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Detecting motion is essential for animals to perform a wide variety
of functions. In order to do so, animals could exploit motion cues,
including both first-order cues—such as luminance correlation over
time—and second-order cues, by correlating higher-order visual
statistics. Since first-order motion cues are typically sufficient for
motion detection, it is unclear why sensitivity to second-order mo-
tion has evolved in animals, including insects. Here, we investigate
the role of second-order motion in prey capture by praying man-
tises. We show that prey detection uses second-order motion cues to
detect figure motion. We further present a model of prey detection
based on second-order motion sensitivity, resulting from a layer of
position detectors feeding into a second layer of elementary-motion
detectors. Mantis stereopsis, in contrast, does not require figure
motion and is explained by a simpler model that uses only the first
layer in both eyes. Second-order motion cues thus enable prey
motion to be detected, even when perfectly matching the average
background luminance and independent of the elementary motion
of any parts of the prey. Subsequent to prey detection, processes
such as stereopsis could work to determine the distance to the
prey. We thus demonstrate how second-order motion mechanisms
enable ecologically relevant behavior such as detecting camouflaged
targets for other visual functions including stereopsis and target
tracking.

second-order motion | stereo vision | motion detection | model |
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Animals must detect motion for several vital functions, in-
cluding navigation and postural stability. One important
function is prey capture, since prey are often given away by their
motion. Whereas navigation and postural stability can exploit
motion across the entire visual field, prey capture usually involves
detecting the motion of specific targets. This motion can be either
figure motion, where an object moves across the visual field (1-3)
(e.g., a bird flying across the sky), or elementary motion within a
restricted region of the visual field (e.g., a bird flapping its wings
while stationary).

Motion could potentially be detected by several means, in-
cluding the detection of both first- and second-order motion. First-
order motion involves correlations in luminance at different po-
sitions over time, such as might be seen when a dark bug moves
against a bright background. Second-order motion detection, how-
ever, involves correlations of higher-order visual statistics. Humans
can detect second-order motion, for example, when contrast
changes move across a static pattern (4-6). Sensitivity to second-
order motion has also been unequivocally reported from 1 insect—
the fruit fly—and this was the first demonstration of this capability
in invertebrates (1, 7-9). This sensitivity allows flies to track figure
motion, even when elementary motion moves in the opposite di-
rection or is absent.

Natural moving stimuli can have complex visual statistics, but
typically contain correlations of luminance changes across space
and time (i.e., Fourier motion), which can be detected by first-
order motion detectors like the Hassenstein—Reichardt detector
(10-12). It is therefore unclear why further mechanisms to detect
second-order motion have evolved. One possibility is simply that
this makes motion detection more robust. Many types of second-
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order motion detectors will detect the first-order motion (refs.
13-15 and our model below) of moving targets. Second-order
motion cues can also increase sensitivity to signals when com-
bined with first-order cues (16). This could be particularly im-
portant if animals have evolved to reduce first-order motion cues
as a form of camouflage. For example, an animal which managed
to be entirely featureless and equal in luminance to the average for
the environment in which it moved would produce little first-order
motion (17) and none at all when evaluated over scales that are
large compared to the background texture. Such an animal would,
however, have cues to second-order motion consisting of changes
in contrast as it occluded different regions of the background.
Thus, by evolving second-order motion detectors, an animal may
improve its ability to detect all forms of motion, especially those
selected to be cryptic.

Object detection is also important in stereo vision. Stereo vision
exploits the disparity between the views of the 2 eyes to compute
depth. This ability has been well studied in vertebrates (18-21),
especially primates (22-25), though less is known about the
mechanisms of stereopsis in invertebrates (26-33). Importantly, it
has been suggested that vertebrate stereopsis has evolved to break
camouflage and better enable object perception by highlighting
object contours that differ in depth to the background (26, 34). In
primates, this is achieved by cross-correlating the patterns of lu-
minance between the 2 eyes. Recent work has shown that mantis
stereo vision differs from primate and avian stereo vision in this
regard (30). Mantis strikes to moving stimuli remain sensitive to
stereoscopic depth, even in the absence of any luminance corre-
lation between the eyes, instead exploiting the position of image
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motion in the 2 eyes. Mantis stereopsis thus even outperforms
human stereo for moving stimuli with poor interocular luminance
correlation. Furthermore, this mechanism enables mantises to
discriminate stereoscopic depth, even in stimuli with no co-
herent first-order motion (30). An extensive literature on mantis
predation also suggests that figure motion with particular charac-
teristics (speed and location in the visual field) is necessary for
eliciting predatory behavior (27, 29, 30, 32). Yet, all work on
mantis stereopsis to date has used stimuli with figure motion, and
it has not been tested with stimuli presenting elementary motion
alone. Thus, it remains unclear whether mantis stereopsis responds
to elementary motion.

Taken together, this suggests the hypothesis that praying
mantises could capture prey based on the detection of figure
motion via second-order motion mechanisms. In this paper, we
set out to test this hypothesis. We investigated the contributions
of figure and elementary motion, with and without first-order
motion cues, to mantis prey detection, and additionally to mantis
stereopsis.

Results

Behavioral Experiments. In experiment 1, we tested the ability of
mantises to detect prey and perceive stereoscopic depth in stimuli
with different combinations of first- and second-order motion cues.
Mantises viewed the stimuli in a stereoscopic (3D) insect cinema
while wearing color filters with different colors for each eye,
enabling us to present them anaglyph 3D stimuli (29, 32). The
screen was placed 10 cm away from the mantis, which is too far
for 2D visual stimuli to elicit a strike for prey capture but can
still elicit visual tracking (35). In our experiments, we defined a
predatory response as either a strike (a rapid extension of the forelegs)
or a tension (a preparatory movement for a strike which is not
followed by one) (29, 36). All experiments had interleaved stimuli
with 2 disparity conditions: crossed and uncrossed. In the crossed-
disparity condition (Fig. 14), the parallax was chosen to simulate
a target 2.5 cm in front of the mantis—a distance at which stimuli
elicit prey-capture responses. In the uncrossed-disparity condition,
stimuli had the same parallax but with the left and right positions
swapped. Since the lines of sight did not cross in the latter con-
dition, and the parallax was larger than the mantis interocular
distance, this meant that the distance of the visual target from the
mantis was undefined and would not elicit strikes (29). This acts as
a control to test whether responses to the crossed condition are
driven by the stereoscopically defined distance. We presented the
mantises with stimuli having differing first- and second-order
motion content in both of these disparity conditions. We used 4
types of motion stimuli previously used to investigate insect sen-
sitivity to second-order motion: Fourier, theta, drift-balanced, and
small-field motion (3, 7-9, 13, 37) (Fig. 1 B-E), described in turn
below. For Fourier amplitude spectra for these stimuli, see Fig. 5
B-E. Note that these 4 stimuli differ only in their temporal
structure and are indistinguishable on the basis of a single
frame.

