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Stereopsis has traditionally been considered a complex visual ability, restricted
to large-brained animals. The discovery in the 1980s that insects, too, have
stereopsis, therefore, challenged theories of stereopsis. How can such simple
brains see in three dimensions? A likely answer is that insect stereopsis has
evolved to produce simple behaviour, such as orienting towards the closer
of two objects or triggering a strike when prey comes within range. Scientific
thinking about stereopsis has been unduly anthropomorphic, for example
assuming that stereopsis must require binocular fusion or a solution of the
stereo correspondence problem. In fact, useful behaviour can be produced
with very basic stereoscopic algorithms which make no attempt to achieve
fusion or correspondence, or to produce even a coarse map of depth across
the visual field. This may explain why some aspects of insect stereopsis
seem poorly designed from an engineering point of view: for example,
paying no attention to whether interocular contrast or velocities match. Such
algorithms demonstrably work well enough in practice for their species, and
may prove useful in particular autonomous applications.

This article is part of a discussion meeting issue ‘New approaches to 3D
vision’.

Gaining information about the 3D structure of the world from two-dimensional
retinal images is a major challenge for any visual system. It has long been
appreciated that our binocular vision aids with this task [1-4], but it was gener-
ally assumed that this occurred through sensing one’s vergence: the rotation
made by the two eyes so that both are fixating a given object. It was not until
1838, when Wheatstone published a description of his stereoscope in a previous
volume of this publication [5], that scientists realized depth perception can be
enhanced by comparing the slightly different views of the same object in the
two eyes, independent of any additional information arising from knowledge
of eye posture. This ability is known as stereoscopic vision or stereopsis [5].
Perhaps because it was recognized so late, our thinking about stereoscopic
vision seems to have been more than usually anthropocentric: ‘heavily influ-
enced by the complex neuronal principles realized in higher vertebrates” [6].
A common early view was that stereopsis was indeed ‘confined solely to
man and to a few of the higher animals in whom the eyes are placed side by
side’ [7]. This assumed link between stereopsis, front-facing eyes and a preda-
tory lifestyle has been persistent and influential, though there is little evidence
to support it [8]. Front-facing eyes do indeed seem to be associated with noctur-
nal visual predators [9,10], but stereopsis is far more widespread, while on
theoretical grounds, lateral eyes are arguably better for stereopsis, since a
wide baseline improves range and precision. A more principled early assump-
tion was that stereopsis must be restricted to mammals with a partial
decussation of the optic nerve, since information from both eyes is then avail-
able to each cortical hemisphere [11]. On this basis, the ophthalmologist
Edward Treacher Collins inferred stereopsis in the horse long before that was
demonstrated empirically [12], suggesting that ‘binocular stereoscopic vision
... must be of the greatest assistance to it in the estimation of size and distance
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in jumping’ [13]. Many of the selective advantages suggested
for stereopsis in humans would be useful to other species:
manual dexterity and tool use [11,13], arboreal locomotion
[13,14], bipedal locomotion [15], accurate perception of the
ground plane [15-17] and/or visual predation [9,10,13],
whether by enabling the precise judgement of distances
and/or by breaking camouflage [18]. Indeed, we now know
that as well as existing in lateral-eyed mammals such as
horses, sheep and mice [12,19-22], stereopsis is also found
in many animals with a full initial decussation, such as
barn owls, falcons and toads [23-25]. Most recently, it has
now also been demonstrated in two widely different invert-
ebrate taxa: insects and cephalopods [26-28]. Thus,
stereopsis appears to be extremely widespread in the
animal kingdom. Its distribution indicates that it must have
evolved independently multiple times, suggesting that it is
valuable in a wide range of ecological niches [8,29,30].

Biological forms of depth perception contrast strikingly
with current machine approaches. In current mobile auton-
omous devices, depth perception is most often achieved by
teleceptive active sensing, where energy generated by the
device is transmitted into the environment and then received
back without contact, for example using structured light,
LIDAR, radar or ultrasound. However, in the animal kingdom,
passive sensing using ambient light is far more common. This
is clearly not because organic systems are incapable of evol-
ving teleceptive active sensing. Active sensing using
ultrasound or electrolocation has evolved in several taxa
[31,32], but only where vision is not usable due to turbid
water (e.g. marine mammals, fish) or lack of light (e.g. bats).
This suggests that in biological systems, adequate distance
information can be provided by passive vision, avoiding the
higher energy costs of active sensing. Clearly, it would be
highly beneficial to mobile autonomous devices, especially
those where power consumption is a key constraint, to be
able to replicate the depth sensing performance of biological
visual systems, and this must include stereopsis.

Most current machine stereo algorithms are modelled more
or less explicitly on human stereo vision. Even the benchmarks
developed to evaluate them, such as the accuracy of a depth
map extracted from a single pair of stereo-images [33], are
inspired by human vision. Praying mantis stereopsis, for
example, detects the disparity between regions of the scene
where things are changing [34,35], and thus would fail such
a benchmark completely. Human stereopsis gives detailed
and highly precise information about relative depth in the cen-
tral 15° or so of our visual field; it can reveal objects which are
perfectly camouflaged in the monocular image by detecting
depth discontinuities at their edges [18]; and it can support
complex percepts such as multiple layers of transparency
[36]. This highly sophisticated form of stereopsis is challenging
and computationally expensive to achieve.

Given the recent increase in knowledge of non-primate
stereopsis, it is timely to seek inspiration from forms of
stereopsis very different from our own. In this paper, I
want to use recent knowledge about insect stereopsis to chal-
lenge the idea that stereopsis requires sophisticated
algorithms which derive a projective transformation between
image-points in left and right eyes and use this to deduce a
depth map across the visual field. Evolutionarily, all that is
required is useful behaviour. So, there may be more efficient
mappings from retinal images to useful behaviour, which do
not require the computation of disparity or depth. As

discussed in the introduction to this volume, there is a long
tradition of such an ‘active vision’ approach, aiming for a
“direct coupling of perception and action, without an explicit
3D intermediary’ [37]. But in the context of stereopsis, ‘with-
out an explicit 3D intermediary” has tended to mean making
inferences about scene properties (e.g. surface slant) directly
from disparity [38—40]. Little attention has been paid to an
even more basic approach, where even disparity is not
explicitly encoded.

In this paper, I will begin with a fairly detailed review of
the conventional approach, in which disparity is encoded in
the activity of a population of disparity sensors, each tuned
to a particular disparity and visual direction. I will discuss
the challenges of achieving stereo correspondence and bin-
ocular fusion, distinguishing between disparity sensors
which achieve ideal, strong, weak or no correspondence. I
will consider how local mechanisms have to interact across
wider regions of the visual field in order to achieve reliable
correspondence, and briefly review how this problem is
approached in machine stereo algorithms and what we
know about how it happens in the human brain. In the
second part of this paper, I will contrast this with two differ-
ent forms of stereopsis inspired by insect vision. One is
conceptually similar to previous proposals [6,41-43] regard-
ing praying mantis predatory strikes, which was tested for
the first time in our recent paper [44]. The other was pro-
posed recently as a simple way to include stereo
information when selecting a target [8], and is tested for the
first time in this paper. Neither of these algorithms achieves
stereo correspondence or binocular fusion of multiple objects,
or even a computation of binocular disparity. The algorithms
do exploit disparity, but they do not estimate disparity uncon-
founded with other stimulus dimensions. Nevertheless,
simulation results suggest that they suffice to produce useful
stereoscopic behaviour, such as preferentially orienting towards
the nearer of two competing targets. Both algorithms are
inspired by the praying mantis and replicate key aspects of its
behaviour, justifying the claim that the behaviour is indeed
useful. Both algorithms would need further modifications to
fully account for mantis behaviour. The aim here is not so
much to provide a complete account of praying mantis vision,
as to demonstrate that these very basic, non-correspondence
stereo algorithms suffice for useful behaviour.

