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With a great variety of shapes and sizes, compound eye morphologies give insight into visual ecology, 9 

development, and evolution, and inspire novel engineering. In contrast to our own camera-type eyes, 10 

compound eyes reveal their resolution, sensitivity, and field of view externally, provided they have 11 

spherical curvature and orthogonal ommatidia. Non-spherical compound eyes with skewed ommatidia 12 

require measuring internal structures, such as with MicroCT (µCT). Thus far, there is no efficient tool 13 

to characterize compound eye optics, from either 2D or 3D data, automatically. Here we present two 14 

open-source programs: (1) the ommatidia detecting algorithm (ODA), which measures ommatidia 15 

count and diameter in 2D images, and (2) a µCT pipeline (ODA-3D), which calculates anatomical 16 

acuity, sensitivity, and field of view across the eye by applying the ODA to 3D data. We validate these 17 

algorithms on images, images of replicas, and µCT eye scans from ants, fruit flies, moths, and a bee.  18 
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Arthropods, with about 1.3 million described species, represent roughly 80% of all known animal 19 

species (Zhang 2013). They range vastly in size, with body lengths from the 85 µm ectoparasitic 20 

crustacean Tantulacus dieteri (Mohrbeck, Arbizu, and Glatzel 2010) to the over 50 cm green rock 21 

lobster, Sagmariasus verreauxi (Holthuis 1991; Kensler 1967), and lifestyle, with activity in nearly 22 

every ecological niche. Likewise, arthropods wield an array of eye architectures, most commonly 23 

compound eyes (Cronin et al. 2014; Land and Nilsson 2012a). The arthropod compound eye has been a 24 

model for understanding cellular fate and neural development (Callier and Nijhout 2013; Perry et al. 25 

2016; Ready, Hanson, and Benzer 1976) and comparing eyes across species can reveal underlying 26 

selective pressures driving eye evolution (Casares and McGregor 2020; Currea, Smith, and Theobald 27 

2018; Friedrich 2003; Gaspar et al. 2019; Harzsch and Hafner 2006). It has further sparked 28 

improvements in artificial eyes and computer vision, and innovations including anti-reflective coatings  29 

that imitate the graded refractive indices of some insect eyes, and three-dimensional eye ultrastructure 30 

designs that enhance solar panel light absorption (Yang et al. 2013; Yano, Sugawara, and Taniguchi 31 

2020; Zheng et al. 2019).  32 

Eye morphology is fundamental to how animals see because it sets physical limitations on the capacity 33 

to form images (Land and Nilsson 2012a). Depending on light intensity, spectral characteristics, and 34 

image motion, some optimal eye architecture will maximize the ability to gather image information 35 

(Land 1997; Snyder, Laughlin, and Stavenga 1977; Snyder, Stavenga, and Laughlin 1977). Because of 36 

the critical role of eye morphology in understanding visual ecology, development, and evolution, we 37 

offer a program to accurately and automatically characterize compound eye optics.  38 

In contrast to the camera-type eyes we possess, compound eyes are made up of multiple, repeated 39 

optical elements that are externally visible. These ommatidia individually direct light onto 40 

photoreceptors. Contrary to popular belief, they generally do not produce a myriad of tiny images on 41 

the retina, but average into the functional pixels of the transduced image. The number of ommatidia 42 

therefore determines the total number of images an eye can form, or its spatial information capacity. 43 

Ommatidia can be counted in micrographs, ranging from about 20 in the fairyfly Kikiki huna (body 44 

length=158 µm; Huber and Beardsley 2000; Huber and Noyes 2013) to over 30,000 in large 45 

dragonflies (Cronin et al. 2014). Compound eyes further divide into two structural groups: apposition 46 

eyes, in which pigment cells between ommatidia restrict incoming light to a single rhabdom, such that 47 

lens size limits optical sensitivity (Figure 1A), and superposition eyes, in which light travels through a 48 

clear zone that allows many facets to contribute to each point (Figure 1B), thereby multiplying the final 49 

sensitivity. 50 
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Previous studies have relied on painstaking manual counts and estimates to describe compound eye 51 

structure. Fortunately, ommatidia count and diameter estimation from 2D and 3D eye images can be 52 

automated. Although several algorithms and software plugins have been proposed, they currently 53 

require user input for each image, and frequently underestimate ommatidia counts (Woodman, Todd, 54 

and Staveley 2011), overestimate ommatidial diameter (Schramm et al. 2015), or were not validated 55 

against manual measurements or measurements in the literature (Diez-Hermano et al. 2015; Iyer et al. 56 

2016; Vanhoutte, Michielsen, and Stavenga 2003). They do work in limited cases with a few hundred 57 

clearly separated ommatidia, but have not been tested on multiple species, over a substantial range of 58 

eye sizes, or with different media. Since the pre-print of this manuscript, a method has been proposed 59 

for processing CT data but it relies on access to proprietary MATLAB software (Tichit et al. 2022).  60 

Here, we offer two open-source programs written in Python to characterize compound eyes: (1) the 61 

ommatidia detecting algorithm (ODA), which identifies individual facets, (the outward visible portion 62 

of the ommatidia), in 2D images, and (2) a multi-stage µCT pipeline (ODA-3D) which applies the 63 

ODA to segment ommatidia components and characterize the visual field. We test the reliability and 64 

validity of this technique on single images of 6 eye molds of 5 different ant species ranging in size, 65 

light micrographs of 29 fruit flies (Drosophila melanogaster), scanning electron micrographs (SEMs) 66 

of fruit flies (D. melanogaster and D. mauritania) and processed images of MicroCT (µCT) scans of 67 

one fruit fly (D. mauritania), 2 moths (Manduca sexta and Deilephila elpenor) and one bee (Apis 68 

mellifera). 69 

For spherical eyes, the lens diameter measurements provided by the ODA can be divided by 70 

measurements of eye radius (using the luminous pseudopupil technique, for instance) to measure the 71 

angular separation of ommatidia, called the interommatidial (IO) angle (Figure 1 Δφ). The inverse of 72 

this angle limits spatial acuity (Land 1997; Snyder, Laughlin, et al. 1977; Snyder, Stavenga, et al. 73 

1977). High spatial acuity affords many behaviors, such as prey, predator, and mate detection, and 74 

perceiving small changes in self-motion (Land 1997; Land and Nilsson 2012a). For spherical eyes, the 75 

IO angle is approximately: Δφ= D/R, where D is the ommatidial lens diameter and R is the radius of 76 

curvature, assuming the axes of all ommatidia converge to a central point. Fortunately, many 77 

compound eyes closely approximate the spherical model. Smaller compound eyes are often spherical 78 

and homogenous because photon noise and diffraction constrain the range of viable IO angles and 79 

ommatidial sizes (Snyder, Stavenga, et al. 1977). Likewise, superposition eyes are often roughly 80 

spherical because they must optically combine light from many ommatidia, which constrains their 81 

heterogeneity (Figure 1B; Land and Nilsson 2012a; Warrant, Bartsch, and Günther 1999). 82 
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Eyes with the longitudinal axes of ommatidia askew to the eye surface are not well approximated by a 83 

spherical model. Skewed ommatidia can improve acuity at the expense of field of view (FOV) by 84 

pointing more ommatidia onto a small visual field (Figure 1C), or increase FOV at the expense of 85 

acuity by spreading a few ommatidia over a large visual field (Figure 1D), but in both cases sacrifice 86 

sensitivity by reducing the effective aperture as a function of the skewness angle and refraction 87 

(Stavenga 1979). For more information on the optical consequences of ommatidial skewness, see 88 

Stavenga (1979:371–77). MicroCT (µCT) allows calculating visual parameters for non-spherical 89 

compound eyes, measuring anatomical IO angles at very high spatial resolution, and segmenting 90 

different tissues, such as visual neuropils, within the same dataset. It is a quickly growing technique for 91 

comparative morphology (Baird and Taylor 2017; Buser et al. 2020), used on arthropods to study 92 

muscles (Walker et al. 2014), brains (Smith et al. 2016), ocelli (Taylor et al. 2016), and eyes (Brodrick 93 

et al. 2020; Gaspar et al. 2019; Taylor et al. 2018, 2020). Our second proposed method, ODA-3D, 94 

segments individual corneal lenses or crystalline cones from a µCT image stack (using the ODA) to 95 

measure the size, orientation, and spatial distribution of ommatidia. We validate it on µCT scans of 96 

spherical fruit fly eyes, bees, and nonspherical honeybee eyes, and further demonstrate how ODA-3D 97 

can detect oval eye features, measure regional changes in skewness, spatial acuity, and sensitivity, and 98 

project onto world-referenced coordinates to accurately measure FOV.  99 

Because there are so many arthropod species and compound eye morphologies, it is challenging but 100 

valuable to characterize them in a meaningful, fast manner. Here we demonstrate the operational range 101 

of two programs to automate this task as a function of image resolution and contrast and benchmark its 102 

performance against estimates of the time needed to take comparable measurements by hand. Overall, 103 

our proposed methods minimize the substantial labor that is typically required in characterizing optical 104 

performance in compound eyes and therefore facilitate understanding their role in vision. 105 

Methods 106 

Specimens and eye imaging 107 

Micrographs of glue eye molds or replicas were taken previously on 5 ant specimens from four ant 108 

species: two Notoncus ectatommoides of the Formicinae subfamily (from Palavalli-Nettimi and 109 

Narendra, 2018), a jumper ant (Myrmecia nigrocincta) and a bull ant (M. tarsata) of the Myrmeciinae 110 

subfamily, and Rhytidoponera inornata of the Ectatomminae subfamily (from Palavalli-Nettimi et al., 111 

2019). Micrographs of 29 fruit fly eyes (D. melanogaster) were also drawn from Currea et al. (2018) 112 
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and SEMs of two fruit fly species (D. melanogaster and D. mauritiana) collected by Maike 113 

Kittelmann. For the SEMs, fly heads were removed from the body and placed into Bouin’s solution 114 

(Sigma Aldrich) overnight at room temperature. Heads were then dehydrated in an ethanol series of 115 