First, we asked how mantises respond to Fourier motion stimuli.
These are the most natural moving stimuli, which are detected by
first-order motion detectors and some models of second-order
motion detectors (13, 14). The direction of motion detected by
both types of detectors is the same for these stimuli. We know that
mantises discriminate depth and initiate prey capture in response
to suitable Fourier motion stimuli, e.g., a black disk spiraling over a
brighter background (29). Here, we used horizontal Fourier mo-
tion of a target as a baseline to compare with other types of mo-
tion. The target was a circular patch of dots that moved from one
side of the screen to the other over a background composed of
similar dots (Fig. 1B and Movie S1). The dots were large enough
to be individually resolvable, given the low spatial acuity of the
mantis’s eyes and the elementary motion of the dots matched the
figure motion of the disk. This is similar to a spotted bug moving
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against the background, where both the bug and the spots on its
back have the same motion. Mantises could detect these stimuli
and were significantly more likely to respond to crossed rather than
uncrossed disparities (generalized linear mixed model [GLMM]:
effect size estimate = 2.96, P = 7.64 x 107>, Fig. 1B); data for all
results available at ref. 38.

We next investigated mantis responses to stimuli with theta
motion (14), where elementary motion and figure motion are
in opposite directions. For these stimuli, first- and second-order
motion detectors detect opposite directions of motion, with first-
order mechanisms tracking the direction of elementary motion
and second-order mechanisms tracking the direction of figure
motion (13, 14). The stimulus here was the same as the stimulus
described above, but here the dots within the target streamed
in the opposite direction to the motion of the targets they
comprised (Fig. 1C and Movie S2). Since the different motion
cues are in conflict here, if prey detection or stereopsis were
sensitive to the direction of motion, the mantises could po-
tentially make more errors when presented with these stimuli.
Mantises were, however, responsive to theta motion stimuli and
were again significantly more likely to respond to crossed com-
pared to uncrossed disparities (GLMM: effect size estimate =
1.90, P = 2.37 x 107 Fig. 1C). Thus, mantis prey capture and
stereopsis can discriminate depth, even when first-order and
second-order motion detectors detect opposite directions. In-
terestingly, response probabilities to the theta condition were
significantly greater than for all other conditions, indicating that
a particular combination of figure and elementary mo-
tion generates the greatest response (GLMM: theta vs. Fourier:
effect size = 0.98, P = 5.03 x 10™*; theta vs. drift-balanced: effect
size = 0.5993, P = 0.0252; theta vs. small-field: effect size = 4.78,
P =299 x 107°).

We were next interested in the relative contribution of first-
and second-order motion mechanisms to prey capture responses.
To investigate this, we used stimuli that eliminated elementary
and figure motion in turn. We first asked whether first-order ele-
mentary motion was necessary at all for prey detection and ste-
reoscopic depth discrimination. To do so, we presented mantises
with “drift-balanced” stimuli (37) where the dots have no motion
but the figure moves—creating the effect of a circular window
moving on the background, revealing a different background be-
neath (Fig. 1D and Movie S3). Since the dot patterns on either
side of the edge of the circular window are different but have the
same average luminance, the average correlation across time and
space is 0. First-order motion detectors might be activated by
random fluctuations in correlation, but, on average, the activity
would be the same in first-order motion detectors tuned to op-
posite directions. These stimuli, therefore, have no net first-
order motion, and this experiment thus tested the idea that
mantises require first-order motion to detect targets. Man-
tises detected these stimuli and responded significantly more to
crossed compared to uncrossed disparities (GLMM: effect size
estimate = 2.02, P = 1.93 x 107>; Fig. 1D), showing that first-order
elementary motion is not necessary for either prey detection or
stereopsis.

Finally, we presented the mantises with a stimulus which had
elementary small-field motion, but no figure motion (Fig. 1E and
Movie S4), testing the idea that elementary first-order motion
would be sufficient to elicit mantis prey-capture responses. Here,
dots streamed within a circular window, with dots continually
entering from one side of the window and vanishing when they
reached the other side, but the window itself stayed fixed. Pre-
vious research into the mechanisms of mantis stereopsis sug-
gested that it was tuned to simultaneous temporal change in
specific positions in each eye (30). This would imply that stere-
opsis would enable mantises to discriminate depth when this
temporal change corresponded to just elementary motion with-
out any figure motion cues, as was the case here. However,
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Fig. 1. Experiment 1: Stimuli and prey-capture responses. (A) Color filters
were attached to the mantis to enable the presentation of 3D anaglyph
stimuli. Mantises viewed the stimuli from a distance of 10 cm and were free
to strike at stimuli with their forearms. All stimuli were presented in both
crossed- and uncrossed-disparity conditions. Crossed-disparity conditions
simulated a target (dotted red circle) 2.5 cm from the mantis, in their catch
range. Uncrossed-disparity conditions had the same parallax as the crossed-
disparity stimuli, but with left and right swapped. Since this parallax was
greater than the interocular distance of the mantises, the distance to the
mantis was undefined. (B—E) Cartoons of stimuli above responses (strikes and
tensions) to the stimuli in experiment 1. (B) Fourier stimuli (Movie S1): First-
order elementary motion (thin green arrows) had the same speed and di-
rection as the figure motion (thick red arrow). (C) Theta stimuli (Movie S2):
First-order elementary motion (green arrows) had the same speed but the
opposite direction to the second-order figure motion (red arrow). (D) Drift-
balanced stimuli: A circular moving window revealed a different pattern of
dots apparently seen through the window (Movie S3). Thus, there were no
moving dots, and only second-order figure motion (red arrow) was present
without any first-order elementary motion. (E) Small-field motion: Only first-
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mantises barely responded to these stimuli, and it was impossible
to statistically compare their responses to crossed and uncrossed
disparities (Fig. 1E). This suggests that prey detection and capture
by mantises depends on the cues to figure motion. First-order
elementary motion, when presented alone, was thus insuffi-
cient for eliciting stereopsis-dependent predatory responses in the
mantis.