Figure 1a illustrates the basic geometry of binocular stereop-
sis, while figure 1b introduces a convenient remapping used
throughout this paper, where the visual directions in each
eye are represented as Cartesian coordinates. The point
marked with the orange star projects to azimuth o * in the
left eye and ag* in the right. This is shown in the two-dimen-
sional retinal images, figure 1c; cross-sections through these
retinal images are also shown in figure 1b, rotated to align
with the axes there. On the main axes of figure 1b, the star
is drawn at a position corresponding to ap* on the red o,
axis and ag* on the green ar axis. Its visual direction can
be defined as the average of the two, o* = (ag* + 0.*) /2. As
the star is close to the observer, the angle ar* is substantially
more positive than a;*, so it has a large disparity 6* = (ag* —
ar*). The horizontal blue line in figure 1b marks all locations
with this disparity.
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Figure 1. Geometry of stereopsis in headcentric coordinates, appropriate for fixed eyes. (a) A horizontal cross-section through the eyes and the space in front of the
animal, at zero elevation. The purple shaded region shows the binocular overlap, i.e. the region of space visible to both eyes. This is triangular if the field of view for
each eye extends further temporally than nasally. The orange star marks an example point on an example surface. The azimuthal angles o, ¢ indicate how far
each location is from the direction ‘straight ahead’ in each eye. We define the headcentric azimuth to be the average of these: oy = (ag + )/2, while the disparity
is their difference: iy — ;. The angles marked with * show the value of these angles for the point marked with the star. (b) The same space replotted in terms of
the angular location, so that the Cartesian axes are the azimuth in each eye. The red, green arrows mark the axes of ¢y, o, respectively. The vertical axis is
headcentric disparity 6 = og — ¢y, and the horizontal axis is proportional to headcentric azimuth or visual direction. This runs right to left as a consequence
of our coordinate system: we use a right-handed coordinate system in which the Z-axis points out in front of the animal and ¥ points vertically upwards. Positive
azimuth is an anti-clockwise rotation about the Y-axis. In this coordinate system, points within the binocular overlap have positive disparity: larger for nearer objects,
and falling to zero for points at infinity. The dashed circles represent the spatial receptive fields of sensors which are tuned both to disparity, and to visual direction
(azimuth and, in a 3D model, elevation). (c) Two-dimensional retinal images (i.e. showing both azimuth and elevation). The star is assumed to be at zero elevation
in both eyes, and its azimuth in each eye is shown.

Figure 1 is appropriate for an animal whose eyes are fixed The small dashed circles in figure 1b each represent one
in place on the head, like an insect, where vergence cannot con- such window, each centred on a particular pair of locations
tribute to depth perception [45]. The area shaded purple (ag,o1) in right, left eyes. I will use the term ‘local disparity
represents the binocular overlap. Each location in this region sensor’ to refer to a window plus some way of assessing
of space, e.g. the one marked by the orange star, corresponds the degree of correspondence between image-patches, i.e.
to a different pair of visual directions in each eye: (ag,aL). how well the left and right image-patches match. That is, a
Thus, if we can identify pairs of retinal locations which are local disparity sensor performs some function combining
viewing the same object, we can derive that object’s location the left and right images and windows, so as to produce a
in the 3D space surrounding the animal. scalar value for a given image-pair.

The challenge, of course, is identifying pairs of retinal Bioinspired and machine stereo algorithms differ in how
locations which are viewing the same object. This correspon- they assess correspondence. In elucidating these differences,
dence problem is a major area of research in both computer it will be useful to categorize local disparity sensors as
vision and visual neuroscience [33,46—49], to the extent that implementing ideal, strong, weak or no correspondence,
the distinguished computer scientist Takeo Kanade is said depending on how sensitive their output is to the degree of
to have identified the three most important problems in match between left and right image-patches.

computer vision as ‘correspondence, correspondence, corre-

spondence!” [50]. Stereo correspondence algorithms aim to, )
(i) Ideal local correspondence

I will define a disparity sensor doing ideal correspondence as
one that produces a pure measure of how well the two image-
patches match. All matching image-patches elicit the maxi-
mum response, unconfounded by other image properties
such as contrast or whether the patch contains particular

for a given point in the left eye, either find the matching
point in the right or classify the left-eye point as unmatched,
e.g. due to monocular occlusions. This produces a disparity
map across the scene.

(a) Local disparity sensors and different types of local features. Non-matching image-patches elicit a lower response.
correspondence

The first step of essentially all stereo correspondence algor- (ii) Strong local correspondence

ithms is to establish some local cost function, which A disparity sensor doing strong correspondence is sensitive to

measures how well the left and right images I match within the degree of match, but this is confounded with other prop-

a small window W around the points under consideration. erties. Unlike an ideal disparity sensor, different perfectly
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matching images may not elicit the same response. But mis-
matching image-patches elicit a smaller response even if
they are intrinsically equally attractive. So for example a
sensor doing strong correspondence may give a stronger
response when viewing a face in both eyes, than when view-
ing a house in both eyes. But even if it happens to respond
equally well to a house in both eyes as to a face in both
eyes, to qualify as doing strong correspondence, it must
respond less well when presented with a house in one eye
and a face in the other.

(iii) Weak local correspondence

Now consider a disparity sensor where this is not the case: if
a binocular house and binocular face give the same response,
then a dichoptic house/face will also give this same response.
Such a disparity sensor clearly does not qualify as performing
strong correspondence. However, it may still qualify as doing
weak correspondence if it responds more on average to match-
ing images, when one considers matching versus non-
matching pairs drawn from the ensemble of all ecologically
relevant images.

(iv) No local correspondence

A disparity sensor where there is no difference even on aver-
age between matching and non-matching images does not
qualify as doing correspondence.

Having defined these terms, let us see how the different
types of disparity sensor produce different types of corre-
spondence. Let us represent both images and windows by
vectors: I g for the images in the two eyes and Wjr the
window functions. The machine stereo literature generally
uses binary windows, i.e. the vector elements of W are 1
inside the window and 0 elsewhere, and element-wise (Hada-
mard) multiplication of the image with the window, which I
denote W°I. Common local cost functions are the sum of
absolute differences, —|Wy I, — WiIr/|, sum of squared differ-
ences, —|WiI,— W}’{IR|2 and normalized correlation,
(Wi I).(WrIR)/|WL I | |WiIR| [51] (the minus signs in front
of the first two metrics are just to ensure that all three metrics
measure goodness of match, not badness). These can be
viewed as the output of different types of local disparity
sensor. The negative sum of absolute or squared differences
are zero for all matching image-patches and less than 0 for
non-matching, while normalized cross-correlation is 1 for
all matching image-patches and less than 1 for non-matching,.
Thus, all three satisfy the criteria for ideal correspondence: all
matching image-patches elicit the maximum response,
unconfounded by contrast, etc., while non-matching image-
patches elicit a lower response. Thus, machine stereo is
based overwhelmingly on ideal local correspondence.

