axis (solid line) and the receptive field size for an acceptance angle A, = 0.4 for two receptors
positioned on the zero x-axis (R6: blue, R3: red). The maximal distance at which the receptive fields overlap
(dfar) and the minimal distance (dpeqr) of overlap are marked. Middle left: The distances d ., (dashed),
dpear (solid), are plotted against the acceptance angle Af,. Middle right: The geometrical set up for an
acceptance angle of Af, = 1.9 as used in the current model (as illustrated in leftmost panel). The receptive
fields always overlap for distances higher than 0.7 mm, therefore dy,, is infinite. Right: The overlap of the
receptive field of two receptors as a percentage of the whole visual field seen by the two receptors, plotted
against distance, for four acceptance angles.

Effect of stimulus distance on lamina response

To test whether neural superposition can in principle generate distance-dependent signals, we first examined
the Adapted lamina model’s response for non-moving photoreceptors and a stimulus smaller than the
receptive fields. Within a range of distances < 8mm we simulated a bright dot of size 0.9 visual angle
moving parallel to the photoreceptors, which would correspond to an object only a few ym in size. In Fig[4]
we visualise the response of all the receptors in one cartridge (left column) for stimuli at increasing distances
(rows). As the degree of receptive field overlap changes, the degree of blur of the stimulus changes, with the
sharpest edge at distance 3.2mm (Column 1, Row 3 in Fig . This is also visible in the timecourse of the
photoreceptor outputs: At distances greater or smaller than 3.2 mm, some receptor outputs (e.g. Ry and Ry,
with Ry plotted on top of Ry in Column 2 Fig ) already begin to decrease before all receptors (e.g. Ry and
R5) have reached their maximal activation, resulting in a broader summed receptor response and smaller
lamina input at stimulus onset. At the convergence distance, the receptor outputs peak simultaneously,
producing the strongest lamina input (3.2 mm, Row 3 in Column 4 Fig .

The change in response with distance is also visible when integrating over the rectified lamina response,
shown in Fig[5} The lamina cell response is maximal for 3.2 mm. We also calculated the gradient of the
Lamina response and took the mean of the gradient over the first 10 ms of a positive response. As in the
integrated Lamina response, the onset gradient (defined in Eq. [12)) is highest for the distance at which the
converging photoreceptors perfectly overlap (bottom row of Fig[5| While the stimulus direction had no effect
on the lamina response (Lines for the two stimulus directions in Fig. [5| are plotted on top of each other), the
peak of the integrated lamina response and gradient is slightly higher for a stimulus moving along the y-axis.
This is due to the orientation of the ommatidia, which are arranged symmetrically around the center
ommatidia, but therefore not symmetrically aligned with the cardinal directions of the stimulus movement
(see Fig . A smaller stimulus moving along the y-axis thus moves right through the center of the receptive
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fields, while a stimulus moving along the x-axis passes through slightly off center.

Testing larger stimuli and alternative lamina cell models

A more realistic stimulus size for objects seen by the fly (e.g. the head of another fly) is approximately 1mm,
which corresponds to 3.9va at 10 mm in the model. As shown in the first column in Fig[6] the edge of the
larger stimulus is blurred for distances smaller and larger than 3.2 mm, similar to the smaller stimulus.
However, unlike the smaller stimulus, the larger stimulus covers all receptive fields simultaneously for most of
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Fig 4. Depth-dependent responses in the model for a small moving stimulus. The model outputs for the
receptors of one neural cartridge for a circle moving across a screen at different distances (rows, set up
illustrated in the first column) to the eye. The stimulus moves along the positive x-axis, front-to-back with a
speed of 50°/s (stimulus size= 0.9 va). The second column shows the overlaid images of the six pooled
receptive fields as the stimulus enters. Due to the symmetric arrangement of the receptors and Ommatidia
(receptor positions in the eye shown on the top left), receptor outputs are plotted on top of each other with
only R2, R5 and R6 visible. The third column shows the receptor outputs over time, the fourth shows the
lamina input and the fifth column the lamina response for the Adapted lamina model. The temporal
dispersion of photoreceptor responses is smallest for 3.2mm, resulting in the highest lamina response at this
distance.
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Fig 5. The lamina response is maximal at a specific distance. The rectified response integrated across the
stimulus duration My, (top row, calculation illustrated on the right) and the onset gradient Gopses (bottom
row, calculation illustrated on the right) of the modeled lamina cell in the Adapted lamina model for different
screen distances. Both M, and Gopnset peak at the convergence distance (3.2mm). The stimulus is a small
circle (size: 0.9 va) moving at three speeds (50 — 100°/s, columns) along the four cardinal directions on the
screen (See illustration at the top: Color indicates the movement axis of the stimulus and linestyle the
stimulus direction). Due to the symmetric set-up the response is the same for both stimulus directions and
lines are plotted on top of each other.