To verify these results and further assess the role of first-order
motion, we first replicated the results of the drift-balanced and
Fourier motion experiments in experiment 2, using a spiral
stimulus that has been shown to be attractive to mantises (29,
30). Because the direction of motion was constantly changing in
this spiral stimulus, we did not attempt to create a version of this
stimulus with theta motion. We presented the mantises with 3
stimuli. The first consisted of a drift-balanced stimulus as de-
scribed above, but with the spiraling motion (Fig. 24). The sec-
ond stimulus was a “luminance flipped stimulus” (30), consisting
of a spiraling target region within which the background dots
changed their luminance from black to white and vice versa as
the region passed over them (Fig. 2B; also depicted with left—
right motion in Movie S5). Note that this stimulus differed
from the drift-balanced stimulus in that the dots that changed
their luminance were already present in the background, but
changed as the target area moved over them. In the case of the
drift-balanced stimulus, the dots within the target were a dif-
ferent pattern compared to the background. The third stimulus
was a Fourier disk stimulus, where a disk of dots moved in
a spiraling motion obscuring the background dots behind it
(Fig. 2C). All 3 stimuli were presented in both crossed and
uncrossed disparities. The first 2 stimuli tested mantis depth
discrimination in second-order motion without any coherent
first-order motion cues, and the third stimulus was a positive
control with clear first- and second-order motion cues in the same
direction.

Strike probability across all 3 stimuli showed a significant main
effect of disparity (GLMM: effect size estimate = 3.64, P < 2 X
107'%; Fig. 2), implying that the mantises were able to discrimi-
nate depth in all 3 conditions. Since this was true even for the
drift-balanced and luminance flipped stimuli that lacked first-
order motion, these results confirm that first-order motion is not
necessary for prey detection and stereoscopic depth perception
in mantises.

Our results show that figure motion elicits strikes whether
containing first-order motion or not, but that elementary first-
order motion, without figure motion of the target, does not
elicit strikes for either disparity. This suggests that either prey
detection or stereopsis requires figure motion of a target across
the visual field and is insensitive to localized elementary mo-
tion without the motion of a figure. One possibility is that
mantis stereoscopic vision is intrinsically sensitive to disparity
defined by elementary motion, but that figure motion is re-
quired to activate a separate prey-detection system and release
the strike.

To test this possibility, in experiment 3, we designed a stimulus
where a stationary target, with only internal elementary motion
and no second-order figure motion, was preceded by a spiral-
ing target consisting of a drift-balanced stimulus with no ele-
mentary motion (Fig. 3). Experiment 2 demonstrated that the
drift-balanced spiral was attractive to mantises and that they can
discriminate depth in this stimulus. In separate trials, the spiraling
target was presented with crossed disparity at a virtual distance of

order elementary motion (green arrow) was present without any figure
motion (Movie S4). Bold red lines in the responses represent the probability
of prey-capture responses (strikes + tensions) across all animals. Lighter lines
represent data from individuals. *P < 0.05. Error bars represent 95% bi-
nomial confidence intervals.
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Fig. 2. Experiment 2: Stimuli and prey capture responses. Strikes and ten-
sions in response to drift-balanced spiral stimuli (A4), luminance-flipped
spiral stimuli (B), and Fourier disk spiral stimuli (C). Other details are as
in Fig. 1. Stimulus cartoons depicted above the results depicted early and
later frames of the stimulus. (A) Background dots in the drift-balanced
condition were replaced by a new pattern as the window passed over
them (e.g., dot indicated by red arrow in the top frame has no counter-
part in the bottom frame, since this region is now within the target and
has thus been replaced by a new random dot pattern). Dots within the
target region were stationary but differed as the target moved (compare
pattern within the dashed ring in one frame with the corresponding re-
gion in the other frame: The dot patterns are unrelated). (B) Background
dots in the luminance-flipped spiral remained in the same position, but
changed luminance from black to white and vice versa when the target
region moved over them (pattern within the dashed ring in one frame is
the same as for the corresponding region in the other frame, but with
contrast polarity inverted; e.g., dot indicated by red arrows in the top and
bottom frames). (C) In the Fourier condition, a coherent dot patch moved
over the background dots and obscured them (pattern within the dashed
ring is the same in the top and bottom frames, just displaced in the im-
age). *P < 0.05.

either 5 or 2.5 cm until it reached the center, where it vanished. A
second later, the final elementary motion-only target was shown
with either a crossed or uncrossed disparity. The magnitude of the
disparity was the same in these 2 elementary motion conditions
and conveyed a target distance of 2.5 cm in the crossed condition.
The idea was that the spiraling figure motion would activate the
prey-detection system and prime the mantis to release the strike
when the final target appeared at the center. If mantis stereopsis
can discriminate disparity in purely elementary motion, then we
would expect more strikes to be released when the target reap-
peared in the catch range (crossed disparity) than at an undefined
distance (uncrossed disparity). This experiment thus tested
whether mantises would use purely first-order elementary mo-
tion to discriminate a target’s depth if their prey-detection sys-
tem had been activated previously with a target defined purely by
second-order figure motion. We classified any strikes according
to whether they occurred during the spiral figure-motion phase
or during the later elementary-motion phase and only analyzed
the strikes that occurred during the second phase. If mantises
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could discriminate depth in the second phase after identifying
a target in the first phase, we would expect to see a difference
between responses to crossed and uncrossed disparities in this
phase. In addition, if mantis responses in the second phase
were influenced by the distance of the target in the first phase,
we would expect differential responses in the second phase
when motion in the first phase was simulated to be at 2.5 cm
compared to 5 cm.

In the second, elementary-motion, phase we found that mantises
were significantly more likely to respond to and strike at the target
in the crossed-disparity condition compared to the uncrossed-
disparity condition (responses: GLMM: effect size estimate:
3.51, P < 2 x 107'° [Fig. 3, Upper]; strikes: GLMM: effect size
estimate: 4.17, P = 5.08 x 10™'° [Fig. 3, Lower]). This indicates that
mantis stereopsis is also sensitive to the disparity of a stationary
target defined by elementary motion. The depth of the preceding
figure motion also had a significant effect on the probability of
striking (GLMM: effect size estimate: —1.04, P = 3.76 x 107%).
Moving prey perceived to be closer in the first phase was more
likely to elicit strikes, but mantises discriminated disparity, even if
the moving prey was initially perceived to be further away. Thus,
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Fig. 3. Experiment 3: prey-capture responses. The responses are to the
elementary-motion phase of the stimulus. The preceding figure motion
simulated distances of 2.5 cm (A) and 5 cm (B). Bold red lines represent the
probability of prey-capture responses (strikes + tensions; Upper) or strikes
(Lower) across all animals. Other details are as in Fig. 1. Stimulus cartoon in
Left depicts the initial drift-balanced spiral (Fig. 2A) with figure motion and
the later small-field motion (Fig. 1E) with elementary motion. Stimulus car-
toon at Top depicts the 2 disparity conditions of the figure motion with
simulated target depths of 2.5 and 5 cm. *P < 0.05.
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once moving prey is detected at either distance, the stereo system
can distinguish disparity using either figure motion (experiments 1
and 2) or elementary motion (experiment 3).