In current models of biological stereopsis, the disparity
sensor is a binocular neuron and the window functions
WLr represent its left and right receptive field functions.
These are not binary but are usually Gabor-like functions
including both positive and negative values. The response
of the neuron is assumed to be some function of the inner
product of the image with the window function, W.I.

The simplest bioinspired models have considered sensors
that do not implement correspondence at all, such as purely
linear binocular mechanisms computing (Wi.Ip, + Wr.Ir)
[52-54]. A sensor like this has a preferred disparity defined

by the monocular receptive fields, and it is sensitive to the [ 4 |

disparity of an isolated target. However, it does not show
strong correspondence because in general, there are multiple
images which elicit the same monocular responses, and the
sensor responds equally to any pairs of these, whether or
not they match. Furthermore, it does not even show weak
correspondence because, as shown for a toy example in
figure 24, on average it responds the same for matching as
for non-matching images. This means it cannot show dis-
parity tuning in cyclopean stimuli like dynamic random-dot
patterns, which effectively compute the mean response to
many images with identical monocular statistics but different
degrees of binocular match. Even if we make the monocular
computation more general, (fL(IL) + fr(Ir)) where the func-
tions fi and fg are may be nonlinear, the same problem
applies.

However, adding an output nonlinearity after binocular
combination can enable such a sensor to perform weak corre-
spondence. The stereo energy model, introduced to describe
neurons in cat visual cortex [55], achieves this. It is built
from binocular simple cells that compute |Wy.I;, + WR.IR\Z.
The squaring output nonlinearity makes the binocular
simple cell sensitive to correspondence on average, produ-
cing disparity tuning with dynamic random-dot patterns.
Figure 2b provides a simple example to give intuition about
why this occurs; see appendix D of [56] for a formal proof
that this model produces disparity tuning (and that the dis-
parity tuning curve obtained with dynamic noise patterns
is approximately proportional to the cross-correlation of the
receptive field functions). Other output nonlinearities, for
example thresholding, produce a similar response. However,
the energy model simple cell still shows only weak corre-
spondence, because the cell's response is unchanged by
swapping one monocular image for a different one which
produces the same monocular activation even though it
does not match binocularly.

Combining several such energy-model simple cells pro-
duces an energy-model complex cell, which starts to move
towards strong correspondence. Intuitively, this is because
as more simple cells are added, it becomes progressively
more challenging to swap in a different monocular image
which produces the same activation in all units. The large
response of V1 neurons to their preferred disparity [57-59]
and their lack of response towards ‘anti-correlated’ stimuli
with artificially low matches [60] has recently been modelled
by a convolution model combining very many simple cells
[61]. Repeated iterations of this process may also explain
the properties of neurons in higher areas such as IT, where
the response to anti-correlated stimuli is nearly abolished
[62]. However, no biological neurons have been yet identified
that implement ideal correspondence.

(b) Perceiving depth via a population of disparity
Sensors

In machine algorithms, there is typically no fixed set of dis-
parity sensors. The disparity between left and right
windows is usually a continuous variable input to an ideal
correspondence function, which is adjusted until the best
match is found. In adaptive-window machine algorithms,
the size of the matching windows is also varied in response
to the scene structure, aiming to make the windows large
enough to avoid ambiguity in, for example, densely textured
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Figure 2. Toy example to show intuitively why a purely linear sensor (a) does not do correspondence, while a squaring output nonlinearity (b) converts it to doing
weak correspondence. This is for a highly reduced stimulus ensemble where there are only three possible values of the monocular inner products: 1, 2, 3, which for
simplicity we will assume to have equal probability. Neither of these units does ideal correspondence, because they respond more to non-matching images for which
the inner products are 2 and 3 than to matching images for which the inner products are both 1. The linear unit is completely insensitive to correspondence.
However, the energy unit shows weak correspondence, in that on average across all images, matching images evoke a stronger response than non-matching
images. Note that a threshold can have a similar effect. For example, if one thresholded the linear unit such that responses less than 4 are set to 0, the
mean response to non-matching images would be <{0,4,5} > =3, while that to matching images would be <{0,4,6}> = 3.3. Units which respond differently
to matching than to non-matching patterns show tuning to image disparity, since image-patches whose disparity equals that of the unit’s receptive fields match,

while image-patches with different disparity do not.

surfaces, while keeping them small enough that the disparity
is approximately constant over a window [63,64].

In biological models, it is usually assumed that local dis-
parity sensors correspond to a population of disparity-tuned
neurons, like that represented by dashed circles in figure 1b.
For each visual direction, there are many sensors, each
tuned to a different disparity. The available sensor disparities
are thus discrete, depending on the population properties.
Window (i.e. receptive field) sizes may vary with lumi-
nance/contrast adaptation state, but there does not seem to
be adaptive-window variation depending on scene disparity.
The estimated scene disparity at each direction is encoded by
the preferred disparity of the most active sensor. As a conse-
quence, the resolution of primate stereopsis is low, limited by
the available receptive field sizes [65-68].

The vision scientist Walls [69] argued that binocular
single vision is essential and intimately linked to stereopsis:
any animal with binocularity must ‘see the object singly
with two separate eyes [i.e.] they must have fusion of the
two images of the object’ (requiring correspondence), and
‘have parallactic localization of the object in space’, since
‘[Animals] would gain absolutely nothing from binocularity
if they saw the object diplopically’. I shall argue below that
this assumption is unwarranted.

However, it is worth noting that even a population of bio-
logical disparity sensors, which as we have seen do not achieve
ideal correspondence, still implements Walls” binocular single
vision in sufficiently simple situations. For example, the object
in figure 3a appears to the right of the midline in the left eye
and to the left in the right eye. However, the disparity sensor
it activates has its cyclopean location on the midline. Thus,
the brain can successfully perceive a single object straight
ahead, instead of two objects on either side of the midline.

Figure 3c,d shows a slightly more complex situation in
which two objects are present, represented by a black

square and a white pentagon. Let us assume that the
particular disparity sensors under consideration have weak
correspondence and are activated when both receptive fields
see the black square or when both see the white pentagon,
but not when one eye sees the black square and one eye sees
the white pentagon. (As a concrete example, suppose that in
both eyes W.I=-2 for the black square and +2 for the white
pentagon, and that the disparity sensors compute
|WL.I + WR.IR|2). In this case, as shown in figure 34, only
the two disparity sensors encoding the spatial locations of
the two objects become active: both at the same depth, one
on either side of the midline. Thus for this example also, the
population successfully implements both binocular fusion
and depth perception. However, this depends critically on suc-
cessful local correspondence—that is, that only the two sensors
corresponding to the location of the physical object become
active. For biological sensors, this is certainly not guaranteed.