its trajectory.

For the larger stimulus, the onset of the receptor responses remains distance dependent, with receptor
activation spread out over time for distances larger or smaller than 3.2mm (Column 2, Fig. @ However,
once the stimulus fully covers the receptive fields, all receptors reach maximal activation regardless of
distance. The summed receptor input therefore differs primarily during stimulus onset and offset, while the
central part of the response becomes nearly identical across distances. Consequently, distance-dependent
effects are weaker in measures based on the total lamina response and are expressed more strongly in
measures that quantify the initial response dynamics.

Lamina cell models All model variants hyperpolarized in response to a positive light increment, but
differed in the temporal profile of their responses (Fig. @ Of the three models, the Adapted lamina model
most closely resembles experimentally measured lamina cell responses [32]. The Fu model shows a slower
return from hyperpolarization, whereas the inhibitory surround in the O’Keeffe model produces a small
depolarization at stimulus onset. In addition, the squaring operation in the O’Keeffe model removes the
depolarization observed in lamina cells in response to light decrements.

These differences also affect how strongly distance-dependent changes are expressed. In our Adapted
model, receptor outputs are summed before temporal filtering, so the largely overlapping receptor responses
produce only small differences in the lamina response across distances (Column 3, Fig. @ The Fu model
behaves similarly, although its temporal filter amplifies small fluctuations in the summed receptor signal
more strongly. In contrast, the O’Keeffe model applies temporal filtering before summation. As a result,
receptor responses are dominated by stimulus onset and offset, making the summed receptor activity and
lamina response visibly dependent on stimulus distance (Column 4, Fig. @

To quantify these effects, we compared the integrated positive lamina response (Eq. and the onset
gradient (mean gradient over the first 10 ms of a positive lamina gradient; Eq. Mustrated on the right in
Fig.|5|). The O’Keeffe model showed a clear peak in the integrated response at the convergence distance of
3.2mm for all stimulus directions and sizes as well as a peak at the convergence distance for the onset
gradient.

In the Fu model, the integrated response peaks at 3.2 mm for the small stimulus but becomes nearly

12/23

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290


https://doi.org/10.64898/2026.07.28.741303

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.28.741303; this version posted August 1, 2026. The copyright holder has placed this

preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse,

remix, or adapt this material for any purpose without crediting the original authors.

Lightintensities Receptor outputs (R(t) Lamina model L(t) OKeeffe model Fu model
d=1.2 1e6
R3 7500 1.0 1500
R4.. °R2 2000
0.5
ReY 0 R 5000 - 1000 -|
6 0.0 0
2500 - 500
057 ’\ \ -2000 -
i 0 - 0 -4
T T T T
d=2.2 1e6
7500 1.0 1500 -
2000 -
5000 | 057 1000 4
0.0 0+
2500 - 500
0517 2000 -
0+ 0 +—
T T T T
d=3.2 1e6
7500 1.0 1500 -
2000 -
5000 0517 1000 -
0.0 0
2500 - 500
7051 -2000 -
0+ 0+ —
T T T T
d=4.2 1e6
7500 1.0 1500 -
2000 -
5000 057 1000 4
0.0 0+
2500 - 500
057 -2000 -
0+ 0 +—
T T T T
=52 1e6
&=5 7500 1.0 1500 -
2000 -
5000 057 1000 -
0.0 0+
2500 - 500
057 2000 |
0+ 0+ —
T T T T
- 1e6
462 7500 1.0 1500
2000 -
5000 - 0.57 1000 -
0.0 0+
2500 - 500
051 -2000 -
0+ 0+ —
T T T T
d=7.2 1e6
7500 1.0 1500 -
2000 -
5000 | 057 1000 4
0.0 0+
2500 - 500
=057 -2000 -
0 1 T T 0 T T T
0 200 0 200 0 200 0 200 Time [ms]