Experiment 3 shows that mantis stereopsis can discriminate
disparity in stimuli with only elementary motion, when primed by
figure motion at disparities within a mantis’s catch range. In a
final experiment—experiment 4—we asked whether the preceding
figure motion had to have a disparity in the mantis’s catch range in
order to have this priming effect. To test this, we ran a version of
the experiment where the spiral stimulus that preceded the target
had uncrossed disparity. The “priming” stimulus thus provided
binocular stimulation, but its geometry did not convey a coherent
distance to a target. If mantis stereopsis requires priming by figure
motion with crossed disparity, we would not see disparity-selective
strikes to elementary-motion targets following figure motion with
uncrossed disparity. In this experiment, rather than the figure
motion indicating a spiral at 2.5 or 5 cm (as in experiment 3), it
indicated either a crossed target at 2.5 cm or an uncrossed one
with the same magnitude of parallax. Each of these conditions was
then followed by the crossed or uncrossed elementary motion. We
found that in the second, elementary-motion phase, mantises still
discriminated between crossed and uncrossed disparities for both
responses overall (GLMM: estimate = 3.71, P < 2 x 107'%; Fig. 4,
Upper) and strikes in particular (GLMM: estimate = 4.30, P =
223 x 107 Fig. 4, Lower). There was, however, also a main effect
of the type of preceding figure motion: Crossed preceding figure
motion led to significantly greater responses (GLMM: estimate =
2.33, P = 1.22 x 107'*) and strikes (GLMM: estimate = 3.81, P =
1.73 x 10‘10) during the elementary-motion phase. Almost no
mantises made strikes in the uncrossed elementary-motion con-
dition when the preceding figure motion was also uncrossed (Fig.
4B). Furthermore, even with crossed elementary motion, strikes in
particular were much reduced if the preceding figure motion was
uncrossed and only reached an average level comparable to the
uncrossed elementary-motion condition with preceding crossed
motion (compare crossed condition in Fig. 4 B, Lower with
uncrossed condition in Fig. 4 A, Lower).

Taken together with the existing literature, our results dem-
onstrate that both figure motion of a prey-like object and
stereoscopic disparity indicating that the prey is in range are
necessary to elicit mantis strikes. However, our results suggest
that these 2 components are governed by distinct systems. The
requirement for the correct disparity is demonstrated by the lack
of strikes to stimuli containing only uncrossed disparity [Figs. 1-3
and previous studies (29, 30, 32)]. The requirement for figure
motion is demonstrated by the lack of strikes to elementary
motion within a fixed spatial region with the correct disparity
(experiment 1, Fig. 1E). However, in experiment 4, we decoupled
these and demonstrated that strikes could be elicited by a com-
bination of figure motion with uncrossed disparity followed by
elementary motion with the correct disparity. This suggests a
stereo-blind system for detecting prey presence, which uses
second-order motion cues to detect figure motion, and a ste-
reoscopic system for judging prey distance, which requires only
temporal change (30).

Computational Modeling. To formalize how the mantis could de-
tect prey independent of stereo computation, we built a model
that detects targets with second-order motion. Some prior
models have been proposed for the perception of second-order
motion. These are usually based on initial detection via elementary-
motion detectors (EMDs) sensitive to first-order motion, followed
by subsequent processing to extract second-order motion. The
models include full-wave rectification of the EMD output and
lateral connections between fine-scale EMDs and large-scale
EMDs (9, 13, 15, 39). Our results were reminiscent of earlier re-
sults showing that insects can track objects without tracking ele-
mentary motion (40). These previous results were modeled as
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Fig. 4. Experiment 4: Prey-capture responses. The responses are to the
elementary-motion phase of the stimulus. The preceding figure motion had either
crossed disparity, indicating 2.5 cm (A), or uncrossed disparity of the same parallax
(B). Other details are as in Fig. 1. Stimulus cartoon in Left depicts the initial drift-
balanced spiral (Fig. 24) with figure motion and the later small-field motion (Fig.
1E) with elementary motion. Stimulus cartoon at Top depicts the 2 disparity
conditions of the figure motion (crossed and uncrossed disparity). *P < 0.05.

being driven by position detectors. We therefore implemented a
model consisting of 2 layers of detectors where the first layer
consisted of position detectors as modeled in ref. 40 (Fig. 5). The
second layer consisted of a “second-order motion detector,” which
comprised a classic EMD (41) but one which took as input the
output of the position detectors (Fig. 5 B-F and Movies S1-S5,
second row). Such a 2-layer model captured our results well,
responding selectively to the direction of second-order motion, but
not to elementary motion (Fig. 5, Model Response; Movies S1-S5,
bottom row).

The first layer of our model consisted of a set of linear, spa-
tiotemporally separable filters (Fig. 5 4, Left). We can think of
these as corresponding roughly to the output of each ommatid-
ium. The spatial filter is Gaussian, with a width designed to re-
flect the acceptance angle of mantis ommatidia. The temporal
filter is a first-order high-pass filter, meaning that the first layer
responds only to changes in luminance. The red contour lines in
the left column of Fig. 5 B—F show the Fourier spectrum of this
spatiotemporal filter. It is spatially low pass, but temporally high
pass. These contours are superimposed on the Fourier spectra of
the stimuli and discussed below.

The outputs of the layer-1 sensors were squared before pro-
viding the input to a second layer of EMDs inspired by the model
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Fig. 5. Computational model of second-order motion detection in the mantis. (A) Schematic depiction of the model detecting second-order motion. The
model consisted of 1 layer of position detectors feeding into a second layer consisting of EMDs. HP, high-pass filter; LP, low-pass filter; M, multiplication
operation. The stimulus and the response of the model at the different stages highlighted by the pink rectangle are shown below. Column 1: Fourier
spectra of each of the 5 stimuli input into the model. (B) Fourier stimuli. (C) Theta stimuli. (D) Drift-balanced stimuli. (E) Small-field stimuli. (F)
Luminance-flipped stimuli. All stimuli moved from one end of the screen to the other and were as depicted in Fig. 1, except for the luminance-flipped
stimulus, which here moved horizontally across the screen rather than with a spiral motion. We only plot these spectra for left (L)-right (R) motion
movies (right-left would appear as an approximate mirror image along the vertical axis). Red contours depict the receptive fields of the position de-
tectors in the first layer of our model; these are drawn at 10% intervals of the maximum response from 90 to 10%. Column 2: Fourier spectra of the
output of the first layer of our model with each of the 5 input stimuli. Red and blue contours depict the Fourier response of the EMD in the second layer
of the model, calculated as opponent energy, as in figure 2D of ref. 42. These are drawn at 90%, 70%, 50%, 30%, and 10% of the maximum response.
Blue contours denote sensitivity to rightward motion and red to leftward. Column 3: Directional output of the second and final layer in the model which
consisted of EMDs. Blue lines depict response to stimuli moving left to right, and red lines to stimuli moving right to left. D-F, Insets show an expanded
view. Adjacent box plots represent the mean and SD of the responses—note that the error bars only overlap with 0 for the small-field motion condition.
Column 4: Prey detection and capture responses of mantises in our behavioral experiments to each type of stimulus (as shown in Figs. 1 and 2) correspond
well with the motion detection output of the model.