50%, 70% and 3x 100%. Heads were then critical point dried, mounted onto sticky carbon tabs on 116 

12mm SEM stubs, sputter coated with 15 nm gold and imaged at 5kV in a Hitachi S-3400N with 117 

secondary electrons. 118 

We obtained micro-computed tomographs (µCTs) of a fruit fly (D. mauritania), tobacco hornworm 119 

(Manduca sexta), elephant hawkmoth (Deilephila elpenor), and honeybee (Apis mellifera). The fruit fly 120 

µCT was collected by Maike Kittelman and used with her permission. The head was fixed and 121 

dehydrated among other heads in the same way as SEM samples. Once in 100% ethanol, they were 122 

stained with 1% Iodine in ethanol before scanning at the TOMCAT beamline of the Swiss Light Source 123 

(Paul Scherrer Institute, Switzerland). For more information on the scanning procedure, see Torres-124 

Oliva et al. (2021). Vouchered moth specimens from the Florida Natural History Museum were stored 125 

at -20°C in 95% ethanol, then heads were sliced, with antennae removed, and soaked in staining 126 

solution (I2+KI, equal proportions 1.25% I2 and 2.5% KI solutions) in Eppendorf vials or falcon tubes 127 

for 36–48 hours. M. sexta was scanned with a Phoenix V|Tome|X M system with: a 180kv x-ray tube, a 128 

diamond-tungsten target, 80 kV tube voltage, 110 µA current,  17.8 mm source object distance, 793 129 

mm object-detector distance, and capture time adjusted to maximize absorption range for each scan. 130 

The acquisition consisted of 2300 projections, 8 s each. GE’s datos|x r software version 2.3 processed 131 

raw x-ray data, producing voxel size of 4.50074 μm. Volume files were imported into VG StudioMax 132 

version 3.3.3 (Volume Graphics, Heidelberg, Germany), eyes isolated with the segmentation tools, then 133 

exported as Tiff stacks. D. elpenor was scanned with a Zeiss Xradia 520 Versa (Carl Zeiss Microscopy 134 

GmbH, Jena, Germany), with: 80 kV tube voltage, 88 µA current, low energy filtering, 22.5 mm source 135 

object distance, 210 mm object-detector distance, an indirect detector comprising a scintillator, a 136 

0.392x optical lens, and a camera provided to us by Deborah Glass. The acquisition consisted of 3201 137 

projections, 8 s each, with the adaptive motion correction option in Scout-and-Scan software (Carl 138 

Zeiss Microscopy GmbH). The tomographic reconstruction automatically generated a 32-bit txrm set of 139 

tomograms with an isotropic voxel size of 3.3250 µm. The XRM controller software (Carl Zeiss 140 

Microscopy GmbH) converted data to a stack of 16-bit tiff file. A previously scanned honeybee eye 141 

(Taylor et al. 2018; Tichit et al. 2022) was downloaded from Morphosource at: 142 

https://www.morphosource.org/concern/parent/000396179/media/000396182. Voxel size: 5.0 µm. This 143 
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sample was scanned with a synchrotron x-ray source, (Baird and Taylor 2017; see Taylor et al., 2018 144 

for the details).  145 

Data Validation and Manual counts  146 

For the microscope images, ommatidial counts and diameters were measured manually by the 147 

researchers providing the datasets (Ravi Palavalli-Nettimi measured the ant eye replicas, Maike 148 

Kittelman the SEMs, and John P. Currea the D. melanogaster micrographs). Image processing software 149 

like ImageJ allowed us to manually annotate each ommatidium and estimate their diameter as the 150 

average of several diameters taken across the eye. Our approach was different for the various CT 151 

datasets. For the D. mauritania and A. mellifera datasets, we compared our results to previous 152 

measurements taken on the same scan. Note that for D. mauritania this was a direct count but was a 153 

density-based estimate for A. mellifera. Density-based estimates approximate the ommatidial density 154 

across the surface of the eye by taking local measurements and averaging across the whole eye surface. 155 

Our other CT stacks, D. elpenor and M. sexta, are new and don’t have previous measurements in the 156 

literature, so we compared our results to density-based estimates of other conspecifics. 157 

Ommatidia Detecting Algorithm 158 

The fourier transform is a mathematical transformation that decomposes arbitrary functions into 159 

component sinusoids, which can highlight periodic or repeating patterns in a signal. For digital images, 160 

the sinusoidal elements of a 2D Fast Fourier Transform (FFT) are plane waves (gratings), characterized 161 

by contrast, frequency, phase, and orientation. Operations applied to the frequency representation 162 

(reciprocal space) can be inverse-transformed to generate a filtered image. The hexagonal arrangement 163 

of typical ommatidia has 3 major axes (Figure 2 B), each approximated by a grating, and filtering 164 

frequencies higher than these generates a smooth image, with maxima near ommatidia centers. The 165 

inverse of these frequencies, approximating the ommatidial diameter, also provides useful bounds for 166 

easily applying local maxima detection algorithms to the smoothed image. In particular, our program 167 

searches for maxima within 25% of the FFT-derived ommatidial diameter, which we found to be robust 168 

even for less regular ommatidial lattices. 169 

We developed a Python language module, the ommatidia detecting algorithm (ODA), which: (1) 170 

generates a 2D FFT, (2) finds the three fundamental gratings as the local maxima closest to the 171 

reciprocal image center, using autocorrelation to amplify periodic elements, (3) filters higher image 172 
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frequencies, (4) inverts the filtered  2D FFT, and (5) finds local maxima in the smoothed image (Figure 173 

2 B). There are several options when running this that are described in depth in the documentation. 174 

Importantly, the ODA can check for just the first 2 instead of the 3 fundamental frequencies, in 175 

principle allowing the program to work on ommatidia arranged in a square lattice such as that found in 176 

the reflecting superposition eyes of decapod crustaceans (Land and Nilsson 2012b). This option also 177 

helps for noisy images where the highest fundamental frequency is sometimes mistaken as a harmonic 178 

of one of the other two. For instance, although we used the default settings for all other results, we used 179 

this option on the dataset of 29 D. melanogaster micrographs, resulting in much more accurate results 180 

than those found without selecting this option. Also, users can check the results in the reciprocal image 181 

with maxima superimposed using a graphical user interface we developed (Supplemental Figure 1 A). 182 

The program stores ommatidia coordinates and calculates ommatidial diameter. An optional imported 183 

mask (a white silhouette on a black background) can help avoid false positives outside of the eye. 184 

Measuring Ommatidia using µCT 185 

We have further used the ODA to process 3D µCT data. This pipeline: (1) imports a stack of images 186 

representing a 3D dataset of points in the crystalline cones (Figure 3 A) or corneal lenses. Images can 187 

be edited to delete irrelevant pixels, and our program can pre-filter data by choosing a density range in 188 

a graphical interface, to further isolate crystalline cones, and can preview the whole dataset (Figure 4 189 

A). Supplemental Figure 1 A shows a frame of the user interface offered by our program. 190 

(2) projects coordinates onto 2D images processed by the ODA (Figure 3 B). The layer of crystalline 191 

cones curves with little variation normal to its surface, allowing a sphere fit with least squares 192 

regression. The algorithm transforms points to spherical coordinates and interpolates a continuous 193 

surface, modeling the points’ radii as a function of elevation and azimuth. Finally, it selects the cross-194 

sectional surface containing 50% of residuals (Figure 4 B). Supplemental Figure 1 B shows the residual 195 

distance of each point from this surface, which is optionally displayed at the end of this stage of the 196 

program. This allows you to check that the surface fit is not biased to any particular region of the eye. 197 

(3) forms images of this cross-sectional sheet by taking 2D histograms of elevation and azimuth (as in 198 

Figure 3 C but ignoring residual distance) in 90°X90° segments. Processing the surface in smaller 199 

segments and recentering before forming each image avoids extreme spherical warping and improves 200 

the accuracy of the algorithm. The ODA approximates lens centers within each segment, then 201 

recombines them into the original coordinate system. Finally, each point is labeled by its nearest center, 202 
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effectively segmenting points into clusters corresponding to separate ommatidia (Figure 4 C). Although 203 

this works well for spherical eyes, when ommatidia are substantially skewed the overlap of projected 204 

clusters prevents the algorithm from segmenting correctly, often splitting up proper clusters among 205 

their neighbors. Optionally, our program can identify these problematic clusters and attempt to correct 206 

them using a custom clustering algorithm. Problematic clusters are identified as those with a large 207 

proportion (≥10%) of elements whose nearest neighbors were elements of a different cluster. For each 208 

problematic cluster, the algorithm finds the immediate neighborhood of 6 clusters and applies a 209 

nonlinear minimization algorithm (Scipy’s differential evolution) to minimize both 1) the mean 210 

projected distance between each point and its cluster center and 2) the aspect ratio of the cluster’s 211 

longest side to its shortest in 3D. Because the clusters are approximately parallel on a small scale and 212 

elongated along the ommatidial axis, this process often converges on the plane orientation orthogonal 213 

to the clusters’ longitudinal axes. The program only incorporates these cluster corrections if they result 214 

in substantially less problematic elements (<5%). This dramatically improves cluster segmentation for 215 

non-spherical eyes like the honeybee scan and adds a trivial amount of time to the program’s total 216 

duration. Optionally, our program also allows the user to manually edit cluster centers (Supplemental 217 

Figure 1 C–D) and then displays the outcome of this segmentation (Supplemental Figure 1 E.) 218 

(4) approximates the ommatidia count and lens diameters with clusters. The distance between adjacent 219 

centroids approximates lens diameter. The ideal ommatidial axis is derived from planes formed by 220 

triplets of centers near the cluster, and we approximate the surface normal by averaging the normal 221 

vector for each plane. Singular value decomposition finds the semi-axes of the ellipsoid of a cluster and 222 

our program selects the one closest to the ideal axis to estimate the anatomical ommatidial axis. The 223 

angular difference between ideal and anatomical axes estimates anatomical skewness. 224 