Fig 6. Alternative lamina models also show depth-dependence. The outputs of the three different models for
a dot (size=3.9va, overlaied image shown in first column) moving front-to-back at 50°/s along the x-axis of a
screen at different distances (distances vary with rows). The second column shows the non-moving Receptor
outputs projecting to one Cartridge for all distances, with receptor outputs plotted on top of each other and
only receptors R2, R5 und R6 visible due to the symmetric arrangement of the receptors. The third, fourth
and fifth column show the Lamina cell response as modeled with the Adapted lamina model, the O’Keeffe
model and the Fu model. The temporal dispersion at stimulus onset results in a maximal response for the
convergence distance in the O’Keeffe model, but only weak modulation of the lamina response peak in the
Adapted lamina model and the Fu model

distance-independent for the larger stimulus. The onset gradient, however, remains maximal at the
convergence distance (Middle row of Fig. @ The same pattern is observed in the Adapted lamina model,

13/123

291

292


https://doi.org/10.64898/2026.07.28.741303

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.28.741303; this version posted August 1, 2026. The copyright holder has placed this
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse,
remix, or adapt this material for any purpose without crediting the original authors.

where the onset gradient consistently peaks at 3.2 mm despite only small differences in the integrated 203
response (Bottom row of Fig. [7). The simplified Adapted lamina model that excluded the tonic inhibition in 20
Eq. B] showed the same behaviour as the Adapted lamina model, with a peak at the convergence distance for 2
the onset gradient for both stimulus sizes and no strong distance modulation for the integrated lamina 206
response for the large stimulus (See supplementary material, Fig 77?). 207

Overall, all models exhibited a distance-dependent effect in our onset gradient measure. The differences in 20
the integrated lamina response for model variations can be explained by the temporal filtering properties of 20
the respective models and by whether filtering occurs before or after summation of the photoreceptor signals. 300

O'Keeffe model

Int. lamina response Onset gradient
Stim. size 0.9va Stim. size 3.9va Stim. size 0.9va Stim. size 3.9va
20000 751 7 )
25000 O =+
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Fig 7. Distance response for model variants. The integrated lamina response M and mean of the lamina
gradient Gonses 18 plotted against the simulated screen distance for different lamina cell models (top row:
O’Keeffe model, middle row: Fu model, bottom row: Adapted lamina model). The stimulus speed is 50°/s
and stimulus movement axis and direction are indicated by linecolor and linestyle respectively, with the lines
for the stimulus direction plotted on top of each other. The long period of full overlap of receptor responses
for the larger stimulus (see column 2, Fig. @ overwhelms any distance dependence in the integrated laminar
response for the Fu model and Adapted lamina model. The onset gradient peaks at the convergence distance
for all sizes and model variations.
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Fig 8. Moving receptors change the laminar response. The outputs of the moving receptors for a dot
(size=3.9 va, speed=50°/sec) moving back-to-front (dashed line, first column) and front-to-back (solid line,
second column) along the x-axis on a screen simulated at different distances (Rows: Distances 1.2-7.2 mm).
The first and second column show the receptor outputs for the pooled receptors and receptor Rys (Gray) for
both stimulus directions and the third column show their positions over time. The forth and fifth column
show the lamina input and response as calculated in the Adapted lamina model in Eq. [4 and Eq.
respectively. The receptor movement results in a prolonged receptor output and lamina response for stimuli
moving with the receptive fields (front-to-back) and a shorter, steeper response for stimuli moving against
stimulus direction (back-to-front).