of Hassenstein and Reichardt (41). These again had a stage of
spatial filtering, pooling many layer-1 sensors with Gaussian
weights. This was followed by separate low-pass and high-pass
temporal filtering. The low-pass output of 1 layer-2 subunit was
multiplied together with the high-pass output of the adjacent
subunit, and the results were subtracted to give a direction-
selective sensor. The red and blue contour lines in the middle
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column of Fig. 5 B-F show the sensitivity of the EMD after this
opponent stage (42).

The grayscale images in the left column of Fig. 5 B—F show the
Fourier spectra of the different movie stimuli. The Fourier stim-
ulus (Fig. 5B) has a series of diagonal stripes representing the first-
order motion of the stimulus. The gradient of the line reflects its
speed and the upward slope its rightward direction. (The line
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repeats along the temporal frequency [vertical] axis, with a spacing
of 60 Hz reflecting the 60-Hz frame rate of our stimuli.) The same
lines are visible even more in the small-field stimulus (Fig. SE).
In the theta stimulus (Fig. 5C), similar stripes are visible, but
slant downward, reflecting the opposite direction of the first-
order motion of this stimulus. In the drift-balanced (Fig. 5D)
and luminance-flipped (Fig. 5F) stimuli, no directional struc-
ture is visible in the Fourier spectrum at all. This reflects the
purely second-order motion of these stimuli, which by defini-
tion is not visible in the Fourier domain.

The grayscale images in the middle column of Fig. 5 B—F show
the Fourier spectra of the outputs of the first layer, which form
the inputs to the second layer (note the different axis range).
With the exception of small-field motion (Fig. SE), these each
have clear directional power lines which pass through the blue
contour and almost entirely miss the red contours. This is exactly
as we would expect, as our model is oriented such that left-right
motion should produce negative opponent energy. Small-field
motion (Fig. 5E) does not produce a directional power line at
the middle column. This is because in small-field motion stimuli,
although there is motion within the target, the target itself does
not move across the screen (Movie S4). The right-most column
of Fig. 5 B-F shows the summed responses of all rightward-
sensitive EMD to stimuli moving right (blue) and left (red).
The “spikes” visible in the response reflect the model’s transient
response to each new frame of the movie sequence. For the
stimuli in which a target moves across the screen, the response is
directional, with a positive response to rightward motion and a
negative response to leftward. For the small-field motion stim-
ulus (Fig. SE), which contains only first-order motion within a
stationary target, this directional response is much weaker and
fluctuates on either side of zero. It would be largely abolished by
a threshold. If a suprathreshold response is required for preda-
tory strikes, this could therefore explain why strikes are not ob-
served for stimuli without figure motion.

The critical feature of the model is that it has 2 layers with
specific functions. The first layer detects where in the image
things are changing. Here, we have implemented this with a
simple high-pass filter plus squaring, but many other approaches
would also work, e.g., a first layer consisting of EMDs whose
output is rectified (9). The second layer then detects the move-
ment of this changing region across the visual field. It is this layer
which imposes the requirement for figure motion. We conclude
that a 2-layer system of second-order motion detection is a viable
model of the input for mantis prey detection.

Discussion

Our results show that prey detection and capture by mantises
requires figure motion of the target. The stereoscopic evaluation
of depth, however, does not. Mantises are capable of detecting
prey and discriminating depth in a range of stimuli with different
combinations of first- and second-order motion. Results from
both experiments 1 and 2 where drift-balanced and luminance-
flipped stimuli only contained directional cues from second-
order motion further demonstrate that second-order figure
motion is sufficient for prey detection and stereopsis, even with
minimal activation of the EMDs and no directional signal in the
Fourier spectrum (Fig. 5). The results from experiments 3 and 4,
however, show that figure motion is not necessary for stereopsis—
mantises are able to discriminate disparity in stimuli with purely
elementary motion within a stationary window. For strikes to be
released, however, it is important that this is preceded by figure
motion of a prey target across the visual field.

This indicates a stereo-blind prey-detection system that re-
quires figure motion and a disparity sensitive stereo-system that
computes the distance to targets which can be defined based on
any temporal change (e.g., elementary motion), with strikes re-
quiring both to be activated. In experiment 1, when the target
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lacked figure motion, the prey-detection system was not acti-
vated, and there were no strikes (Fig. 1E). In experiment 4, when
both the preceding figure motion and the elementary motion
crossed disparity, we had the most strikes (Fig. 4 A, Lower) since
both systems were strongly activated. When both motions had
uncrossed disparity, the stereo system was not activated and we
got no strikes (Fig. 4 B, Lower). However, when the figure mo-
tion had crossed disparity and elementary motion has uncrossed
disparity, we still got some strikes, even during the uncrossed
elementary motion, presumably because of the initial activation
of the stereo system by the crossed disparity of the figure motion
(Fig. 4 A, Lower). Crucially, when the figure motion had uncrossed
disparity and the elementary motion had crossed disparity, we still
got a similar amount of strikes (Fig. 4 B, Lower). This suggests that
to release a strike, prey must be detected, and also within a certain
time window (extending at least 1 s) the stereoscopic localization
system must indicate an object within range. Thus, while mantis
stereopsis exploits temporal change in either elementary or figure
motion, the prey-detection system in mantises requires figure
motion. A predatory response requires both these systems to be
activated, ensuring that the mantis effectively targets attractive
moving prey at the right distance. A similar 2-system account is
also suggested by recent work investigating motion in depth in
praying mantises (43), where the prey-detection system is sensitive
to looming, while the stereo system is not. Our 2-layer model of
prey detection produced strong, directional responses to all stimuli
with figure motion of a target, including where this motion was
purely second order. It produced very weak responses to stimuli
with only first-order elementary motion and no figure motion. We
can therefore account for the observed properties of mantis prey
detection by postulating that inputs from left and right eyes are
processed in a way similar to our model. In insects, this could
potentially be governed by object-tracking neurons and mecha-
nisms (40, 44-47) that are distinct from the optomotor response
mechanisms governed by the EMDs.