Anatomical axes of neighboring ommatidia should yield reliable IO angles, but the raw axes are highly 225 

variable. While greater resolution, or using other structures to extend approximations closer to the 226 

intersection, could improve accuracy, our program reduces variability by replacing each anatomical 227 

axis with the average axis of a local neighborhood of clusters (akin to the rosette averaging procedure 228 

used in Wardill et al., 2017). The program allows the user to determine the radius of this neighborhood 229 

in terms of ommatidial diameter: a radius of 1 specifies immediate neighbors within one diameter, 2 230 

specifies immediate neighbors and immediate neighbors of those, and so on. Here we used a radius of 231 

5. In general, this has the effect of reducing local variability in IO angles while maintaining global 232 

patterns. However, it also skews axes close to the boundary of the eye towards the center due to the 233 

asymmetrical participation of neighboring points, thus reducing FOV estimates. As a compromise, in 234 
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addition to allowing the user to determine the neighborhood radius, our program uses the 235 

neighborhood-averaged angles for IO angle measurements but the raw axes for measuring the projected 236 

FOV.  237 

To calculate anatomical IO angles, our program partitions coordinates into evenly spaced vertical and 238 

horizontal sections (Figure 4 D), in which we projected clusters onto a parallel plane. For instance, for 239 

vertical sections, all clusters within a range of x values are considered and the 2D clusters formed by y 240 

and z values determine the vertical angle component. Angles are then calculated along the 2D plane 241 

using the locally averaged axes described above. This repeats independently for each vertical and 242 

horizontal section. The process approximates a horizontal and vertical subtended angle for each cluster 243 

pair and calculates the total angle as their hypotenuse. We call this hypotenuse the anatomical IO angle. 244 

This method allows independent approximations for horizontal and vertical IO angles across the eye, 245 

and by keeping track of cluster pair orientation along the eye surface, we can calculate horizontal and 246 

vertical IO angles using the two-dimensional lattice proposed by Stavenga (1979; illustrated in Figure 247 

6C). 248 

Finally, the program generates two spreadsheets: (1) for each crystalline cone cluster, the Cartesian and 249 

spherical coordinates of the centroid, the number and location of the points within its cluster, the 250 

approximate lens diameter, and the ideal and anatomical axis direction vectors are saved per row; and 251 

(2) for each pair of adjacent crystalline cones, the cones’ indexes from spreadsheet 1, the center 252 

coordinates for the two cones, the resulting orientation in polar coordinates, and the anatomical IO 253 

angle between the two are saved per row. These allow approximations of how spatial acuity, optical 254 

sensitivity, and the eye parameter (Snyder 1979) vary across the eye (Taylor et al. 2018). The full code 255 

for measuring ommatidia with µCT is available at GitHub where you can download the Python 256 

package and basic examples on how to use it (see Data Availability section).  257 

ODA testing  258 

To validate performance and speed of the ODA software, we applied the ODA to each image after 259 

programmatically lowering image resolution (by bin-averaging the images into larger and larger bins) 260 

and contrast in order to determine the performance constraints of the ODA (by reducing the 8-bit range 261 

of brightness values to narrower and narrower distributions). We recorded the output ommatidial count 262 

and diameter for each image and deterioration level and compared them to manual estimates of the 263 

same. Using manual measurements of ommatidial diameter, we converted the image resolution into 264 

units of pixels per diameter. Runtime was measured using the cProfile module in Python and the 265 
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degradation experiments were run on a Microsoft Surface Pro laptop with an 11th Gen Intel(R) 266 

Core(TM) i7-1185G7 @ 3.00GHz processor and 15.8 GB of usable RAM. 267 

Statistics and Reproducibility 268 

For the most part, we report descriptive statistics to show the accuracy of our program. As in Table 1, 269 

variables that follow a generally symmetrical distribution are reported as a mean ± the standard 270 

deviation and those with skewed distributions, like IO angle, are reported as the median (interquartile 271 

range). When reporting correlations, such as between manual and automatic measurements, we report 272 

the Pearson correlation and the corresponding p-value of a two-tailed F-test.  273 

Results 274 

Microscope Images 275 

We tested the ODA on 4 sets of images: 1) light micrographs of the flattened eye molds of five ants of 276 

4 different species (Figure 5A), 2) light micrograph focus stacks of 5 D. melanogaster specimens, 3) 277 

SEMs of 5 different D. melanogaster specimens, and 4) SEMs of 5 D. mauritiana specimens. To assess 278 

the performance limitations of the ODA, we applied it to each image after programmatic degradation of 279 

image resolution and contrast (see methods for more detail). We report the runtime, output number, and 280 

diameter of ommatidia for each image and degradation level to compare with manual measurements.  281 

Images at full resolution and contrast produced the most accurate automated measurements of 282 

ommatidial count (automated/manual = 94 ± 13%; mean ± standard deviation) and diameter (86 ± 7%). 283 

Among media types, the ant eye replicas were closest to manual measurements (count: 99 ± 3%; 284 

diameter: 93 ± 3%), followed by the D. melanogaster micrographs (c: 105 ± 12%; d: 82 ± 9%), the D. 285 

mauritiana SEMs (c: 88 ± 2%; d: 82 ± 5%), and the D. melanogaster SEMs (c: 81 ± 6%; d: 86 ± 4%). 286 

The ant eye replicas likely performed best because they physically unwrap the eye surface, reducing 287 

the distortion due to the eye curvature, and have a sharp, high contrast spot at the center of each 288 

ommatidium unlike the smooth, low contrast SEMs.  289 

Reducing spatial resolution had a predictable effect on ODA output (Figure 5B, left column). At 290 

degraded resolutions, measurements of ommatidia count and diameter did not change substantially as 291 

long as the pixel resolution was sufficiently above the Nyquist limit set by the ommatidial diameter. 292 

Based on the Nyquist criterion (Shannon 1948), the image must have at least two pixels for every 293 

ommatidial diameter to properly resolve the ommatidial lattice. To characterize this threshold 294 
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resolution, we measured the lowest image resolution resulting in a measurement greater than 50% of 295 

the maximum relative ommatidial count and less than 50% of the maximum relative lens diameter per 296 

subject. Across all media, the threshold resolution for ommatidial count was 4.2 ± 1.9 pixels per 297 

diameter (px/D) and for lens diameter was 4.5 ± 2.3 px/D, close to the theoretical Nyquist limit of 2 298 

px/D. The D. melanogaster SEMs performed better than the other media (2.9 ± 0.1 px/D), followed 299 

closely by the ant eye replicas (3.2 ± 1.0 px/D). In terms of lens diameter, the ant eye replicas 300 

performed just above the theoretical limit (2.1 ± 0.7 px/D). The runtime also followed a predictable 301 

trend where higher resolutions resulted in longer runtimes. However, not even the highest resolutions 302 

took longer than 8 seconds, which is a substantial improvement over the time needed to count the 303 

ommatidia by hand (which is on the order of an hour depending on the number of ommatidia). 304 

At lower contrasts, measurements of ommatidia count and diameter changed substantially for the 305 

SEMs and 2 of the ant eye replicas at the lower contrasts (Figure 5B, right column). We characterized 306 

the threshold contrasts in the same way as the threshold resolutions above. Across all media, the 307 

threshold contrast for ommatidial count was 0.01 ± 0.01 root mean square (RMS) and for lens diameter 308 

was 0.01 ± 0.003 RMS. Although the threshold contrast was roughly the same for all media, the SEMs 309 

were particularly susceptible to reduced contrast, dropping from a relative mean ommatidial count of 310 

81% to 2% for the D. melanogaster and 88% to 0% for the D. mauritiana SEMs at the lowest contrast 311 

as opposed to reductions from 105% to 99% for the D. melanogaster micrographs and 99% to 69% for 312 

the ant eye replicas. As for mean ommatidial diameter, the SEMs again showed the most sensitivity to 313 

reduced contrast, increasing from 86% to 234% for the D. melanogaster and 82% to 93% for the D. 314 

mauritiana SEMs at the lowest contrast as opposed to increases from 81.7% to 82.3% for the D. 315 

melanogaster micrographs and 92% to 93% for the ant eye replicas. This may be due to the already low 316 

contrast of SEMs, whereas the other images have high contrast reflections of a light source near the 317 

center of each lens. Even so, the ODA performed well over a nearly tenfold range of contrast 318 

reductions for all media. The ODA was successful on images that were such low contrast that we 319 

struggled to see individual ommatidia ourselves. Further, contrast had no clear effect on runtime, which 320 

again never exceeded 8 seconds. The runtime was roughly the same across all ant eye replicas—321 

ranging from 153 to 2626 ommatidia—suggesting that runtime is not substantially affected by 322 

ommatidia count. The ODA should therefore work quickly on images with a resolution exceeding the 323 

Nyquist limit and a reasonable contrast. A resolution of about 10 px/D would provide equivalent results 324 

to higher resolutions and significantly reduce the program’s runtime. 325 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

12 

We also tested microscope images of the eyes of 29 vinegar flies (D. melanogaster; Figure 5C and D) 326 

to determine ODA performance on comparisons within a species. Visual inspection of preliminary 327 

results found that using just the first 2 fundamental frequencies resulted in substantially less false 328 

positives than checking for all 3. These false positives—likely responsible for the overestimates 329 

above—may be due to noise induced by the curvature of the eye and the quality of the image. 330 

Automated counts and diameters shared strong and significant correlations with manual measurements 331 

(counts: r = .81, df = 27, p ≪ .001; diameters: r = .76, df = 27, p ≪ .001), and automated counts were 332 

100 ± 4%  and diameters 95 ± 2% of those taken by hand offering precise and relatively accurate 333 

estimations. 334 

µCT 335 

We tested ODA-3D on eye scans of a fruit fly (D. mauritiana) two moth species (M. sexta and D. 336 

elpenor) that we collected, and one honeybee (A. mellifera) used in Taylor et al. (2018; Figure 6 A). 337 