Effects of photoreceptor movement

The larger stimulus covers the whole receptive field of all photoreceptors of one rhabdomer as it passes the
center of the receptive fields. All receptors of one ommatidia will thus be activated roughly at the same time,
which leads to movement of the rhabdomer. We therefore compare the moving and non-moving
photoreceptors in our Adapted lamina model for the larger stimulus.

In our Adapted lamina model with the photoreceptor movement included, the receptor outputs also vary
with stimulus direction. For stimulus moving back-to-front and against the photoreceptor movement, the
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receptor and lamina response is shorter and has a steeper gradient in comparison to the stimuli moving with
the receptive fields (see Fig . This change of the receptor outputs is consistent with [4], who found a
prolonged response for stimuli moving front-to-back and thus with receptive field motion and optic flow and
a shorter and steeper response for stimuli moving against receptor motion. Additionally, we observe
double-peaked responses for stimuli moving with the receptive fields, which makes it difficult to extract a
single measure for distance tuning.

Nevertheless, the onset gradient for moving photoreceptors and a stimulus moving along the x-axis
remained maximal at distances between approximately 2 and 4 mm, with a direction- and speed-dependent
modulation (Fig. E[) For stimuli moving against receptor motion the onset gradient has significantly higher
peaks. Because receptor movement changes the profile of the lamina response, including the appearance of
double-peaked responses, the shifts of the peaks may reflect limitations of the metric rather than meaningful
shifts in preferred distance. Importantly, receptor movement did not abolish the distance-dependent effect.
For stimuli moving along the y-axis, where receptor movement should have little influence, the onset gradient
continued to peak at the same distance as in the non-moving receptor simulations (bottom row in Fig. E[)

Juusola Model:

Juusola, Song and Takalo have developed biophysically realistic, morphodynamic, multiscale models of
quantal sampling and processing in fly compound eyes, based on systematic information-theoretic analyses of
experimental data [4}/6}27,[28[33137]. Their latest models for Drosophila melanogaster photoreceptors [4] use
experimentally estimated receptor positions and divergence angles for each photoreceptor and are thus not
symmetric, but physiologically more accurate. This means that the receptive fields of pooled photoreceptors
never perfectly overlap. The model also includes the photoreceptor movement (as modeled in Eq. E[), the
mechanisms for photon absorbtion, a stochastic quantum bump model and the Hodgkin-Huxley membrane
model for the voltage response of the receptors. To test whether a more physiological realistic model may
also show a distance specific response for the pooled photoreceptors, we simulated a bright dot, smaller than
the receptive field size at four distances (1.25, 2.5, 5, 10mm) and moving along the cardinal directions. We
used the simulated receptor voltages of one neural cartridge as an input to our Adapted lamina model. As the
photoreceptor voltages are negative, the model parameters are adapted to that input as follows: The
threshold to in Eq. 4] is set to b = —380, v = 3. The temporal filtering is done with matlabs Butterworth
filter function filter. The photoreceptor voltages shown in the left column of Fig[10| are spread out over
roughly 80ms for all distances. While the temporal dispersion of different photoreceptors varies with distance,
there is no obvious systematic distance-dependent trend. However, the lamina response differs slightly but
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Fig 9. Moving receptors still produce distance-dependent lamina onset gradients. The onset gradient for
different stimulus speeds (50 — 100°/s, columns) for the Adapted lamina model with moving receptors,
plotted against the simulated screen distance. The onset gradient peaks at distances ranging from 2.2-4.2 mm
for moving Receptors and at 3.2 mm for non-moving Receptors. Stimulus movement axis and direction are
indicated by linecolor and linestyle respectively, with lines for the two stimulus directions plotted on top of
each other.
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visibly with distance (top right panel Fig , with the smallest peak for a distance of 1.25mm. Consistent
with these results, the integrated lamina response increases sharply between 1.25 and 2.5 mm but then
continues to increase gradually or level out for longer distances. The onset gradient predominantly varies
with the movement axis and direction of the stimulus, but also shows a distance dependent component with
a peak at 5mm for a stimulus moving up and thus against receptive field motion. Thus, although the
distance dependence is substantially weaker than in the symmetric model, a measurable modulation of the
lamina response with distance remains present in the physiologically more realistic simulation which includes
photoreceptor movement.