If the disparity sensors are not able to distinguish between
the two objects, four disparity sensors would become active
instead of two, as shown in figure 44,b, and so four objects
would presumably be perceived—a form of double vision
which Walls argued [69] would be devastating to the organ-
ism. To some extent, this situation can be avoided by more
sophisticated local correspondence. However, in complex
real-life scenes, there are often many small patches which
are close to identical on the retina though created by different
objects. In this situation, even if the local correspondence is
ideal, many disparity sensors would become active, as in
figure 4a,b. This is a real problem for both machine and
biological stereopsis.

To successfully achieve correspondence, fusion and
binocular single vision, we can impose various constraints
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Figure 3. Local correspondence suffices for sufficiently unambiguous stimuli. This toy example considers a fixed-eye visual system with just four locations in each eye
and 13 pairs of locations which correspond to locations in space, defined by the intersection of lines of sight from left and right eyes (in AC, the three pairs
corresponding to infinite distance are not visible). The dotted circles in BD represent the 13 disparity sensors which compute the degree to which left and
right eye images match at their location. Sensors which are experiencing high local correspondence are filled in red. Note that because in this example, the
visual fields extend further medially than temporally, the binocular overlap region (shaded purple) is a truncated diamond in the Cartesian representation.

which take account of the wider pattern of matches across
several different sensors. For example, Marr & Poggio [72]
postulated excitatory connections between sensors tuned to
the same disparity (horizontal yellow lines in figure 4b,c),
and inhibitory connections between sensors with receptive
fields in the same location in one eye (oblique blue lines).
This builds in a preference for smoothness (gradual change
in disparity with azimuth) and wuniqueness (each retinal
location is assigned only one disparity). The influential early
stereo algorithm PMF [70] used a disparity gradient limit to
achieve a similar result, while a recent stereo vision system
using event-based sensing and spike-based neuromorphic
hardware [71] has each disparity sensor receiving feed-for-
ward excitation from a ‘coincidence neuron’ tuned to the
sensor disparity, but feed-forward inhibitory input from all
other coincidence neurons tuned to the same cyclopean pos-
ition (vertical blue lines in figure 4b,c). In machine stereo
algorithmes, this is usually achieved in an energy-minimization
framework [33,51]. I will refer to all such interactions as imple-
menting ‘global correspondence’, because they occur over a
wider area than the window used by the local disparity
sensor, although in biological systems ‘long-range’ might be
more accurate than ‘global’, since the interactions may not
extend over the whole visual field. These ‘global’ interactions
ensure that the initial activation of figure 4b results in the
final activity of figure 4c: the pair of local disparity sensors
which reciprocally excite each other remain active, while the
pair they inhibit are suppressed.

(d) Complications of mobile eyes

So far, this discussion of biological stereopsis has not
addressed a major complication affecting mobile-eyed ani-
mals like ourselves: the binocular overlap region moves in
space. To reflect this, we need to modify figure 1 as shown
in figure 5, replacing headcentric azimuth o with retinotopic
azimuth ¢, measured relative to the fovea. The binocular
overlap region is now shaded in two different colours, with
the pinker shade representing positive retinal disparities
(closer than the geometrical horopter) and the bluer shade

representing negative. With this modification, we can now
consider retinotopic disparity sensors in exactly the same
way as we have so far considered headcentric disparity sen-
sors. The mapping from retinal disparity to location in
space is now more complex, requiring a knowledge of eye
posture as well as retinal location, but this will not affect
our discussion of correspondence.

(e) Primate stereopsis

Perhaps as a consequence of our mobile eyes, humans have at
least two forms of stereoscopic vision, variously described as
contour/coarse/transient/qualitative/headcentric, ~ versus
cyclopean/fine/sustained /quantitative/retinotopic  [73-80].
The coarse, contour form of stereopsis operates over a wide
range of disparities, but requires obviously identifiable mon-
ocular stimuli, such as a vertical bar in each eye. It may exist
predominantly to enable vergence eye movements, ensuring
both eyes fixate on the same object and thus enabling our
fine, cyclopean stereopsis.

This is required because cyclopean stereopsis works only
for a small range of disparities, of order a few degrees,
around the central 20° or so of the visual field. This limit
presumably reflects the computational cost of such smart
stereopsis, which makes it unfeasible to implement it across
the entire binocular overlap region. Within its limited
range, cyclopean stereopsis operates in arbitrary images,
including those in which there are no recognizable monocu-
lar images. Monocular occlusions are readily recognized
and incorporated into the depth percept. We are poor at
reconstructing metric depth from purely stereoscopic infor-
mation [39,81], apparently because our visual system does
not extract a precise estimate of eye posture, as would be
needed to recover metric depth [82-84]. We do however
seem to acquire a dense disparity map across much of the
central visual field, with extremely high resolution in depth,
although relatively low resolution in visual direction [65-68].

Thus for a more accurate picture of primate cyclopean
stereopsis, we should replace the population of disparity sen-
sors in figure 1b with something closer to that shown in
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Figure 4. Global correspondence. (a) Top-down view of a scene containing two objects. (b) Cartesian array of disparity sensors; those shaded red would be activated
by feed-forward activity from the two eyes, signalling a local match between left and right images within the sensor’s window. (c) After adding recurrent con-
nections, as shown ((c) could also be regarded as the activity in a higher brain area receiving input from the layer shown in (b), with the weights indicated). Stereo
algorithms often implement mutual excitation between disparity sensors tuned to similar disparities at different cyclopean locations (shown here by gold horizontal

lines). They may also postulate inhibitory connections between disparity sensors corresponding to the same location in one eye (oblique blue lines, as in [72]), and/

or between disparity sensors corresponding to the same visual direction (vertical blue lines, as in [71]).
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Figure 5. Binocular geometry modified for an animal, such as a human, with mobile eyes. ¢, @y represent retinal location relative to the fovea. The symbol &
represents the fixation point. V is the vergence angle. The shaded region again indicates the binocular overlap, but now points nearer and further than the geo-
metrical horopter are shaded in different colours. Note that to keep the sign convention the same as in figure 1, positive retinal disparities are defined to be nearer
than the fixation point and negative those further away. This is opposite to many definitions in the literature.

figure 6a. The disparity sensor windows are not uniform, as
sketched in figure 1b, but are smaller and more numerous
closer to fixation and become larger and sparser further
away, making our depth perception less precise there
[46,85-87]. The windows are also now drawn as ellipses, to
indicate that the sensors are more narrowly tuned to disparity
than to direction [55,88].