Previous studies have suggested some functions for insect
sensitivity to second-order motion. Such a sensitivity has been
suggested to enable tracking of objects with changing luminance
correlations such as flapping wings (8). It has also been suggested
that sensitivity to some forms of motion like theta motion arises
purely as a result of combined sensitivity to other more common
types of motion, such as elementary motion and drift-balanced
motion (8). Our results here directly implicate sensitivity to
second-order motion in prey detection through the detection of
figure motion. Investigations into the mechanisms underlying
second-order motion sensitivity in flies have provided us with
substantial insights. These include the underlying mechanisms
and the neural basis of second-order motion sensitivity (2, 3, 9).
Fly turning behavior in response to figure and elementary motion
involves a superposition of a short-latency, position-independent
response to elementary motion and a large-latency response to
figure motion in a central region of the visual field (2). Our results
show that mantis prey detection instead relies primarily on figure
motion, suggesting that it is the latter position-dependent response
that is implicated. This seems appropriate for 2 reasons. Firstly,
our stimuli lack wide-field motion and would not have triggered
the EMD-dependent optomotor response. Secondly, the prey-
capture response appears to rely on the moving prey being in
the foveal position and thus would be driven by the figure motion
response in the central visual field. Since the fly experiments relied
on bar stimuli compared to our smaller disk stimuli, it is, however,
not yet clear if our results reflect the same mechanisms as seen
in fly experiments or the previously discussed object detection
mechanisms.

Kral and Prete (33) identified 10 properties which influence
whether mantises classify any given object as prey, including
stimulus size and shape, contrast relative to the background,
speed, and direction of motion. In launching a strike, stereoscopic
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distance is also critical—mantises will strike at virtual prey when
binocular disparity is manipulated to indicate that it is present in
the catch range and rarely strike at prey where the disparity-
defined distance is too great or is undefined (as in our uncrossed
condition) (27, 29). Kral and Prete (33) therefore suggested the
neat and parsimonious possibility that prey detection and stereo-
scopic localization are performed essentially in a single step. They
postulated that on each side of the brain, a Lobula Giant Motion
Detector feeds into a Descending Contralateral Movement De-
tector, forming a “LGMD-DCMD complex” which acts to detect
prey in the corresponding eye (33, 48, 49). These would be tuned
to the monocular properties of prey such as size, speed, and also
retinal location. The 2 LGMD-DCMD complexes would synapse
onto the motor neurons responsible for striking, and strikes would
occur when the total input exceeded a threshold. Under normal
circumstances, activity in both the left- and right-eye LGMD-
DCMD complex would be required to exceed threshold. The
tuning of each complex to monocular retinal location would en-
sure that strikes occurred preferentially to stimuli with the correct
binocular disparity, explaining mantis stereoscopic vision. This is
an elegant account of mantis stereopsis; so simple, indeed, that
Kral and Prete (33) did not consider it stereopsis at all.

Recent neurophysiological evidence (50) has undermined this
account, showing that mantis lobula complex—and even the me-
dulla, still earlier in visual processing—already contains binocular
information. The present results, suggesting separate systems for
prey detection and stereoscopic distance, are also hard to reconcile
with the Kral and Prete (33) model. In their unified model, dis-
parity discrimination in the elementary-motion stimulus would
require activity in prey-detector neurons. But if elementary motion
could activate these neurons, one would expect strikes whether or
not crossed elementary motion was preceded by figure motion,
and this was not observed (Figs. 2 and 4).

The dependency of mantis prey detection on second-order
figure motion rather than first-order motion suggests an eco-
logically adaptive explanation for second-order motion sensi-
tivity. It would be useful for object-detection systems to be
tuned to the movement of the prey itself rather than to features
on the surface of the prey. This would, for example, allow the
tracking of a ladybug or a butterfly without the potential con-
fusion caused by the movement of dots on the surface of their
wings in flight. Second-order motion sensitivity would also al-
low animals to detect moving prey that are featureless objects
that exactly match the luminance of their background (17);
such prey would be invisible to first-order motion detectors. It
could also counteract the effects of dazzle coloration that relies
on high-contrast internal patterns, which interfere with the
perception of target speed and direction (51, 52). Our study
adds to growing evidence that insect visually guided predation
is surprisingly complex, combining several distinct visual pro-
cesses to enable target detection with maximum flexibility
and power.

Methods

Experimental Model and Subject Details. All experiments were conducted on
adult female mantises of the species Sphodromantis lineola. Mantises were
housed individually in semitransparent cages (7 x 7 x 9 cm) in a climate-
controlled environment maintained at a temperature of 25 °C. Mantises
were fed 1 cricket 3 times a week. During experiments, mantises were not
fed, in order to maintain motivation. Experiments were conducted in
a within-subject design, so all mantises experienced all experimental
conditions.

Method Details.

Preparing and fixing the 3D glasses. Color filters (LEE filters 135 Deep Golden
Amber and 797 Purple) were used to deliver anaglyph 3D images. These filters
differed from previously used filters (29), but also achieved separate pre-
sentation of images to each eye based on spectral content. The trans-
mittance spectra of these filters are provided in ref. 43. Tear-drop-shaped
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glasses were cut out of the filters with a maximum diameter of 7 cm.
Mantises were placed in a tabletop freezer (Argos Value Range catalog no.
DD1-05 Tabletop Freezer) for 5-8 min to temporarily immobilize them. They
were subsequently pinned down using modeling clay, and the glasses were
affixed to the frons of mantises using beeswax applied with a wax melter
(Denta Star catalog no. S ST 08). The glasses were fixed so that a different
color filter covered each eye. Mantises were then released and allowed to
recover overnight before any experiments were conducted.

Visual stimulation and experiments. Mantises were fixed to a stand by means of a
small component fitted onto their backs with beeswax. They could hold onto
a moveable cardboard disk with their feet and move their head and body, as
well as make strikes with their forearms. They were placed so that their eyes
were 10 cm away from the screen.

Visual stimulation was provided at a frame rate of 60 Hz on a DELL U2413
LED monitor (1,920 x 1,200 pixels; 51.8 x 32.4 cm). The output of the blue
and green channels was digitally adjusted to compensate for the unequal
levels of light transmitted through the blue and green filters. The blue
channel was thus set at 13% the output of the green channel. The back-
ground for all stimuli consisted of blue and green dots against a cyan
background. The dots had a diameter of 25 pixels (1.8°) and a density of 55
dots in every 100 x 100 pixel square: 50% of the dots at the maximum lu-
minance (“white” dots) and 50% at the minimum luminance (“black” dots).
Through the glasses, each eye would be able to see only blue or green dots
as dark and light dots against a “gray” background. The dots were un-
correlated across the 2 eyes, i.e., each eye saw a completely different dot
pattern (30).