Receptive fields Receptor outputs Lamina response
Distance 1.25mm 107
—R1 E 1 — 1.25mm
—R2 S 55 —— 25mm
R3 ® 8 0 5mm
—R4 g 60 — 10mm
R 65 1
Re i 200 400 600
Time (ms)
Onset gradient
Distance 2.5mm 3
x 10
2
15 —
N o kg o= O
x 0.5
| 0 5 10
<-4 =]
Distance 5.0mm g
x10
8 N |
©@ 1
MRS
0 5 10

Int. Lamina response

%108
6f K

5.5

Distance 10mm
J 5
200 400 600 0 5 10

Time (ms) Distance (mm)

Fig 10. Physiologically excact photoreceptor model. The Lamina response for a physiologically exact

Photoreceptor model [4] for a small moving dot (speed=50°/s , size=3va) at different distances from the eye.

The Rhaddomere with the photoreceptors and receptive fields is illustrated on the left. The first column
shows the receptive fields on a screen at different distances (1.25-10.0 mm) and the second column the
respective photoreceptor voltages for the dot moving with the receptive field. The top right panel shows the
corresponding lamina response for all distances (color coded). The two middle panels on the right show the
onset gradient for all cardinal directions ( Top: Stimulus movement along x-axis, Bottom: Stimulus
movement along y-axis and the bottom right panel shows the integrated Lamina response. Stimulus
movement axis and direction are also indicated by linecolor and linestyle as in figure E[) The receptive field
overlaps and photoreceptor voltages show small variations with distance and the integrated lamina response
increases with distance. The onset gradient varies with distance, with a peak for a stimulus moving against
photoreceptor movement along the y-axis.

Variations of Eye Size

Finally, we tested how eye size influences distance tuning by simulating a smaller ( ommatidia diameter

d =0.013mm (—15%) ) and larger (ommatidia diameter d = 0.018 mm (+15%)) compound eyes, following
the morphological variation reported by Currea [8]. Since the photoreceptors were arranged symmetrically
around the center of the ommatidia, the optical axis of pooled photoreceptors all converged at one point,
(2.3mm for a smaller eye and 4.3 mm for a larger eye). As we were mainly interested in effect of the eyesize
and we solely simulated a stimulus moving along the y-axis at 75°/s. The onset gradient response peaked at
the distance at which the receptive fields perfectly overlap for each eye size Fig [T}
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Fig 11. Peak response distance changes with eye size. The onset gradient of the Adapted lamina model for
different simulated eyes sizes (color coded, Blue Op = 0.013 mm, Orange Op = 0.016 mm, Green
Op = 0.018 mm) plotted against the simulated screen distance. The changes in the geometry of the eye as
modeled by increasing the ommatidia diameter Op and decreasing interommatidial angle shift the
convergence distance, as illustrated on the right. The peaks of the onset gradient are shifted with the
simulated eye size. The stimulus is moving back-to-front along the y-axis of the screen.

Discussion

We developed a simple model that combined the geometry of the neural superposition compound eye in
Musca |7] with processing to detect when a visual object is a specific distance from the eye, based on a model
of mantis prey detection [19]. We found that a distance-specific response of the simulated lamina cell persists
across model variations and different stimuli parameters. Most notably, in our Adapted lamina model the
mean gradient at onset of the modeled lamina response (onset gradient) was maximal near the distance at
which the optical axes of the pooled photoreceptors converged. This distance scaled systematically with eye
size and corresponds to the distance at which flies interact with objects, courtship song is performed and
gaps are crossed (around 1.7z of body size) |22L23/[38].

Distance-dependent responses across lamina cell models

We implemented several variants of the lamina cell model that differed in how temporal filtering was applied
relative to the pooling of photoreceptor signals. Despite these differences, all models exhibited a
distance-dependent response component, indicating that the effect arises from the geometry of neural
superposition rather than from a specific implementation of lamina processing.