The measurements of lens diameter, skewness, skewness-adjusted lens diameter, and spherical, 338 

anatomical, and modeled IO angles for each specimen can be found in Table 1. We additionally tested 339 

methods for non-spherical eyes on the honeybee scan, including features of an oval eye and projecting 340 

onto world-referenced coordinates. 341 

Automated ommatidia counts were 100.4% of the manual count on the same D. mauritiana scan, 85% 342 

of the density-based count of the same A. mellifera scan (Taylor et al. 2018; Tichit et al. 2022), 112% 343 

of measurements of a different D. elpenor specimen (Stöckl, O’Carroll, and Warrant 2017), and 98% 344 

and 104% of measurements of different M. sexta specimens (Stöckl et al. 2017; White 2003). These 345 

ommatidia had diameters (Figure 6 B) that were consistent with measurements in the literature:  95 – 346 

115% for D. mauritiana (Posnien et al. 2012; Torres-Oliva et al. 2021), 96% for A. mellifera despite 347 

missing ~15% of ommatidia (Taylor et al. 2018), 99 – 103% for D. elpenor (Stöckl et al. 2017; 348 

Theobald, Warrant, and O’Carroll 2010), and 96 – 108 %  for M. sexta (Stöckl et al. 2017; Theobald et 349 

al. 2010; White 2003). We also profiled the runtime of the ODA-3D on the 4 specimens in comparison 350 

to estimates of how long it would take to extract the clusters manually. Estimates of manual time are 351 

based on Tichit et al. (2022), which recorded about 1.8 minutes to manually segment each of 100 352 

crystalline cones in the A. mellifera stack. Assuming this same rate for all of our specimens, our 353 

program offered comparable results 883 to 2425 times faster than manual segmentation (note the 1000-354 

fold difference in the y-axes). Moreover, these estimates only account for the segmentation stages of 355 
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the procedure, omitting the time needed for taking ommatidial and interommatidial measurements 356 

which represented the majority of the ODA runtime for the two moth scans. 357 

The fly eye and both moth eyes showed ommatidial axes with minor skew from spherical alignment. 358 

The bee, however, showed axes with substantial skew, consistent with other anatomical measurements 359 

(Baumgärtner 1928). Skew geometrically reduces effective lens diameter by the cosine of skew angle, 360 

and further still by refraction of the image space (Stavenga 1979). The adjustment without accounting 361 

for refraction produced marginal reductions for the spherical eyes: 0.3% in D. mauritiana, 0.5% in D. 362 

elpenor, and 0.5% in M.sexta, but more substantial reduction for the oval eye: 2.5% in A. mellifera. 363 

The spherical approximations for IO angle were closer to anatomical IO angle in moth eyes than the 364 

honeybee eye: 86% in D. mauritiana, 82% in D.elpenor, and 80% for M. sexta versus 65% in A. 365 

mellifera. Aside from the spherical approximation for A. mellifera, IO angles were consistent with 366 

previous measurements in the literature: 54% for the spherical and 82% for the anatomical 367 

approximation in A. mellifera (Taylor et al. 2018), 89 – 97% for the spherical and 108 – 127% for the 368 

anatomical approximation in D. elpenor (Stöckl et al. 2017; Theobald et al. 2010), and 86 – 91% for 369 

the spherical and 108 – 114% for the anatomical approximation in M. sexta, (Stöckl et al. 2017; 370 

Theobald et al. 2010). To our knowledge, previous measurements of D. mauritiana IO angles are 371 

unavailable in the literature, but our measurement of 3.9° is in the range of Drosophila melanogaster, 372 

which is on average 4.5° and as low 3.4° (Gonzalez-Bellido, Wardill, and Juusola 2011). 373 

Non-Spherical Properties 374 

In bees, spherical coordinates largely accounted for vertical axis curvature, but vastly underestimated 375 

horizontal curvature. To better characterize their visual field, we projected the ommatidial axes onto a 376 

sphere outside of the eye, like the world-referenced projection of Taylor et al. (2018). We used the 377 

center from step B of ODA-3D, which is near the center of the head and chose a radius of 10 cm based 378 

on visual fixation behavior (Wehner and Flatt 1977). As opposed to D. elpenor, which had very similar 379 

spherical and world-referenced projections, the A. mellifera spherical projection largely underestimated 380 

the vertical FOV as 54° and horizontal FOV as 21°. The world-referenced visual field, subtending 381 

about 110° horizontally and 126° vertically, was closer to previous measurements of 140° horizontally 382 

and 162° vertically based on vectors orthogonal to the eye surface (Taylor et al. 2018). This 383 

discrepancy was likely due to ODA-3D errors during the segmentation of highly skewed ommatidia in 384 

the periphery (for example, see the horizontal slice insets in Figure 4D). Glial pigment cell interactions 385 

between the crystalline cones or deformation of the soft cells could also have caused the error. For 386 
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precisely measuring the FOV of eyes with highly skewed ommatidia, we recommend a process that 387 

uses subvolume unfolding like Tichit et al. (2022). 388 

Nonetheless, by accounting for some ommatidial skewness, ODA-3D allows us to compare the 389 

structural properties of spherical and non-spherical eyes. The bee eye is an oval eye, with ommatidial 390 

axes intersecting at different points for horizontal and vertical IO pairs (Ih ≠Iv in Figure 6C). 391 

Anatomical IO angles are therefore separable into independent horizontal and vertical components (Δφh 392 

and Δφv in Figure 6C). For ommatidia arranged in a regular hexagonal lattice, the orientations of IO 393 

pairs should fall into 3 modes separated by 60°; 2) the horizontal angle for horizontal IO pairs is 2Δφh 394 

while the horizontal angle for diagonal IO pairs is Δφh; 3) the vertical angle is 0 for horizontal pairs and 395 

Δφv for diagonal pairs; and 4) the proportion Δφv /Δφh is approximately 1/√3 (Stavenga 1979). Finally, 396 

for an oval eye to follow a regular hexagonal lattice, 5) the vertical radius of curvature, Rv, must be 3 397 

times the horizontal radius, Rh, whereas a spherical eye requires Rv = Rh.  398 

Both eyes are consistent with the criteria of a regular hexagonal lattice. 1) The IO orientations of both 399 

eyes follow trimodal distributions with modes separated by about 60° (Figure 6E). IO pairs within 15° 400 

of the three modes were selected to measure horizontal and vertical angles and calculate the horizontal 401 

and vertical IO angle components as in Figure 6C. For the moth eye, 2) the horizontal angle for 402 

horizontal IO pairs, 1.42°, is nearly twice the horizontal angles for diagonal pairs, 0.71° + 0.60° = 403 

1.31°; 3) the vertical angles  0.31°, are close to 0° for horizontal pairs and are nearly equal for diagonal 404 

pairs, 1.14° and 1.21°; and 4) the proportion Δφv /Δφh= 0.40 is close to 1/√3=.58. For the bee eye, 2) 405 

the horizontal angle for horizontal IO pairs, 1.59°, is nearly twice the horizontal angle for diagonal 406 

pairs, 0.96° + 0.74° = 1.70°;  3) the vertical angles for horizontal pairs, 0.54°, are close to 0° and are 407 

nearly equal for diagonal pairs, 0.76° and .92°; and 4) the proportion Δφv /Δφh= 0.73 is close to .58. 408 

For the oval eye criterion, we calculated the radius for each mode based on the equation for the IO 409 

angle introduced above: R = D/Δφ, where R is the radius of curvature or intersection, D the ommatidial 410 

diameter, and Δφ the IO angle. If the radius of curvature follows an elliptical function of IO orientation, 411 

then diagonal pairs should have a radius of curvature ~2.23 times the horizontal radius. In the moth 412 

eye, both diagonal and horizontal pairs had roughly the same radius of intersection (Rd = 1188μm; Rh = 413 

1079μm; Rd/Rh = 1.10). In the bee eye, however, the mean diagonal radius (Rd = 923μm) is 1.44 times 414 

the mean radius for horizontal pairs (Rh = 640 μm), closer to an oval eye. 415 
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By combining the horizontal angle of diagonal pairs and half the horizontal angle of horizontal pairs, 416 

we approximated the horizontal anatomical IO angle component, Δφh
 = 0.82 ± .81° (N = 11,312). 417 

Again, this is almost certainly an underestimate due to poor horizontal segmentation of crystalline 418 

cones in the lateral eye. Previous measurements in the literature which found Δφh to be 1.1–1.9° across 419 

different regions of the eye (Horridge 2005). By combining the vertical angles of diagonal pairs we 420 

approximate Δφv
 = .84 ± 0.83° (N = 7,111) and the total anatomical IO angle (√𝛥𝜑𝑣2 + 𝛥𝜑ℎ2) as Δφ = 421 

1.17°. This is close to the estimate based on the anatomical angle of all IO pairs, 1.33 ± 1.07°. Despite 422 

underestimated horizontal IO angle components, both estimates are consistent with measurements on 423 

the same scan assuming ommatidial axes orthogonal to the eye surface, which found IO angles between 424 

0.9° and 1.7°(Taylor et al. 2018). 425 

Discussion 426 

Our methods successfully automate the estimation of multiple visual parameters of compound eyes. 427 

We tested compound eye images with the ODA, which filters spatial frequencies based on the 428 

hexagonal arrangement of most ommatidia and applies a local maximum detector to identify their 429 

centers. The ODA calculated ommatidial count and lens diameter from different media (eye molds, 430 

microscope images, and µCT scans), taxa (ants, flies, moths, and a bee), sizes (hundreds to tens of 431 

thousands of ommatidia), and eye types (apposition, neural superposition, and optical superposition). In 432 

all cases, measurements provided by the program matched with manual measurements on the same 433 

data, previous measurements in the literature, or both. Ommatidial counts were accurate when 434 

compared to previous measurements on the same dataset or in the literature: 95 ± 15% for the datasets 435 

in the ODA benchmark, with ant eye replicas performing the best at 99 ± 3%; 100 ± 4% for the D. 436 

melanogaster micrographs; and 99.6% (range=85–112%) for the 4 CT scans. Ommatidial diameters 437 

were also accurate: 86 ± 6% for the datasets in the ODA benchmark, with ant eye replicas performing 438 

the best at 93 ± 3%; 95 ± 2% for the D. melanogaster micrographs; and 101% (96–105%) for the 4 CT 439 

scans. 440 

The ODA-3D, which integrated the ODA into a µCT pipeline, proved successful on scans of one 441 

spherical fruit fly eye (D. mauritania), two spherical moth eyes (D. elpenor and M. sexta) and one oval 442 

bee eye (A. mellifera). In addition to counts and diameters, ODA-3D estimated anatomical IO angles, 443 