(f) Additional processing required for correspondence
For accurate stereo correspondence as in human cyclopean
stereopsis, the initial combination of left and right images
via local disparity sensors is just the beginning. We have
already discussed the need for global mechanisms
(figure 4c). Figure 7 shows the four main processing steps
widely recognized in current machine stereo algorithms
[33,51]. Similarly in primate stereopsis, an initial encoding

of disparity in primary visual cortex (V1) undergoes exten-
sive subsequent processing in further brain areas [46,48].
Our perception of depth is believed to reflect activity at the
end of this process, perhaps in inferotemporal cortex [62].
The processing seems to reduce the responses to false
matches (image-patches which are superficially similar but
do not in fact correspond to the same point in space), contains
specialized mechanisms for depth discontinuities, slant and
curvature, and presumably also identifies monocular occlu-
sions [89-94]. Similarly it seems clear that something like
the global interactions discussed above do occur, but not
exclusively within V1 itself [95]. For example, repeating pat-
terns like sinusoidal gratings offer exactly the same local
matches at disparities which are integer multiples of their
spatial period A (figure 8). The response of V1 neurons
depends only on the local stimulus within the receptive
field [96]. The +14 stimulus shown in figure 8a thus activates
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(a) vertebrate cyclopean stereopsis: (b) insect orienting
disparity map around fixation target selection
distance distance

stereopsis: (c) insect range-finding stereopsis:
target attack

distance

N

direction

Figure 6. Sketch of disparity sensors for three different biological situations: (a) for a mobile-eyed animal aiming to produce a disparity map around fixation, based
on monkey neurophysiology; (b) for a fixed-eyed animal aiming to take distance into account when orienting towards stimuli; (c) for a fixed-eyed animal aiming to
detect when a large, isolated object is in range. None of the drawings are to scale.
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Figure 7. Four processing steps widely used in machine stereo algorithms. Redrawn
whereas steps 2—4 incorporate global mechanisms. (Online version in colour.)
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Figure 8. Ambiguous matching of a repeating stimulus. (a) The stimulus is a grating, with spatial period A (measured as an angle, e.g. in arcmin). Its edges specify
that it has a disparity of +1A. For example, the left edge is at oy, = +24 in the left eye and oz = +31 in the right. However, within a period of the fovea, this
stimulus is locally indistinguishable from the other, fainter stimuli at disparities differing by multiples of A. (b) Representation of disparity sensors in V1 (axes as in
figure 5b), showing that neurons tuned to disparities of NA are all activated by this stimulus. (c) Putative higher brain area, perhaps IT, where activity corresponds to

perception. Here, long-range interactions across the visual field have propagated the

disparity defined by the edges across the ambiguous region. Perceptual res-

olution reflects the relatively coarse scale of the neurons tuned to disparity +A in this neural-correlate area, rather than the fine scale of neurons tuned to zero
disparity which are active in V1. In this sketch, for simplicity, | have shown the disparity sensor windows as circles rather than depicting their narrower tuning for

disparity as in figure 6. (Online version in colour.)

V1 neurons tuned not only to +14, but to other multiples of 4,
representing ‘ghost matches’ which are locally indistinguish-
able from real objects (figure 8b). However, humans (and
monkeys, [97]) perceive this stimulus at the unique disparity
indicated by its edges, +14, presumably reflecting activity in a
downstream area where the purely local activity of V1 has
been modified by more global processing (figure 8c). Intrigu-
ingly, the precision of depth judgements for such gratings
reflects the usual low sensitivity associated with the relatively

large disparity +14, rather than the high sensitivity found for
judgements at the horopter [98], suggesting that the visual
system is unable to exploit the activity of the high resolution,
zero disparity local sensors active in V1.

(g) Summary
In summary, then, despite important differences, primate
cyclopean stereoscopic vision contains many conceptual
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similarities to an engineered dense stereo computer algor-
ithm. Most importantly, at Marr’s highest ‘computational’
level [99], both aim to solve the correspondence problem so
as to achieve a map of disparity across a wide area of the
visual field. At the algorithmic level, in both cases this
begins with a computation of the match between local
patches of the left and right images, which is subsequently
refined to take into more global information from across the
image, apply constraints, identify occlusions, propagate dis-
parity across ambiguous regions and so on. This is a
challenging and computationally costly process. In compu-
ters, stereoscopic vision is famously computationally costly,
and much current effort is directed to ways of achieving it
in real-time on constrained resources [100]. In primate
brains, stereoscopic vision involves a complex network of
many different brain areas [46,48]. This complex and sophis-
ticated form of stereopsis has dominated research in the
computing, psychology and physiological literatures.

3. Stereopsis without correspondence

I now consider what can be achieved by much simpler forms
of stereopsis. Both these are inspired by praying mantis, the
only insect to date in which stereopsis has been proven, nota-
bly in a beautiful series of papers by Rossel [6,28,101-103].
The praying mantis is a visual ambush predator, capturing
prey with a ballistic strike of its spiky forearms. It uses
stereopsis to detect when a prey item is in range. Before
attacking, mantids make head saccades to fixate targets; in
the words of Michael Land, ‘it is this primate-like behaviour
that makes them seem so sinister.” [104] These head saccades
also show sensitivity to stereoscopic distance [103].

Intriguingly, the different properties of stereo-guided
strikes and stereo-guided saccades suggest that these are con-
trolled by distinct neural populations [103]. Head saccades can
be triggered over a wide range of distances and eccentricities.
Monocular and binocular targets attract saccades at the same
rate, which could be taken as implying that binocular infor-
mation is not used. However, if binocular targets are near
enough to have different angles in the two eyes, the head sac-
cades towards the average position—apparently fusing the
locations [6]. Furthermore if there are two targets, equal in
angular size and attractiveness but at different distances, man-
tids are more likely to saccade towards the nearer one [102]. If
targets are artificially presented with a vertical disparity, man-
tids saccade towards the average vertical position, even if the
vertical disparity is large [102].

This behaviour is quite different from the stereoscopically
guided prey capture. There, strikes are extremely unlikely to
be made towards monocular stimuli [105,106]. Strikes are not
triggered towards stimuli with more than around 15° of ver-
tical disparity [102]. Strikes are triggered mainly for a small
range of distances and eccentricities: around 2-7 cm distance
and within 20° of the midline [28].

As Rossel noted, these different behaviours suggest that
mantids, like humans, possess at least two distinct forms of
stereopsis [103]. To stretch the analogy further, in both
species, one stereo system seems to be suitable for getting
the eyes into the right position (turning to fixate the target,
in the case of mantis saccades) and the other for subsequent
depth perception (releasing the strike).

In the next two sections, I will sketch out possible designs [ 9 |

for both systems. First, for the form of stereopsis guiding sac-
cades, I will use a population of binocular neurons
implementing (fi.(I) + f.(J)). Each neuron is tuned to a par-
ticular visual direction (azimuth and elevation, since this is
a 3D model), and to a particular disparity. However, since
binocular combination is linear, these neurons do not
implement even weak correspondence, and since there is
only one neuron for each visual direction, they cannot
encode a map of disparity across the visual field, as in
figure 1b. Nevertheless, I will show that they can produce
the behavioural fusion and bias towards stereoscopically
nearer objects shown by mantids. Second, for triggering
strikes, I will use a single binocular neuron which does
implement weak local correspondence. Despite being the
only binocular neuron in the system, it can replicate effects
traditionally explained by global correspondence. Although
these systems were inspired by praying mantis stereopsis,
they are not intended to offer a compete account of mantis
stereopsis, but rather to demonstrate how apparently stupid
algorithms can suffice for useful stereoscopic behaviour.

(a) Stereoscopically guided head saccades

We first consider a stereoscopic system suitable for guiding
head saccades, ensuring that, in a situation where multiple
suitable targets are visible, mantids are more likely to fixate
the one that is nearest.