Prior to all experiments, mantises were tested for motivation by using a
dark disk that spiraled in from the periphery to the center. The size and
disparity of this disk was chosen to simulate a target of 1-cm diameter, 2.5 cm
from the mantis. This is a stimulus that mantises respond to strongly and strike
at. Experiments were therefore only carried out if mantises first struck at 2
consecutive presentations of this stimulus. Similarly, the data from an ex-
periment were excluded if the mantis didn’t meet the same criterion after
the experiment was carried out. Across all experiments, 14 experimental
runs of 6 animals out of 133 were excluded.

Experimental stimuli were presented in 2 disparity conditions (Fig. 1A). In
the first, “crossed" disparity condition, the target regions had positions on
the screen such that the lines of sight from each eye crossed at a distance of
2.5 cm from the mantis (7.5 cm from the screen). In the uncrossed disparity
condition, the positions of the target regions were reversed, so that they
had the same parallax, but with left and right swapped between the 2 eyes.
Since the parallax between these regions was greater than the interocular
distance for mantises (~0.7 cm), this resulted in the lines of sight not inter-
secting, and therefore the distance to the mantis was undefined.

Experiment 1. We presented 8 mantises with 4 experimental stimuli in each
of the 2 disparities, making for a total of 8 conditions. Each of these con-
ditions was presented to a mantis in interleaved trials with a randomized
order in an experimental run. One experimental run had 4 replicates of each
condition, and each mantis was tested in 3 experimental runs. This made for a
total of 12 replicates per condition for each mantis. One mantis was tested in
only 2 experimental runs and thus had only 8 replicates per condition. The 4
stimuli used had different types of motion: Fourier motion, theta motion,
drift-balanced motion, and small-field motion.

The Fourier motion stimulus consisted of a target disk with dots like the
background pattern (Movie S1, Upper). This target disk moved horizontally
from one side of the screen to other, starting at three-fourths of the length
toward one end of the screen and ending at the other end of the screen—
thus covering three-fourths the length of the screen. The target moved with
a speed of 82°s (as measured in the center of the screen), occluding the
background as it moved. Thus, the motion of both the target figure and the
elementary dots comprising was exactly the same. In half the presentations,
the target moved from left to right, and in the other half, the target moved
from right to left.

The theta motion stimulus was the same as the Fourier motion stimulus,
except that the dots comprising the target disk moved in the opposite di-
rection to the disk at the same speed (Movie S2, Upper). In this stimulus, the
figure motion was thus opposite to the first-order elementary dot motion.

The drift-balanced stimulus consisted of a notional region that moved as
described above. However, no dots moved in this region. The effect was of a
moving hole in the background revealing a different dot pattern behind the
background (Movie S3, Upper). This stimulus thus had no first-order ele-
mentary motion, but had second-order figure motion.

For the small-field motion stimulus (Movie S4, Upper), the target regions
were stationary in front of the mantis with a parallax between the 2 eyes,
such that the lines of sight to the regions crossed 2.5 cm in front of the
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mantis in the crossed-disparity condition. The dots within each region moved
from one edge of the region to the other edge, where they disappeared. As
the dots moved, they were replaced at the initial edge by newly generated
dots, resulting in a streaming motion of the dots from one end of the region
to the other. This stimulus thus had no second-order figure motion, but had
first-order elementary motion of the dots.

Experiment 2. In the second experiment, we presented 10 mantises with 3
randomly interleaved stimuli presented in both crossed and uncrossed dis-
parity conditions. Each experimental run consisted of 6 presentations of each
of the 3 stimuli in each of the 2 disparity conditions, making for a total of 36
trials per experimental run. Two experimental runs were conducted per
animal, making for a total of 12 replicates per animal for every combination
of stimulus and disparity condition. In the first 2 stimuli, the background dots
were uncorrelated across both eyes, while the last one consisted of correlated
dots. The first of the 3 stimuli was a drift-balanced stimulus that spiraled in
from the periphery of the screen to the center in front of the mantis. As
above, the effect was of a moving hole revealing a different dot pattern
behind the background. The motion was a spiral motion, which was the same
as that described before (29) and is known to elicit strikes. The second
stimulus was a luminance-flipped stimulus consisting of a target region that
also moved with this same spiraling motion. As the target regions in each
eye moved over the dots in the background, the dots changed their lumi-
nance polarity, i.e., black dots became white, and white dots became black.
When the region moved on, they reverted to their original polarity. The
third stimulus consisted of background and target dots that were correlated
across both eyes. The target was a disk with dots on it that moved with the
spiraling motion described and obscured the background dots as it moved.
The target dots and the disk thus had the same motion, providing both first-
and second-order motion cues.

Experiment 3. In the third experiment, we tested whether mantises would
strike at and discriminate disparities of targets without figure motion and
only elementary motion if these targets had been previously cued by figure
motion. The idea was that mantises might potentially use the figure motion
to recognize and track an object and then subsequently could use elementary
motion to make disparity calculations about the object. We therefore pre-
sented 8 mantises with stimuli that consisted of 2 motion phases. In the first,
the stimulus consisted of a drift-balanced spiral as described above that
vanished when it reached the center of the screen in front of the mantis. This
first phase was indicated by an indicator black dot at the bottom of the
screen. This dot was hidden from the mantis's view by a small cardboard
square, but reflected into the camera’s view using a mirror. After a second’s
pause, the mantis was then presented with the second phase of the stimulus,
and the indicator dot vanished. This consisted of a target defined by dots all
moving in one direction within the boundary of the target. This target was
exactly as in the small-field stimulus described in experiment 1, with the dots
streaming within the circular target and vanishing at the edge of the circle,
only to be replaced by other dots on the other side. There were 2 figure-
motion disparity conditions for the combined stimulus and 2 elementary-
motion disparity conditions. The figure-motion conditions consisted of crossed
disparities, simulating a distance to the mantis of 2.5 and 5 cm in separate
trials. The elementary-motion conditions consisted of crossed and uncrossed
disparities both with the same parallax, which simulated a distance from the
mantis of 2.5 cm in the crossed condition. Mantises were presented every
combination of these 4 conditions in randomly interleaved trials. Each exper-
imental run consisted of 8 replicates of every combination of these conditions.
Two experimental runs were conducted for each mantis, making for a total of
16 replicates per condition for each animal.