FOV, and skewness. Skewness angles were insignificant in moth eyes, which generally require 444 

approximate sphericity for proper optical superposition. However the oval honeybee eye showed 445 

significant skewness angles, implying reduced optical sensitivity, lower resolution and a greater FOV 446 
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horizontally. Again, estimates were consistent with manual measurements on the same data, previous 447 

measurements in the literature, or both. High resolution 3D data additionally offered world-referenced 448 

coordinates and measurements of resolution at different angles along the eye to better characterize the 449 

visual field. 450 

The great eye size range between and among invertebrate species (Casares and McGregor 2020; Currea 451 

et al. 2018; Gaspar et al. 2019; Land 1997; Land and Nilsson 2012a; Shingleton et al. 2007), makes 452 

compound eyes ideal for studying environmental reaction norms and allometry. Little allometry 453 

research deals with compound eyes, and instead favors organs easily measured in one or two 454 

dimensions (McDonald et al. 2018; Shingleton et al. 2007; Shingleton, Mirth, and Bates 2008). By 455 

automating the more tedious tasks of characterizing compound eyes, our programs should help with 456 

this challenge. For instance, ODA counts and diameters allow total cell count approximations and 457 

correspond to the independent effects of cellular proliferation and growth during eye development. 458 

Further, our program facilitates measuring allometry of visual performance, addressing the 459 

environmental reaction norms of the anatomical determinants of vision. Further, progress in 460 

understanding fruit fly eye development (D. melanogaster; Callier and Nijhout 2013; Casares and 461 

McGregor 2020; Gaspar et al. 2019; Ready et al. 1976), makes compound eyes ideal for assessing 462 

principles of eye development across different taxa (Casares and McGregor 2020; Friedrich 2003; 463 

Harzsch and Hafner 2006). And because optics are the first limit to incoming visual information (Land 464 

1997; Stavenga 1979), they inform electrophysiological and behavioral data to infer intermediate 465 

neural processing (Currea et al. 2022, 2018; Gonzalez-Bellido et al. 2011; Juusola et al. 2017; Land 466 

and Nilsson 2012a; Theobald et al. 2010; Wardill et al. 2017; Warrant 1999). 467 

Our programs have some known limitations. Images for the ODA require sufficient resolution to 468 

properly detect ommatidia. For regular images, pixel length must be at most half the smallest 469 

ommatidial diameter according to the theoretical limit and is closer to .25 or lower in practice. For 470 

µCT, if individual crystalline cones cannot be resolved at each layer, they are likely indiscriminable to 471 

the ODA. Further, some species, preparations, and scanning procedures, capture better contrast 472 

between crystalline cones and other structures while avoiding structural damage to the specimen. For 473 

example, M. sexta crystalline cones contrasted sharply with the background scan when prefiltered with 474 

just the threshold function. D. elpenor, however, had additional noise outside of the eye, and A. 475 

mellifera had uneven exposure, altering density measurements across locations in the scan and 476 

ultimately forcing omission of some data. This may be an unintentional consequence of the contrast 477 

enhancing property of a synchrotron light source (Baird and Taylor 2017). Most importantly, ODA-3D 478 
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erroneously segmented highly skewed ommatidia in the A. mellifera scan, resulting in inaccuracies 479 

downstream. This could likely be improved by incorporating nonspherical subvolume unfolding, like in 480 

Tichit et al. (2022). Preservation techniques can cause small deformations in the eye and while ODA-481 

3D still works on minor deformations, scans of highly deformed eyes break certain assumptions about 482 

the uniformity of the lattice and cannot be analyzed using this method. We also make certain 483 

assumptions in calculating parameters like ommatidial diameter, interommatidial angle that may 484 

introduce some inaccuracies at the edges, however we allow the user to omit data points that are 485 

significant outliers.  486 

Ultimately, anatomical measurements cannot replace optical techniques in measuring compound eye 487 

optics (Stavenga 1979; Taylor et al. 2018). Light passing through an eye refracts depending on the 488 

incident angle and index of refraction (Stavenga 1979). But our approximations used only incident 489 

angle, so our measurements of the aperture-diminishing effect of skewness represent lower bounds, and 490 

our measurements of IO angles are anatomical, not functional IO angles.  Though skewness can be 491 

somewhat corrected for, nothing can match optical techniques (Stavenga 1979; Taylor et al. 2018). 492 

Future work will be needed to understand the limitations of both the ODA and ODA-3D. Because the 493 

ODA depends on spatial frequencies corresponding inversely to the ommatidial diameter, an eye with a 494 

wide range of diameters or high curvature may not work, and the ODA should be tested on eyes 495 

containing acute or sensitive zones, such as the robberfly (Wardill et al. 2017) and lattices with 496 

transitioning arrangements, such as hexagon to square in houseflies (Stavenga 1975) and male 497 

blowflies (Smith et al. 2015). Likewise, the ODA-3D should be tested on non-spherical non-oval eyes. 498 

While our program appropriately measured anatomical IO angles across the honeybee’s oval eye and 499 

actually corroborated its oval eye properties, it may not work when IO angles change dramatically like 500 

in the robberfly (Wardill et al. 2017). Finally, the ODA-3D should be tested on non-insect arthropods. 501 

We also plan to improve the program and are working on adding more features like 1)  GUI tools to 502 

manually detect and fixing ommatidial coordinates; 2) machine learning tools to to generate a mask for 503 

the eye and to clean the 3D datasets; 3) use large, clean datasets to train a machine learning algorithm 504 

to find ommatidia faster and more reliably. 505 

Conclusion 506 

Compound eyes are the most common eye type on Earth, found in nearly every ecological habitat and 507 

visual environment, and varying widely in size, shape, and architecture. Because they are diverse, 508 
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ubiquitous, and subject to heavy selection pressure, they are crucial to understanding the evolution of 509 

vision. Our programs contribute to this effort and are open source, easy to install, easy to incorporate 510 

into custom pipelines, and downloadable as Python modules. By successfully measuring parameters 511 

from a wide range of eye shapes and sizes, they should facilitate the study of the development, 512 

evolution, and ecology of visual systems in non-model organisms. 513 

514 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

19 

References 515 

Baird, Emily, and Gavin Taylor. 2017. “X-Ray Micro Computed-Tomography.” Current Biology 516 

27(8):R289–91. doi: 10.1016/j.cub.2017.01.066. 517 

Baumgärtner, Herbert. 1928. “Der Formensinn Und Die Sehschärfe Der Bienen.” Zeitschrift Für 518 

Vergleichende Physiologie 7(1):56–143. 519 

Brodrick, Emelie A., Nicholas W. Roberts, Lauren Sumner‐Rooney, Christian M. Schlepütz, and 520 

Martin J. How. 2020. “Light Adaptation Mechanisms in the Eye of the Fiddler Crab Afruca 521 

Tangeri.” Journal of Comparative Neurology cne.24973. doi: 10.1002/cne.24973. 522 

Buser, T. J., O. F. Boyd, Á. Cortés, C. M. Donatelli, M. A. Kolmann, J. L. Luparell, J. A. 523 

Pfeiffenberger, B. L. Sidlauskas, and A. P. Summers. 2020. “The Natural Historian’s Guide to 524 

the CT Galaxy: Step-by-Step Instructions for Preparing and Analyzing Computed Tomographic 525 

(CT) Data Using Cross-Platform, Open Access Software.” Integrative Organismal Biology 526 

2(obaa009). doi: 10.1093/iob/obaa009. 527 

Callier, Viviane, and H. Frederik Nijhout. 2013. “Body Size Determination in Insects: A Review and 528 

Synthesis of Size- and Brain-Dependent and Independent Mechanisms.” Biological Reviews 529 

88(4):944–54. doi: 10.1111/brv.12033. 530 

Casares, Fernando, and Alistair P. McGregor. 2020. “The Evolution and Development of Eye Size in 531 

Flies.” WIREs Developmental Biology n/a(n/a):e380. doi: 10.1002/wdev.380. 532 

Cronin, Thomas W., Sönke Johnsen, N. Justin Marshall, and Eric J. Warrant. 2014. Visual Ecology. 533 

Princeton University Press. 534 

Currea, J. P., Joshua L. Smith, and J. C. Theobald. 2018. “Small Fruit Flies Sacrifice Temporal Acuity 535 

to Maintain Contrast Sensitivity.” Vision Research 149:1–8. doi: 10.1016/j.visres.2018.05.007. 536 

Currea, John P., Rachel Frazer, Sara M. Wasserman, and Jamie Theobald. 2022. “Acuity and 537 

Summation Strategies Differ in Vinegar and Desert Fruit Flies.” Iscience 25(1):103637. 538 

Diez-Hermano, Sergio, Jorge Valero, Cristina Rueda, Maria D. Ganfornina, and Diego Sanchez. 2015. 539 

“An Automated Image Analysis Method to Measure Regularity in Biological Patterns: A Case 540 

Study in a Drosophila Neurodegenerative Model.” Molecular Neurodegeneration 10(1):9. doi: 541 

10.1186/s13024-015-0005-z. 542 

Friedrich, Markus. 2003. “Evolution of Insect Eye Development: First Insights from Fruit Fly, 543 

Grasshopper and Flour Beetle.” Integrative and Comparative Biology 43(4):508–21. doi: 544 

10.1093/icb/43.4.508. 545 

Gaspar, Pedro, Saad Arif, Lauren Sumner-Rooney, Maike Kittelmann, David L. Stern, Maria D. S. 546 

Nunes, and Alistair P. McGregor. 2019. “Characterisation of the Genetic Architecture 547 

Underlying Eye Size Variation within Drosophila Melanogaster and Drosophila Simulans.” 548 