(i) A simple two-layer network

The basic idea behind this model was described in a recent paper
[8] and is sketched in figure 6b. I argued that linear combination
of inputs from left and right eyes, followed by a winner-take-all
step, could produce useful stereoscopic behaviour, such as turn-
ing towards the nearer of two potential prey items. The key to
producing this behaviour was to have disparity-dependent
synaptic weights from the monocular inputs onto the binocular
neurons encoding direction. This toy model was two-dimen-
sional (only zero elevation was considered); it received
monocular input from eight locations in each eye, and chose
one of five possible directions within the binocular zone. I
showed (fig. 13 of [8]) that with hand-coded synaptic weights,
the model made sensible decisions in four example situations.

I now instantiate this model more rigorously in three dimen-
sions with synaptic weights learnt by training, and test it in a
wider range of situations. The stereoscopic network consists of
just two layers, the second fully connected to the first. In the
second layer, each unit represents the direction (azimuth and
elevation) of a head saccade. The saccade actually made corre-
sponds to the direction encoded by the maximally active unit.
In the first layer, each unit represents location (azimuth and
elevation) in one of the two eyes. The activity in the first layer
thus represents the result of earlier monocular processing
which has identified potential prey items, for example the
target-tracking algorithm described in [107]. This is not included
in the model since our purpose is to evaluate the stereoscopic
network. In this model, the output of the monocular stage is rep-
resented by bright target objects on a dark background, which
form the input to the stereoscopic network (figure 9).

The output layer is fully connected to the units in the input
layer. A head saccade is triggered in the direction encoded by
the maximally active output unit. If the most active output unit
is the one encoding zero, the head stays where it is.
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Figure 9. Stereoscopic network for controlling head saccades. In the monocular layers, each unit encodes a location in left (red) or right (green) retina. These layers
then project onto a binocular output layer (blue), where each unit encodes a direction in which to turn the head. Lines show example connections onto one example
output unit. (o,x) are azimuth and elevation respectively; see Methods for details. (Online version in colour.)

This simple two-layer network was trained on 100000
example visual scenes, each containing four spherical objects.
For each scene, the ‘correct’ head-rotation was defined to be
the one which would fixate the nearest object. The diameter
of the objects was scaled with distance, such that they all sub-
tended 10° from the midpoint between the two eyes, forcing
the network to use disparity rather than angular size as a dis-
tance cue. Figure 10a—d shows the weights following training,
for two units in the output layer. The pseudocolour rep-
resents weights into the chosen unit from input units
representing left (AB) or right (CD) retina. The weights are
mainly zero, except in the vicinity of the direction encoded
by the output unit (black cross), where there is a yellow
smudge representing a region of excitatory weights. Notably,
this excitatory region is offset in the two eyes. This is made
clearer in figure 10ef, which shows the total weight,
summed over elevation, as a function of retinal azimuth; the
black line represents the headcentric azimuth encoded by
the output unit. In each case, there is strong excitation from
the left-eye input units when op < ay, and weaker inhibition
when a1, > op; whereas there is strong excitation from the
right-eye input units when og >0y, and weaker inhibition
when og < agy. This matches the geometry shown in figure 1:
for nearby objects, a1, < oy < ar. The vertical structure seen in
the second example, figure 10b,d,f, reflects another feature of
the geometry: that eccentric nearby objects project to different
elevation-latitudes on the two retinae, and thus the retinal dis-
parity has a non-zero vertical component in our chosen
coordinate system [108]. (This natural or epipolar retinal verti-
cal disparity must not be confused with non-epipolar vertical
disparity artificially applied to the stimulus, as in [102].)

Thus, the network has learnt a pattern of disparity-depen-
dent synaptic weights similar to those hand-coded in the
earlier toy model (cf. fig. 12 of [8]). The disparity-dependent
weights seen in figure 10 mean that a nearby object, with
ap <oy <ay, will generally excite the relevant output unit
more strongly than a distant object with the same value of
ap. A nearby object can produce strong excitation from both
retinae, whereas a distant object of the same size will produce
weaker excitation and some inhibition as well. We now examine
how well this enables the network to perform in practice.

(ii) The network has learnt binocular fusion and a preference for

nearer objects
Figure 11b shows results of a simulated experiment designed
to mimic work by Rossel [103] which showed that mantids

preferentially turn to fixate the nearer of two objects with
identical eccentricity and angular size (figure 11a). Even
though the objects are closer together in the simulation (4
and 8 cm from the head, rather than 4 and 14 cm), the
model shows much stronger preference for the nearer object
than the mantis, with virtually all saccades directed towards
the nearer object. Note that the model also shows the same
behavioural binocular fusion as the mantis. The centre of
the nearer object projects to oy =-22° and ag=-8° yet
head saccades are made to ap=-15°+1.6° (mean +s.d.),
i.e. towards the cyclopean location.

Figure 12 quantifies performance across a range of such
experiments, with targets again at +15° azimuth but differing
in size and distance. In figure 124, the targets always both
subtend 10°, but differ in distance. A ‘correct’ choice is
defined as a saccade in the azimuthal direction of the
nearer object (so, leftwards for points above the identity
line, where the left target is closer). The model chooses the
correct locations almost always when the target distances
differ by more than 20% or so. Due to the particular pattern
of weights learnt, this model displays a slight bias to choose
the righthand target when the targets are both very close.

In figure 11b, the targets are fixed at 8 and 4 cm distance,
but the plot shows results for varying diameters and thus
angular sizes. When the nearer target subtends less than 6°,
it is ignored and the larger, further target is always—
wrongly—chosen (blue strip across bottom of panel). This
also happens when the nearer target is much smaller on the
retina: e.g. if the nearer target is 10° and the further target
is 25°, the larger, further target is always wrongly chosen.
However, the large expanse of yellow shows that the
system is fairly robust to such size-based errors: unless
the size difference is extreme, the system consistently picks
the nearer target even if this appears smaller on the retina.

(iii) Model versus mantis

This model was inspired by praying mantis head saccades,
but does not fully account for observations. For example, I
noted above that when shown a target with non-epipolar ver-
tical disparity, mantids saccade to the average of the vertical
monocular locations. The present network usually, instead,
chooses one of the two locations. This could suggest that
the saccade direction represents the vector average of activity
in the output layer, not its peak; separate winner-take-all
steps could occur to select a target in each eye individually,
though this would still need to be sensitive to disparity (i.e.
to the choice of targets in the other eye) in order to produce
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Figure 10. Network weights following training. The columns show weights into two example output units, representing the directions indicated at the top and
marked with a cross +. AB, (D show weights from the input layer units representing left, right eyes, respectively. The colour axis is the same in all panels, and set
such that zero is green, positive weights are yellow and negative are blue. EF show the total weights for each azimuth, summed over elevation, with weights from
left (red) and right (green) eyes superimposed. This figure was generated by file Fig_ShowWeights.m. (Online version in colour.)

the observed stereoscopic sensitivity. Thus, the mantis
network is likely more complex than this simple model.

The point of this model is to provide an existence proof
that a simple two-layer stereoscopic network can produce
useful behaviour. To emphasize the extreme simplicity, I
made the units entirely linear, rather than building the
second layer from ReLU (rectified linear units), for example.
In this case, this does not change the network performance,
since the identity of the most active output unit would be
unchanged by setting units with negative activity to zero
(and since the inputs to the network are excitatory). How-
ever, it emphasizes that the binocular units in the output
layer are not implementing even weak correspondence.
The only nonlinearity occurs at the decoding level, where
the population is read out so as to produce a single
behavioural output.