Experiment 4. In this experiment, we tested whether mantises would strike
atand discriminate disparities of targets with only elementary motion if these
targets had been previously cued by crossed or uncrossed figure motion. All
details were as for experiment 3, except that the figure motion conditions in
the first phase consisted of crossed and uncrossed disparities in separate
conditions. In the crossed-disparity conditions, the target was simulated to be
at 2.5 cm, while the uncrossed condition had the same parallax, but with left
and right eyes swapped. This experiment was run with 8 mantises.

Quantification and Statistical Analysis. All responses of the mantises were
recorded with a Kinobo USB B3 HD Webcam (Point Set Digital Ltd,.) placed
directly under the mantis. The recordings were made so that the screen was
not visible in the recording and was thus blind to the experimental condition.
These movies were then coded blind to the condition for 3 types of behaviors:
tracks, strikes, and tensions. Tracks were sharp movements of the head in
response to visual stimuli. Strikes were rapid extensions of the forelegs to
capture prey targets perceived to be nearby. Tensions were preparatory
movements for a strike, which was eventually unreleased. The number of
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each of these responses was noted, and the number of strikes and tensions
added to obtain the number of prey-capture-related responses. In experi-
ments 3 and 4, the presence of the indicator dot in the movie was used to
classify responses to the 1st and second phases of the experiments.

Since the data from the responses were binomial (response or no re-
sponse), we used a logit link function in GLMM s to analyze the data. With this
function, we thus model the log of the odds ratio and fit the estimated
parameters for each variable as per the equation:

log(P/(1=P)) = Bo+P1 X1+ B Xa+ ...,

where P is the probability of a response, By is the parameter estimate for the
intercept, and B; is the parameter estimate for the variable X;. The estimates
of effect size we report for each variable are these estimated parameters.
They are thus the change in the log of the odds ratio of the response as-
sociated with change in each variable. The generalized model used a
maximume-likelihood Laplace approximation to generate the estimates. In all
experiments, the response variable was the probability of a prey-capture
response (“yes” or “no”) and the factors were the animal and the dispar-
ity condition. We looked for the main effect of disparity in each motion
condition. All data analyses were carried out by using R Studio (RStudio, Inc.,
Version 1.1.383). Models were built for all experiments with motion condi-
tion and disparity as main factors and animal identity as a random factor.
Models were used to interpret the results at a significance level of 0.05. In
experiment 1, motion condition was coded as a categorical variable, and the
effect of each level (Fourier motion, theta motion, and drift-balanced) was
compared to a default of the small-field condition. In experiment 2, the
motion condition had 3 categories corresponding to the luminance-flipped
stimulus, the drift-balanced spiral stimulus, and the correlated disk stimu-
lus, with the first being the default value. In experiment 3, the movies
were coded separately for the first 5 s and for the last 3 s, as these time
windows corresponded to the figure-motion and elementary-motion phases,
respectively. Data from both these were analyzed separately with models as
described above. Motion condition for both these analyses was a categori-
cal variable, with 2 categories corresponding to the figure motion in the
initial phase indicating target distances of 2.5 and 5 cm. The fixed effect
reported in all cases was estimated by using a maximum-likelihood Laplace
approximation.

Modeling. The mantis's responses to the various visual stimuli used to
obtain our experimental data are well described by the 2-layer model
depicted in Fig. 5A.

Each of the types of stimuli displayed to the mantis were used as an input
to our model. For this, we used a sampling rate of 300 Hz, or 5 times the frame
rate of each stimulus, i.e., every frame of the stimulus movie was presented to
our model 5 times before moving on to the next frame. Our stimuli for each
type of motion were rendered as movies with 88 frames, where each frame
was a 2D pixel array with dimensions equal to the monitor screen we used
(1,200 x 1,920 pixels). The motion in these stimuli was always along the
horizontal axis (1,920 px), and as the simulated bug diameter was only 148
pixels, we cropped each frame to 200 x 1,920 pixels. Therefore, the raw
stimuli for each type of motion were 3D pixel arrays with dimensions 200 x
1,920 x 88; however, the sampling rate we used meant that the stimuli that
were actually used as the input to our model were 3D pixel arrays with di-
mensions 200 x 1,920 x 440.

Our model comprised a layer of position sensors feeding into a layer of
second-order motion detectors. The first layer of the model was composed
of position sensors, which we implemented in a similar way to Bahl et al.
(40), whereby each stimulus was passed through low-pass spatial filtering
and high-pass temporal filtering. We used a Gaussian spatial filter and set
the SD to 10 pixels (or ~0.72°). This corresponded to the mantis's ommatidial
spacing, which ranged between 0.6° and 2.5° depending on the distance of
the ommatidia to the fovea (53). We then passed the spatially filtered
stimulus through a first-order high-pass Butterworth temporal filter, with a
time constant of 20 ms, as used by Bahl et al. (40). The red contour lines in
the left column of Fig. 5 B-F show the Fourier amplitude spectrum of the
resultant spatiotemporal filter. For the purposes of labeling the axes of
Fourier spectra in Fig. 5, we approximated each pixel as subtending a con-
stant value of 0.0717°, ignoring changes across the screen plane due to the
short viewing distance. We also removed the first 40 frames from the output
of the first layer to ensure that any effects of an onset transient (visible in
Movies S1-S5) were not included in the Fourier transform depicted in the
middle column of Fig. 5.

Finally, we took the squared output of the temporal filter, which now
represents the output of the first layer of our model. The output of the first
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layer of our model was then used as input to the second layer, which formed
our second-order motion detector and was formally equivalent to the EMD
model described in ref. 41. This layer again began with a Gaussian spatial
filter, this time much coarser, with an SD of 80 pixels, or ~5.74° (averaged
across the screen for an observer at 10-cm distance). The spatially processed
stimuli were then each separately passed through low-pass and high-pass
temporal filters. We used first-order Butterworth filters again and set the
time constants for the low- and high-pass filters to be 200 and 250 ms,
respectively.

The EMD comprised 2 pairs of such outputs, called subunits, where one
subunit was offset from the other by 148 pixels horizontally (~10.61° aver-
aged across the screen), equivalent to the diameter of the target. The low-
pass output from 1 branch of the EMD was then multiplied by the high-pass
output from the other branch, producing 2 multiplication terms. Subtracting
one term from the other then gives the sign and magnitude of motion in the
stimuli. The red and blue contour lines in the middle column of Fig. 5 B-F
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show the Fourier amplitude response of the EMD, calculated as opponent
energy, as in figure 2D of ref. 42. The values used for the subunit separation,
spatial filter SD, and the temporal filter time constants were chosen such
that the power line in the Fourier amplitude spectrum of the model output
would pass through the center of the of the blue contours seen in Fig. 5B.
These contours indicate the spatial-temporal frequencies that our model is
most sensitive to.
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