The strongest distance dependence was observed in the O’Keeffe model [19], in which the individual
photoreceptor signals are temporally filtered before being summed. Both the integrated lamina response and
the onset gradient therefore peaked at the convergence distance of the pooled photoreceptors. However, this
sequence is not physiologically realistic. In neural superposition eyes, photoreceptor signals from different
ommatidia first converge onto the same lamina cartridge, where synaptic transmission and network
processing then shape the pooled response. The pooling of photorecepts is not expected to be a simple linear
summation and responses in the lamina exhibit phasic nonlinear interactions and gain-control
mechanisms [39}/40,/40-42], that could enhance the distance-dependence of the lamina response in a similar
manner to the O’Keeffe model.

Consistent with this possibility, synaptic high-frequency jumping demonstrates that lamina processing
does not simply average photoreceptor inputs, but nonlinearly transforms them into fast, behaviourally
relevant temporal signals with exceptionally high information content [6]. Distance-related optical structure
may likewise be dynamically reshaped and amplified rather than averaged away.

Our Adapted lamina model and the Fu model |31] are closer to the dipteran visual circuity because
photoreceptor signals are first pooled and subsequently filtered. In both models, distance-dependent effects
were weaker in the integrated lamina response, but the onset gradient consistently peaked near the
convergence distance. This modulation of the gradient suggests not so much a stronger but a faster response
to objects at a certain distance.

Although the actual circuitry of the fly lamina is considerably more complex than the simplified models
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used here, the persistence of the effect across multiple model variants suggests that distance-dependent 388
modulation is a robust consequence of the underlying optical geometry itself. Taken together, these results  ss
indicate that neural superposition naturally generates distance-dependent temporal structure in the pooled 3%
photoreceptor signal, which could, in principle, be available to downstream visual circuits. 301

Photoreceptor movement 30

We also explored the effects of light-induced photoreceptor microsaccades [4[6L[27,128,/30], both in our Adapted 30
lamina model and in a more physiologically detailed model [4]. The receptor movements introduced strong s
direction-dependent modulation of the lamina response for stimuli moving parallel to the direction of 305
receptor displacement. Nevertheless, the distance-dependent component in the onset gradient remained 306
present, which suggests that the receptor motion does not break neural superposition. While the increase of 3o
the onset gradient with stimulus speed and for stimuli moving against the receptor movement is consistent s
with [4,6,/28], the observed shifts in preferred distance remain difficult to interpret as a biologically 309
meaningful interaction between receptor motion and receptive field overlap. Our chosen metrics may thus be 00
able to capture a distance-specific effect for moving receptors while being too limited for a complete analysis. 40

As the interaction between receptor microsaccades and neural superposition remains difficult to interpret o

within the present simplified framework, we also tested a more physiologically more realistic model that 403
simulated photoreceptor responses [4]. In addition to the miccrosaccades, the optical axes in this model 404
converge at slightly different distances around 3—4 mm, which means the receptive fields never perfectly 405
overlap. Given this, it is not surprising the distance-dependent effect is substantially weaker and mostly 406
appears between the smallest and farthest distance. That a small distance-dependent modulation of the 407
lamina response remained, suggests that neither photoreceptor motion nor a not perfect receptive-field 408
convergence completely eliminate the distance dependence of neural superposition. 409
Implications for fly behaviour 410
The observed distance-dependence in our model emerged directly from the geometry of the eye and an

consequently shifted with morphological variations. For smaller eyes with a smaller ommatidial diameter and a2
larger ommatidial angle [8], the optical axes of pooled photoreceptors converged at nearer distances, while a3
the convergence distance of larger eyes is farther away. The onset gradient of the lamina responses shifted s

accordingly with peaks at distances proportional to eye size. This scaling is interesting because eye size a15
varies naturally with body size in flies [§] and body size correlates distances relevant to fly behaviour, such as s
gap crossing [24]. a7