(b) Stereoscopically quided striking behaviour
We now turn to the second form of mantis stereopsis: that
which triggers a strike when an object is in the catch range.

(i) A single disparity sensor

We recently showed that essentially all aspects of mantis
stereoscopic strikes could be accounted for by a model incor-
porating just a single disparity sensor [44], as sketched in
figure 6¢c. The model incorporates early monocular processing
with low-pass spatial filtering to represent the sparse omma-
tidial spacing, and high-pass temporal filtering followed by
rectification. This creates sensitivity to temporal change
regardless of sign, as appears to be the case for mantis
stereo [34,35]. The key features relating to stereopsis are illus-
trated in figure 13. A binocular neuron or ‘disparity sensor’
has a receptive field in each eye, positioned somewhat
nasally. The inputs to the binocular neuron from each eye
are given by the inner product of the receptive field functions
with the processed stimuli, after the early monocular filter-
ing. The receptive field functions have an excitatory-centre/
inhibitory-surround structure, as has been observed for
mantis binocular visual neurons [109,110]. This makes them
size-tuned: they respond best to stimuli which are large
enough to just cover the central excitatory region, without
extending into the inhibitory surround.
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Figure 11. (a) This is a reproduction of figure 2¢ from [103], showing the distribution of mantis head angles after the first (top) and second (bottom) saccades. The
targets are at =15 azimuth (dashed lines), and equal elevation; the left target is 4 cm from the animal and right at 14 cm; both have the same angular size (4° x
20°) and same angular elevation. (b) Simulation results, in which the model views two spherical objects, at +15° azimuth (dashed lines) and equal elevation; the
left target is at 4 cm from the animal and the right at 8 cm; both have the same angular size (15° corresponding to physical diameters of 1.1 cm and 2.1 cm,
respectively). The histogram shows distribution of (the first) head saccade for 1000 presentations of the (noisy) stimulus. (c) An example noisy monocular input

image. (b,c) Produced with Matlab file AssessPerformance.m. (Online version in colour.)
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Figure 12. Model’s preference to fixate near targets. Colour represents the proportion of trials on which the model made a saccade towards the nearer of two
targets. The two targets were to left and right of the animal, at azimuth +15°. (a) Targets varied in distance as shown on the axes, but their physical size was
adjusted so that both targets always subtended the same angle (10°) on the retina. (b) The distances were fixed at 8 cm, 4 cm for left, right targets, respectively.
These plots were generated by file AssessPerformance.m. (Online version in colour.)

This means that the optimal stimulus is an object of the
optimal angular size, straight ahead of the mantis at the dis-
tance corresponding to the disparity of the receptive fields
(smaller dashed circle in figure 13, in the lozenge-shaped
yellow region of space where points project to excitatory
regions in both eyes). This stimulus fully stimulates the excit-
atory region of both eyes’ receptive fields, without producing
any inhibition. By applying an expansive output nonlinearity,
such that doubling the monocular inputs more than doubles
the output of the binocular neuron, and using a threshold to
prevent any response to weak inputs, we can ensure that the
neuron responds only to near-optimal stimuli. For example,
we can set the threshold such that the neuron does not
respond to a stimulus visible in only one eye.

Figure 14, reproduced from [44], shows how a model
animal would respond to targets with a range of sizes and

distances, if its probability of striking at any moment is pro-
portional to the instantaneous activity of this simple
binocular neuron. The three dashed lines compare data
from real mantises. Remarkably, this very simple, single-
neuron model is able to reproduce the qualitative features
of real mantis behaviour. The most strikes are elicited for
stimuli of approximately 10° diameter, approximately
2.5 cm from the animal. The number of strikes falls off very
rapidly with changes in distance (halving or doubling the dis-
tance produces less than half the number of strikes), and less
rapidly with changes in size (halving or doubling the size
reduces the number but not by half). The model even repro-
duces the interaction between size and disparity: larger
angular sizes are preferred when stimuli are more distant
(the opposite direction from that which would produce a
constant preference for physical size, in centimetres). In the
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Figure 13. Properties of a binocular ‘disparity sensor’ with centre/surround monocular receptive fields. Top-down view of an animal, showing left and right eyes. On
the left, we show one-dimensional cross-sections through the retinal receptive fields feeding into a binocular neuron, and on the right we project the receptive fields
out into the space in front of the animal. Red, green lines mark the centre of the monocular receptive fields in each eye. In each eye, yellow colour-codes a central
excitatory region and blue an inhibitory surround region. The monocular receptive fields are thus tuned to stimuli of a given angular size. In space, yellow regions are
those which project to the excitatory regions in both eyes, blue to inhibitory in both eyes, and green those which project to the excitatory region of one eye's
receptive field and the inhibitory region of the other. The optimal stimulus is indicated by the smaller dashed circle: this object falls in the central excitatory region
in both eyes without stimulating any inhibitory region. The two larger dotted circles mark positions where two large objects could cause a ‘ghost match’ by
producing the same image in each eye as the optimal stimulus (as well as a second image due to the other object). However, because these objects produce
excitatory stimulation in only one eye, while inhibiting the other, they do not activate the binocular neuron. The dice and arrow leading from the binocular
neuron to an image of the mantis fore-arm indicates that activity in the binocular neuron controls the probability that the mantis strikes. (Online version in colour.)
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Figure 14. Size and disparity tuning of the model sketched in figure 13,
reproduced from [44] but correcting an error in the empirical results as
plotted in that publication. Solid lines show the mean number of strikes eli-
cited from the model animal by a moving target at the distance indicated by
the colour, and with the diameter indicated on the horizontal axis. Dashed
lines show corresponding empirical results with praying mantises [111]. In
the model, the mean number of strikes elicited by each trial is taken to
be proportional to the time-averaged activity of the binocular neuron.
(Online version in colour.)

model, this occurs because of false matches made between
the leading and trailing edges of the moving target (see
[44] for details).

The model also reproduces mantis behaviour for stimuli
with vertical disparity. This non-epipolar disparity cannot
occur in real stimuli. Mantids strike as normal for stimuli
with a small amount of non-epipolar vertical disparity, but
cease responding once the vertical disparity exceeds around
15° [102]. Notably, this limiting vertical disparity is indepen-
dent of target diameter, i.e. it does not depend on the degree
of overlap between a target in the left eye and a target in the
right. The model reproduces this behaviour; the limiting
vertical disparity is set by the size of the receptive field

excitatory-centre, and is thus independent of the stimulus
diameter.

This single-sensor model also displays surprisingly sophisti-
cated behaviour when presented with more than one target.
As shown in figures 13 and 154, two identical large, distant
objects can create the same local monocular retinal images
as a single near object, although they also present a second
stimulus in each eye.

We refer to this illusory nearby object as a ‘ghost match’
rather than a false match, since the retinal images are
indeed perfect local matches [8]. Dragonfly larvae which
hunt stereoscopically can be misled into striking at two dis-
tant objects, out of the catch range, as if they perceive a
single near object corresponding to the ghost match [112].
Praying mantids too sometimes strike at such ghost matches,
but the strike rate is around half what it is when for a single
object with this disparity [44].