BioRxiv 555698. doi: 10.1101/555698. 549 

Gonzalez-Bellido, Paloma T., Trevor J. Wardill, and Mikko Juusola. 2011. “Compound Eyes and 550 

Retinal Information Processing in Miniature Dipteran Species Match Their Specific Ecological 551 

Demands.” Proceedings of the National Academy of Sciences 108(10):4224–29. doi: 552 

10.1073/pnas.1014438108. 553 

Harzsch, Steffen, and Gary Hafner. 2006. “Evolution of Eye Development in Arthropods: Phylogenetic 554 

Aspects.” Arthropod Structure & Development 35(4):319–40. doi: 10.1016/j.asd.2006.08.009. 555 

Holthuis, Lipke B. 1991. “Marine Species Identification Portal : Green Rock Lobster - Jasus 556 

Verreauxi.” Food and Agriculture Organization of the United Nations 13(125). 557 

Horridge, Adrian. 2005. “The Spatial Resolutions of the Apposition Compound Eye and Its Neuro-558 

Sensory Feature Detectors: Observation versus Theory.” Journal of Insect Physiology 559 

51(3):243–66. doi: 10.1016/j.jinsphys.2004.11.018. 560 

Huber, John, and John Noyes. 2013. “A New Genus and Species of Fairyfly, Tinkerbella Nana 561 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

20 

(Hymenoptera, Mymaridae), with Comments on Its Sister Genus Kikiki, and Discussion on 562 

Small Size Limits in Arthropods.” Journal of Hymenoptera Research 32:17–44. doi: 563 

10.3897/jhr.32.4663. 564 

Huber, John T., and John W. Beardsley. 2000. “A New Genus of Fairyfly, Kikiki, from the Hawaiian 565 

Islands (Hymenoptera: Mymaridae).” Hawaiian Entomological Society. 566 

Iyer, Janani, Qingyu Wang, Thanh Le, Lucilla Pizzo, Sebastian Grönke, Surendra S. Ambegaokar, 567 

Yuzuru Imai, Ashutosh Srivastava, Beatriz Llamusí Troisí, and Graeme Mardon. 2016. 568 

“Quantitative Assessment of Eye Phenotypes for Functional Genetic Studies Using Drosophila 569 

Melanogaster.” G3: Genes, Genomes, Genetics 6(5):1427–37. 570 

Juusola, Mikko, An Dau, Zhuoyi Song, Narendra Solanki, Diana Rien, David Jaciuch, Sidhartha Anil 571 

Dongre, Florence Blanchard, Gonzalo G. de Polavieja, Roger C. Hardie, and Jouni Takalo. 572 

2017. “Microsaccadic Sampling of Moving Image Information Provides Drosophila Hyperacute 573 

Vision.” ELife 6. doi: 10.7554/eLife.26117. 574 

Kensler, Craig B. 1967. “The Distribution of Spiny Lobsters in New Zealand Waters (Crustacea: 575 

Decapoda: Palinuridae).” New Zealand Journal of Marine and Freshwater Research 1(4):412–576 

20. doi: 10.1080/00288330.1967.9515216. 577 

Land, Michael F. 1997. “Visual Acuity in Insects.” Annual Review of Entomology 42(1):147–77. 578 

Land, Michael F., and Dan-Eric Nilsson. 2012a. Animal Eyes. OUP Oxford. 579 

Land, Michael F., and Dan-Eric Nilsson. 2012b. Animal Eyes. OUP Oxford. 580 

McDonald, Jeanne M. C., Shampa M. Ghosh, Samuel J. L. Gascoigne, and Alexander W. Shingleton. 581 

2018. “Plasticity Through Canalization: The Contrasting Effect of Temperature on Trait Size 582 

and Growth in Drosophila.” Frontiers in Cell and Developmental Biology 6:156. doi: 583 

10.3389/fcell.2018.00156. 584 

Menzel, J. G., H. Wunderer, and D. G. Stavenga. 1991. “Functional Morphology of the Divided 585 

Compound Eye of the Honeybee Drone (Apis Mellifera).” Tissue and Cell 23(4):525–35. doi: 586 

10.1016/0040-8166(91)90010-Q. 587 

Mohrbeck, Inga, Pedro Martínez Arbizu, and Thomas Glatzel. 2010. “Tantulocarida (Crustacea) from 588 

the Southern Ocean Deep Sea, and the Description of Three New Species of Tantulacus Huys, 589 

Andersen & Kristensen, 1992.” Systematic Parasitology 77(2):131–51. doi: 10.1007/s11230-590 

010-9260-0. 591 

Palavalli-Nettimi, Ravindra, and Ajay Narendra. 2018. “Miniaturisation Decreases Visual Navigational 592 

Competence in Ants.” Journal of Experimental Biology 221(7):jeb177238. 593 

Palavalli-Nettimi, Ravindra, Yuri Ogawa, Laura A. Ryan, Nathan S. Hart, and Ajay Narendra. 2019. 594 

“Miniaturisation Reduces Contrast Sensitivity and Spatial Resolving Power in Ants.” Journal of 595 

Experimental Biology 222(12). doi: 10.1242/jeb.203018. 596 

Perry, Michael, Michiyo Kinoshita, Giuseppe Saldi, Lucy Huo, Kentaro Arikawa, and Claude Desplan. 597 

2016. “Molecular Logic behind the Three-Way Stochastic Choices That Expand Butterfly 598 

Colour Vision.” Nature 535(7611):280–84. doi: 10.1038/nature18616. 599 

Posnien, Nico, Corinna Hopfen, Maarten Hilbrant, Margarita Ramos-Womack, Sophie Murat, Anna 600 

Schönauer, Samantha L. Herbert, Maria D. S. Nunes, Saad Arif, Casper J. Breuker, Christian 601 

Schlötterer, Philipp Mitteroecker, and Alistair P. McGregor. 2012. “Evolution of Eye 602 

Morphology and Rhodopsin Expression in the Drosophila Melanogaster Species Subgroup.” 603 

PLOS ONE 7(5):e37346. doi: 10.1371/journal.pone.0037346. 604 

Ready, Donald F., Thomas E. Hanson, and Seymour Benzer. 1976. “Development of the Drosophila 605 

Retina, a Neurocrystalline Lattice.” Developmental Biology 53(2):217–40. doi: 10.1016/0012-606 

1606(76)90225-6. 607 

Schramm, Bartosz W., Agnieszka Gudowska, Filip Kapustka, Anna Maria Labecka, Marcin 608 

Czarnoleski, and Jan Kozłowski. 2015. “Automated Measurement of Ommatidia in the 609 

Compound Eyes of Beetles.” BioTechniques 59(2):99–101. doi: 10.2144/000114316. 610 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

21 

Shannon, C. E. 1948. “A Mathematical Theory of Communication.” 53. 611 

Shingleton, Alexander W., W. Anthony Frankino, Thomas Flatt, H. Frederik Nijhout, and Douglas. J. 612 

Emlen. 2007. “Size and Shape: The Developmental Regulation of Static Allometry in Insects.” 613 

BioEssays 29(6):536–48. doi: 10.1002/bies.20584. 614 

Shingleton, Alexander W., Christen K. Mirth, and Peter W. Bates. 2008. “Developmental Model of 615 

Static Allometry in Holometabolous Insects.” Proceedings of the Royal Society of London B: 616 

Biological Sciences 275(1645):1875–85. doi: 10.1098/rspb.2008.0227. 617 

Smith, Dylan B., Galina Bernhardt, Nigel E. Raine, Richard L. Abel, Dan Sykes, Farah Ahmed, Inti 618 

Pedroso, and Richard J. Gill. 2016. “Exploring Miniature Insect Brains Using Micro-CT 619 

Scanning Techniques.” Scientific Reports 6(1). doi: 10.1038/srep21768. 620 

Smith, J. L., N. A. Palermo, J. C. Theobald, and J. D. Wells. 2015. “Body Size, Rather Than Male Eye 621 

Allometry, Explains Chrysomya Megacephala (Diptera: Calliphoridae) Activity in Low Light.” 622 

Journal of Insect Science 15(1):133. doi: 10.1093/jisesa/iev114. 623 

Snyder, Allan W. 1979. “Physics of Vision in Compound Eyes.” Pp. 225–313 in Comparative 624 

Physiology and Evolution of Vision in Invertebrates, Handbook of Sensory Physiology, edited 625 

by H. Autrum. Springer Berlin Heidelberg. 626 

Snyder, Allan W., Simon B. Laughlin, and Doekele G. Stavenga. 1977. “Information Capacity of 627 

Eyes.” Vision Research 17(10):1163–75. doi: 10.1016/0042-6989(77)90151-1. 628 

Snyder, Allan W., Doekele G. Stavenga, and Simon B. Laughlin. 1977. “Spatial Information Capacity 629 

of Compound Eyes.” Journal of Comparative Physiology 116(2):183–207. 630 

Stavenga, Doekele G. 1975. “The Neural Superposition Eye and Its Optical Demands.” Journal of 631 

Comparative Physiology ? A 102(4):297–304. doi: 10.1007/BF01464342. 632 

Stavenga, Doekele G. 1979. “Pseudopupils of Compound Eyes.” Pp. 357–439 in Comparative 633 

Physiology and Evolution of Vision in Invertebrates. Vol. 7 / 6 / 6 A, edited by H. Autrum. 634 

Berlin, Heidelberg: Springer Berlin Heidelberg. 635 

Stöckl, A. L., D. O’Carroll, and E. J. Warrant. 2017. “Higher-Order Neural Processing Tunes Motion 636 

Neurons to Visual Ecology in Three Species of Hawkmoths.” Proceedings of the Royal Society 637 

B: Biological Sciences 284(1857):20170880. doi: 10.1098/rspb.2017.0880. 638 

Taylor, Gavin J., Stephen A. Hall, Johan A. Gren, and Emily Baird. 2020. “Exploring the Visual World 639 

of Fossilized and Modern Fungus Gnat Eyes (Diptera: Keroplatidae) with X-Ray 640 

Microtomography.” Journal of The Royal Society Interface 17(163):20190750. doi: 641 