Gap crossing in flies occurs at distances of approximately 2-5 mm and relies primarily on monocular a1
visual cues [21}/38]. Courtship interactions also occur within a similar spatial range [22]. More generally, flies 41
frequently interact with nearby objects using their forelegs [23|, making near-field object localization 420
behaviourally important. Rather than explicitly encoding depth, neural superposition may therefore bias o
visual processing toward objects located within this ‘personal space’. In this interpretation, nearby objects
would evoke stronger or faster responses simply because their image geometry better matches the 423
convergence properties of the eye. Rather than explicitly computing object distance, the early visual system s
would be most sensitive to objects located within a characteristic near-field region determined by the 425
geometry of neural superposition. 426
Neural superposition as a biological light-field sensor w7
An alternative interpretation of these results is that neural superposition produces a distance-dependent 428
focus effect. In our symmetric model, the pooled image formed by photoreceptors projecting to a single 429
cartridge is sharpest at the convergence distance of the optical axes and becomes progressively blurred at 430
nearer or farther distances. Although perfect overlap disappears in more realistic eye geometries, the same
principle remains: there exists a range of distances for which the pooled image is most 'focussed’. 132

In principle, neural superposition therefore behaves similarly to a focus-tuned optical system, producing 43
maximal contrast and a faster response for objects located within a specific range of distances. A similar 434

19/123


https://doi.org/10.64898/2026.07.28.741303

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.28.741303; this version posted August 1, 2026. The copyright holder has placed this
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse,

remix, or adapt this material for any purpose without crediting the original authors.

principle to neural superposition has been applied to lightfield cameras in [10], where the information of
overlapping images from the lightfield camera was fused to obtain a high-resolution image. While in the fly
eye the information from individual receptors is lost in the neural superposition, distance-specific information
that is only available because of the lightfield sampling by the photoreceptors is preserved.

Limitations

Several limitations of the present study should be noted. The optical geometry in our main model was
simplified and based largely on symmetric receptor arrangements derived from |[7]. Real fly eyes exhibit
asymmetries in receptor divergence angles and acceptance angles, as demonstrated by the more
physiologically realistic models [41[6]. Likewise, the lamina circuitry was represented only by simplified
temporal filtering rather than detailed cellular models. Our simulations also used highly controlled stimuli
rather than naturalistic visual scenes. Finally, although we demonstrate that distance-dependent response
structure emerges naturally from neural superposition, we do not identify downstream circuits capable of
decoding or exploiting this information behaviourally.

Conclusion

Despite these limitations, the present work suggests a reinterpretation of neural superposition. Rather than
simply increasing sensitivity by pooling redundant inputs, neural superposition may precisely preserve the
small directional differences required to selectively enhance responses to nearby objects. In this sense, the fly
eye may function analogously to a low-resolution biological light-field sensor, in which anatomy and early
pooling circuitry together generate distance-dependent temporal structure in visual responses. Such a
mechanism would provide a simple and computationally inexpensive way of emphasizing objects within a
behaviorally relevant near-field space.
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O'Keeffe Model for neural superposition

Image incident Highpass filtered Image  Convolution with weights
Jikx,y,t) in Eq. 1 (filter from Eq. 4) w(x,y) from Eq. 2
R3| Receptor Output R(t) Lamina response L(t)
(sum over filtered Image) (squared, from Eq. 3)
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Fig 12. Tllustration of the O’Keeffe model for neural superposition. The light intensities are highpass

filtered as described in equation [d shown in the second column, convolved with an
excitatory-center-inhibitory-surround field (column three) and summed (equation [2| for J;(z,y,t) being the
filtered images, shown in column four). The instantaneous response, called vg,;, in O’Keeffe and R(t) here is
modulated with a tonic inhibition and raised to a power (column five, equation (3| ).
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Fig 13. Distance response for the simplified Adapted lamina model. The integrated lamina response (1st
column) and onset gradient (2nd column) plotted against the simulated screen distance for the Adapted
lamina model with Eq [3]simplified to C(t) = Y_, R;(t) (summed receptor response). Stimulus movement axis
and direction are indicated by linecolor and linestyle respectively (lines for stimulus direction plotted on top
of each other) and stimulus size varies with rows. The modulation of both the onset gradient and the
integrated lamina response by the stimulus distance match the modulation of the Adapted lamina model,
with the onset gradient peaking at the convergence distance.

23123}


https://doi.org/10.64898/2026.07.28.741303