10.1098/rsif.2019.0750. 642 

Taylor, Gavin J., Willi Ribi, Martin Bech, Andrew J. Bodey, Christoph Rau, Axel Steuwer, Eric J. 643 

Warrant, and Emily Baird. 2016. “The Dual Function of Orchid Bee Ocelli as Revealed by X-644 

Ray Microtomography.” Current Biology 26(10):1319–24. doi: 10.1016/j.cub.2016.03.038. 645 

Taylor, Gavin J., Pierre Tichit, Marie D. Schmidt, Andrew J. Bodey, Christoph Rau, and Emily Baird. 646 

2018. “Bumblebee Visual Allometry Results in Locally Improved Resolution and Globally 647 

Improved Sensitivity.” BioRxiv. doi: 10.1101/380527. 648 

Theobald, J. C., Eric J. Warrant, and David C. O’Carroll. 2010. “Wide-Field Motion Tuning in 649 

Nocturnal Hawkmoths.” Proceedings of the Royal Society of London B: Biological Sciences 650 

277(1683):853–60. doi: 10.1098/rspb.2009.1677. 651 

Tichit, Pierre, Tunhe Zhou, Hans Martin Kjer, Vedrana Andersen Dahl, Anders Bjorholm Dahl, and 652 

Emily Baird. 2022. “InSegtCone: Interactive Segmentation of Crystalline Cones in Compound 653 

Eyes.” BMC Zoology 7(1):10. doi: 10.1186/s40850-021-00101-w. 654 

Torres-Oliva, Montserrat, Elisa Buchberger, Alexandra D. Buffry, Maike Kittelmann, Lauren Sumner-655 

Rooney, Pedro Gaspar, Georg C. Bullinger, Genoveva Guerrero, Fernando Casares, Saad Arif, 656 

Nico Posnien, Maria D. S. Nunes, Alistair P. McGregor, and Isabel Almudi. 2021. “Differences 657 

in Orthodenticle Expression Promote Ommatidial Size Variation between Drosophila Species.” 658 

2021.03.17.435774. 659 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

22 

Vanhoutte, Kurt J. A., Kristel F. L. Michielsen, and Doekele G. Stavenga. 2003. “Analyzing the 660 

Reflections from Single Ommatidia in the Butterfly Compound Eye with Voronoi Diagrams.” 661 

Journal of Neuroscience Methods 131(1):195–203. doi: 10.1016/j.jneumeth.2003.08.011. 662 

Walker, Simon M., Daniel A. Schwyn, Rajmund Mokso, Martina Wicklein, Tonya Müller, Michael 663 

Doube, Marco Stampanoni, Holger G. Krapp, and Graham K. Taylor. 2014. “In Vivo Time-664 

Resolved Microtomography Reveals the Mechanics of the Blowfly Flight Motor.” PLOS 665 

Biology 12(3):e1001823. doi: 10.1371/journal.pbio.1001823. 666 

Wardill, Trevor J., Samuel T. Fabian, Ann C. Pettigrew, Doekele G. Stavenga, Karin Nordström, and 667 

Paloma T. Gonzalez-Bellido. 2017. “A Novel Interception Strategy in a Miniature Robber Fly 668 

with Extreme Visual Acuity.” Current Biology 27(6):854–59. doi: 10.1016/j.cub.2017.01.050. 669 

Warrant, ERIC, Klaus Bartsch, and CLAUDIA Günther. 1999. “Physiological Optics in the 670 

Hummingbird Hawkmoth: A Compound Eye without Ommatidia.” Journal of Experimental 671 

Biology 202(5):497–511. 672 

Warrant, Eric J. 1999. “Seeing Better at Night: Life Style, Eye Design and the Optimum Strategy of 673 

Spatial and Temporal Summation.” Vision Research 39(9):1611–30. doi: 10.1016/S0042-674 

6989(98)00262-4. 675 

Wehner, R., and I. Flatt. 1977. “Visual Fixation in Freely Flying Bees.” Zeitschrift Für Naturforschung 676 

C 32(5–6):469–72. 677 

White, R. H. 2003. “The Retina of Manduca Sexta: Rhodopsin Expression, the Mosaic of Green-, Blue- 678 

and UV-Sensitive Photoreceptors, and Regional Specialization.” Journal of Experimental 679 

Biology 206(19):3337–48. doi: 10.1242/jeb.00571. 680 

Woodman, Peter N., Amy M. Todd, and Brian E. Staveley. 2011. “Eyer: Automated Counting of 681 

Ommatidia Using Image Processing Techniques.” Drosophila Information Service 94:142. 682 

Yang, Qiaoyin, Xu A. Zhang, Abhijeet Bagal, Wei Guo, and Chih-Hao Chang. 2013. “Antireflection 683 

Effects at Nanostructured Material Interfaces and the Suppression of Thin-Film Interference.” 684 

Nanotechnology 24(23):235202. doi: 10.1088/0957-4484/24/23/235202. 685 

Yano, Tomoya, Hiroyuki Sugawara, and Jun Taniguchi. 2020. “Moth-Eye Structured Mold Using 686 

Sputtered Glassy Carbon Layer for Large-Scale Applications.” Micro and Nano Engineering 687 

9:100077. doi: 10.1016/j.mne.2020.100077. 688 

Zhang, Zhi-Qiang. 2013. “Animal Biodiversity: An Update of Classification and Diversity in 2013. In : 689 

Zhang, Z.-Q. (Ed.) Animal Biodiversity: An Outline of Higher-Level Classification and Survey 690 

of Taxonomic Richness (Addenda 2013).” Zootaxa 3703(1):5–11. doi: 691 

10.11646/zootaxa.3703.1.3. 692 

Zheng, Yelong, Le Song, Jingxiong Huang, Haoyang Zhang, and Fengzhou Fang. 2019. “Detection of 693 

the Three-Dimensional Trajectory of an Object Based on a Curved Bionic Compound Eye.” 694 

Optics Letters 44(17):4143–46. doi: 10.1364/OL.44.004143. 695 

 696 

  697 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://www.zotero.org/google-docs/?JDaHUE
https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

23 

Author Contributions 698 

JC: Conceptualization, Methodology, Software, Visualization, Writing- Original Draft. 699 

YS: Conceptualization, Methodology, Writing- Review and Editing, Data Collection and Curation. 700 

JT: Conceptualization, Methodology, Writing- Review and Editing, Supervision, Funding acquisition. 701 

AK: Conceptualization, Methodology, Writing- Review and Editing, Funding acquisition. 702 

Funding 703 

This research was supported by grants from the National Science Foundation: IOS-1750833 to JT, 704 

BCS-1525371 to JC, DEB-1557007 to AYK and JT and IOS-1920895 to AYK. The content is solely 705 

the responsibility of the authors and does not necessarily represent the official views of the National 706 

Institutes of Health or the National Science Foundation. 707 

Acknowledgements 708 

We thank members of the Kawahara Lab at the Florida Museum of Natural History, McGuire Center 709 

for Lepidoptera and Biodiversity, for raising and vouchering moth specimens. We thank the University 710 

of Florida CT facility for helping acquire the M. sexta CT scan, and Kelly Dexter for help with sample 711 

staining. We thank Deborah Glass and Ian Kitching from the Natural History Museum of London for 712 

helping with the CT procedure and sharing the D. elpenor CT scan, which study was funded by NERC 713 

grant number NE/P003915/1 to IJK. We thank Maike Kittelman for sharing her SEMs and µCT of two 714 

fruit fly species (D. melanogaster and D. mauritiana) and for advice in using available 3D software. 715 

Gavin Taylor and Emily Baird shared their CT scans of A. mellifera. Michael Reisser and Arthur Zhao 716 

provided valuable discussions regarding the µCT pipeline. 717 

Code Availability 718 

The ODA module, written in Python, is available for download: www.github.com/jpcurrea/ODA/. The 719 

version of the package used in this paper is available in our online dataset at 720 

https://doi.org/10.6084/m9.figshare.21521142.  721 

Data Availability 722 

All datasets and code are freely available at https://doi.org/10.6084/m9.figshare.21521142. The image 723 

stack of the µCT data for the A. mellifera scan were drawn from Taylor et al. (2018) and are available 724 

at https://www.morphosource.org/Detail/ProjectDetail/Show/project_id/646.  725 

 726 

 727 

  728 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

http://www.github.com/jpcurrea/fly_eye/
https://www.zotero.org/google-docs/?9tWrqG
https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

24 

Figures 729 

 730 

Figure 1: Diagrams of apposition and superposition eyes demonstrating the geometric tradeoffs between lens diameter (D), 731 
interommatidial angle (Δφ), and field of view (FOV) for spherical (A. and B.) and non-spherical eyes (C. and D.). A. In 732 
spherical apposition eyes, D directly determines sensitivity while Δφ inversely determines acuity. B. In superposition eyes, 733 
migrating pigment (indicated by the arrows) allows the ommatidia to share light, increasing the eye’s sensitivity. As a result, 734 
these eyes must adhere to a spherical design. C-D. In non-spherical eyes, the intersection of ommatidial axes differs from the 735 
center of curvature, with ommatidial axes askew from the surface of the eye. Consequently, FOV and Δφ are not externally 736 
measurable and the effect of D on sensitivity is reduced by greater angles of skewness. C. When the distance to the intersection 737 
is greater than the radius of curvature, FOV and Δφ decrease, increasing average spatial acuity by directing more ommatidia 738 
over a smaller total angle. D. Inversely, when the distance to the intersection is less than the radius of curvature, FOV and Δφ 739 
increase, decreasing average spatial acuity by directing fewer ommatidia over a smaller total angle. In both cases, optical 740 
sensitivity is lost because skewness reduces the effective aperture of the ommatidia. 741 
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 743 

Figure 2: The ommatidia detecting algorithm (ODA) extracts periodic signals in a 2D image using the FFT. A. In the frequency 744 
domain of a 2D FFT, called the reciprocal space, gratings are represented by an x- and y-frequency. The polar coordinates 745 
represent visual properties of the corresponding grating. The radial distance is a grating's spatial frequency, with high 746 
frequencies farther from the origin. The polar angle is the grating's orientation , which is perpendicular to the grating’s 747 
wavefront. Notice that the reciprocal space has local maxima (in red) approximately equal to the input grating parameters 748 
(polar angle=45° and radial distance=.047±.005). B. In a hexagonal lattice, there are three major axes (here in blue, green, 749 
and red). Each axis corresponds to a 2D spatial frequency (and it’s negative), visible in the image’s reciprocal space. The 750 
periodic nature of the axes results in harmonic frequencies. A low-pass filter returns a version of our original image primarily 751 
representing these three axes. The center of each ommatidium is found at the local maxima of the filtered image.  752 
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 753 

Figure 3: A. ODA-3D starts with an image stack, which may be pre-filtered and cleaned of unrelated structures. B. Then we 754 
filter the relevant density values and fit a surface to the coordinates, allowing us to split the points into two sets or cross 755 
sections, inside and outside the fitted surface. C. For each cross section, we generate spherically projected, rasterized images 756 
that are processed by the FFT method for locating ommatidia, yielding approximate centers for the ommatidia. With these 757 
centers, we can find the coordinate clusters corresponding to independent ommatidia D. These can then be used to 758 
automatically measure eye parameters.   759 
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760 
Figure 4: Checkpoints along ODA-3D for the honeybee scan. A. Import Stack: The pipeline started with an image stack that 761 
we pre-filtered and manually cleaned of unrelated structures. B. Get Cross-Section: A surface was fitted to the coordinates 762 
identifying a cross-section of points within 50% of the residuals. We generated a spherically projected, 2D histogram of the 763 
crystalline cone coordinates colored by their residual distance from the cross-section. C. Find Ommatidial Clusters: We 764 
apply the ODA to label individual crystalline cones. The ODA locates the cluster centers, allowing us to partition the 765 
coordinates based on their distance to those centers (boundaries indicated by color filled polygons). Then we cluster points 766 
based on their nearest center and apply our custom clustering algorithm to improve segmentation of more skewed ommatidia. 767 
D. Measure Visual Parameters: Ommatidial diameter corresponds to the average distance between clusters and their 768 
adjacent neighbors. Ommatidial count corresponds to the number of clusters. For non-spherical eyes, we can partition the 3D 769 
coordinates into vertical (left) and horizontal (right) cross-sections in order to calculate independent vertical and horizontal 770 
anatomical IO angle components accounting for skewness in the ommatidial axes. The insets zoom into regions around the 771 
25th, 50th, and 75th percentile ommatidia along the y-axis (left) and x-axis (right). Note: in C and D the different colors 772 
signify different crystalline cone clusters. In D, the black lines follow the ommatidial axes and the black dots indicate the 773 
cluster centroids. Also in D, note how some ommatidia in the periphery (for example, horizontal insets row 2, columns 2 and 774 
3) were erroneously segmented and thus underestimate their skewness and IO angles. 775 
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 776 

Figure 5: The ODA successfully approximated ommatidial counts and diameters when compared to manual measurements. 777 
A. When applied to 6 ant eye molds of 5 species ranging in overall size and lattice regularity, the automated counts were 99% 778 
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and the diameters were 93% of those measured by hand. For each image, the program missed relatively few ommatidia and 779 
the lens diameter measurements were successful even when they varied substantially within an image (as in #5 from the left). 780 
Species from left to right: Notoncus ectatommoides, Notoncus ectatommoides, Rhytidoponera inornata, Myrmecia 781 
nigrocincta, and Myrmecia tarsata. Scale bars are 50µm. B. Benchmark performance of ODA on micrographs of diminished 782 
spatial resolution (left) and contrast (right). We present 3 performance metrics as a function of resolution and contrast: relative 783 
lens count equal to the ratio of automatic to manual ommatidia counts (top); relative lens diameter equal to the ratio of 784 
automatic to manually measured lens diameters (middle); and the total duration or runtime of the ODA (bottom). C. An 785 
example fruit fly eye (D. melanogaster) micrograph with the automated ommatidia centers superimposed as points colored 786 
according to the measured diameter using the same colormap as in A. D. When applied to 29 microscope images of fruit fly 787 
eyes from the same species (D. melanogaster), the automated counts were 100% and the diameters were 95% of those 788 
measured by hand, with correlations of .81 and .76. Again, there were relatively low rates of false positives and negatives. 789 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

30 

 790 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2020.12.11.422154doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.11.422154
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

31 

Figure 6: Comparing visual fields based on the spherical approximation. A. ODA-3D allows us to map the visual fields of 791 
our four specimens (Drosophila mauritania, Apis mellifera, Deilephila elpenor, and Manduca sexta). Using their spherical 792 
projection, we map the azimuth (along the lateral-medial axis) and elevation (along the ventral-dorsal axis) angles of 793 
ommatidia and represent lens diameter with color. Note that the bee eye was flipped horizontally from the images in Figure 794 
4. The colorbar to the right indicates lens diameter and shows diameter histograms for each species in white and gray. Insets 795 
zoom in on a 20°x20° region in the center of each eye, showing ommatidial lattices in more detail. Note that the spherical 796 
projection of the bee eye underestimates its visual field as explained in the text. B. The estimated time to segment each stack, 797 
based on the 2 minute per cone estimate from Tichit et al. (2022), is plotted above the ODA-3D runtime. Note the 1000-fold 798 
difference in the y-axes illustrating that the ODA-3D runs at about 1000 times faster than the estimated time to segment the 799 
crystalline cones manually. C. Adapted from Stavenga, 1979. Bee eyes are approximately oval, and, unlike spherical eyes, 800 
have different intersection points for horizontal (Ih) and vertical (Iv) ommatidial pairs corresponding to different IO angle 801 
components horizontally (Δφh) and vertically (Δφv). For oval eyes, the horizontal component of the IO angle of horizontal 802 
pairs (orientation=0°) is 2Δφh while the vertical component is ~0° and the horizontal component of diagonal pairs 803 
(orientation=±60°) is Δφh while the vertical component is Δφv. D. To demonstrate the difference between spherical and oval 804 
eye visual fields, we plot the spherical and world referenced projections of the ommatidial axes for the moth (D. elpenor) and 805 
bee (A. mellifera) eyes. Notice that there is little difference for the spherical moth eye but a substantial difference horizontally 806 
for the bee eye. E. The vertical and horizontal subtended angles of ommatidial pairs with respect to their orientation also 807 
demonstrate differences between the spherical moth (D. elpenor) eye and the oval bee (A. mellifera) eye. The pair orientations 808 
form trimodal distributions with means close to ±60° (diagonal pairs) and 0° (horizontal pairs) for both species, but the 809 
distributions are more uniform for the moth eye. Instead, the bee eye has significantly larger horizontal than vertical pairs and 810 
each pair group is more variable, resulting in a larger combined distribution of IO angles. Grayscale heatmaps present 2D 811 
histograms and medians (red point), IQRs (half-opacity red line), and 99% C.I.s (full opacity error bars) are plotted for each 812 
orientation ±15°.  813 

 814 

 815 
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 816 

Supplemental Figure 1: Graphical user interfaces for checking the progress of ODA-3D. A. Layers of the stack can be 817 
displayed using the slider on the bottom and then prefiltered by selecting the lower and upper bounds of density measurements 818 
using the vertical sliders on the right. B. Once the thin surface is fit to the filtered voxels, the goodness of fit across the eye 819 
surface can be displayed. This allows the user to see if the surface was biased to any particular region. C–D. Once the 820 
ommatidial centers are approximated for a given segment of the eye, the user can add, delete, or clear all estimated centers. 821 
Each center point is colored based on its estimated diameter, so outliers are often highlighted by their extreme color. For 822 
instance, the user can identify and delete the two largest points (white arrows) in the top right of C. producing the frame in D. 823 
with an updated colormap. E. Then, the user can check the success of applying those centers to segment individual crystalline 824 
cones, each colored with a random color to assist in comparisons. F. In addition, the user can view the outcome of each stage 825 
in an interactive 3D interface at the end of the procedure.  826 
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 827 

 D. mauritiana A. mellifera D. elpenor M. sexta 

Count 979 4725 13004 26552 

 975 *, 957 ± 22.89 a, 1018 b 5440 *c 11508 d 27000 e, 25641 d 

Lens Diameter (µm) 17.69 ± 0.92 21.79 ± 1.75 28.47 ± 1.86 32.32 ± 1.53 

 15.37 ± 1.89 a, 18.55 ± 1.07 b 22.61 ± 1.96 *c 28 d, 29 g 30 e, 31 d, 34 g 

Skewness (°) 4.55 (7.02) 12.81 (11.73) 5.92 (4.28) 5.79 (4.51) 

  ≤ 50 h   

Adjusted Lens Diameter (µm) 17.40 ± 1.15 20.71 ± 2.33 28.18 ± 1.93 32.04 ± 1.65 

Spherical IO Angle (°) 3.31 (0.26) 0.87 (0.11) 1.17 (0.10) 0.83 (0.05) 

Anatomical IO Angle (°) 3.87 (1.64) 1.33 (1.07) 1.42 (0.69) 1.04 (0.52) 

Modeled IO Angle (°) 3.85 1.05 1.34 0.93 

  1.62 (0.61) *c 1.12 d, 1.31 g 0.91 d, 0.96 g 

 828 

Table 1: Optical parameters for the four species are presented as a table. Values are mean ± s.d except for angular 829 
measurements, which show median (IQR). Comparable measurements from the literature or measured manually are in gray 830 
below corresponding values, with an asterisk indicating manual measurements of the same dataset. References are signified 831 
in superscript letters: a Posnien et al. (2012), b Torres-Oliva et al. (2021), c (Taylor et al. 2018), d Stöckl et al. (2017), e White 832 
(2003), f Menzel, Wunderer, and Stavenga (1991), g Theobald et al. (2010), h Baumgärtner (1928). Asterisks signify 833 
measurements taken on the same datasets. 834 
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