The single-sensor model reproduces this behaviour [44],
thanks to its centre/surround receptive fields. As shown in
figure 13, the distant objects necessarily extend into the inhibi-
tory surround region in one of the eyes. Thus, they lie in regions
of space shaded green, where points project into the excitatory
region of one eye’s receptive field, but the inhibitory region of
the other. Whereas a real object at the catch range causes the
binocular disparity sensor to receive excitation from both
eyes and no inhibition, the ghost object necessarily produces
both excitation and inhibition, reducing the probability of a
strike from 70% for a real object to 20% for the ghost (table 4,
[44]). Thus, this model produces behavioural results reminis-
cent of global correspondence, but the underlying
mechanism is different. Whereas global correspondence
involves excitatory and inhibitory connections between dis-
parity sensors at different locations, cf. figure 4c, here there is
only a single disparity sensor, and the excitatory and inhibitory
connections are from monocular neurons onto the lone binocu-
lar neuron, as illustrated in figure 15b,c.
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(@) (b)

left eye right eye

single object in catch range

(©)

two larger, distant objects

excitatory connections
=== inhibitory connections

Figure 15. ‘Ghost match’ geometry. Two identical distant objects (purple dots) create the same local retinal image as a single, smaller, nearer object (black dot),
plus a second image in each eye. BC: Model containing a single disparity sensor. The excitatory and inhibitory connections onto this from the monocular images have
a similar effect to the connections between pairs of disparity sensors in figure 4c, in that they prevent the sensor from being activated by the ghost match. (Online

version in colour.)

prey capture zone

left left
LGMD LGMD
left moto- left
DCMD neuron DCMD
DCMD spikes I

motoneuron
activation

threshold for
strike

Figure 16. Schematic drawing showing model proposed by Kral & Prete [42]
for mantis stereo-quided strikes. LGMD, lobula giant movement detector;
DCMD, descending contralateral movement detector. Redrawn from fig.
3.15 of [42]. (Online version in colour.)

(iii) Model versus mantis

The model discussed here is very similar in concept to one
sketched by Kral & Prete [42], sketched in figure 16, which
also consists of a single disparity sensor. They postulated a
pair of monocular lobula giant movement detectors
(LGMD), which respond preferentially to preylike stimuli
moving at a particular speed. These synapse, via a descend-
ing contralateral movement detector (DCMD) onto a motor
neuron. Strikes are triggered when activity in the motor
neuron exceeds a threshold. Kral and Prete argued that ‘a
single pair of LGMD-DCMD complexes can explain how
mantids identify, locate and strike at prey when it is centred
in the visual field.” They offer this model in opposition to
the idea that ‘mantids use binocular disparity to judge the

distance of an object’, or that mantids make ‘an explicit com-
parison of retinal images or calculation of retinal disparity’. I
would argue that their model, like ours, does ‘use’ (is sensi-
tive to) binocular disparity: the preferred disparity reflects
the receptive field locations of left and right LGMDs. Further-
more, the threshold proposed for the motor neuron is a
nonlinear operation implementing weak local stereo corre-
spondence, which I would argue is a form of comparison
of retinal images. However, we certainly agree that a single
sensor cannot extract retinal disparity unconfounded by
other stimulus dimensions. Concerning physiological corre-
lates, the model of Kral and Prete postulates no binocular
neurons in the mantis brain, with binocular information com-
bined only in the thoracic motor ganglion. We now know that
mantis brain contains multiple classes of disparity-sensitive
binocular neurons, including some sending feedback to ear-
lier visual areas [109,110]. Thus, the full circuitry actually
subserving mantis stereopsis is in fact more complex than
any of the models discussed in this paper.

As shown above, the single-sensor model gives a good
account of current data on mantis striking behaviour, includ-
ing the preference for size, vertical and horizontal disparity,
and the lack of response to ghost matches. If so much is
achieved by a single disparity sensor, why does the mantis
brain have more than one? Most obviously, mantids do not
strike solely at objects directly ahead of them. Having mul-
tiple disparity sensors, at different azimuths and elevations,
could enable the animal to trigger strikes targeted towards
the appropriate direction [113]. Secondly, a single disparity
sensor necessarily confounds size and disparity, and indeed
other stimulus dimensions like contrast or speed: for example
in figure 14, the sensor is activated equally by a target at the
preferred size but sub-optimal distance as by a target of sub-
optimal size but preferred distance. Rossel [6,101] has pro-
vided compelling evidence that mantids do not confound
size and disparity in this way. For example, when disparity
indicates that a virtual object is very close, mantids may
switch from attacking to defensive strikes [6]. Detailed
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Figure 17. Mantids tailor strike trajectories according to stereoscopic dis-
parity, for a given angular size. Reproduction of figure 3b from [101]
showing data for a single mantis. The origin is the centre of the mantis
head and the y-axis indicates the direction of the target. Curves show the
path of the femur tip, each curve averaged over 30 strikes, for targets at
stereoscopic distances of 25, 35, 45, 55 mm. The target was physically
always at 55 mm with an anqular diameter of 20° nearer distances were
simulated with prisms. Fifty-five millimetres is out of range and so no
prey contact occurred during any of the strikes. | have superimposed the aver-
age strike rates for each distance, taken from of fig. 5 of [101]. These are the
average over six animals, and it is not known whether these included the
animal whose strike trajectories are plotted here.

measurements in one mantis showed that it systematically
adjusted its strike trajectory depending on disparity, even
when size is fixed ([101], figure 17). Importantly, the extent
of the strike trajectory increases monotonically with distance,
while the strike rate varies non-monotonically, which is not
consistent with the idea that a single sensor is controlling
both behaviours. This behaviour could be accounted for by
multiple disparity sensors with different preferred disparities
(and perhaps also sizes). The strike would be triggered by
whichever sensor was most strongly activated and the
strike trajectory would reflect the properties of the sensor
triggering it.

Note, however, that even a population of many such dis-
parity sensors could not encode a disparity map like that in
figure 1b. The inhibitory surround zones, which produce the
size tuning and inhibit the response to ghost matches, would
also suppress responses to extended surfaces. Rather, this
very simple form of stereopsis is suitable for judging the dis-
tance of large, isolated objects. Consistent with this, mantids
strike only when prey is isolated in the temporal domain,
e.g. via its motion or by change in luminance. In other
words, mantis stereopsis likely works because early monocu-
lar temporal filtering extracts suitable targets from a complex
scene, even though in the luminance domain prey may be per-
fectly camouflaged against the background [27,34,35]. There is
no evidence that mantids perceive disparate objects in stimuli
such as dynamic random-dot stereograms, where there is
no monocular temporal difference between target and
background, as humans and monkeys do.

In this paper, I first discussed stereopsis as it is generally
understood in the psychology and computing literature. Its
aim is to achieve binocular single vision and a detailed map

of disparity across a wide region of the visual field. This [ 15 |

requires solving the stereo correspondence problem and is,
therefore, extremely challenging. All neurally inspired
attempts to model such an algorithm have proposed multiple
disparity sensors for every visual direction, each tuned to a
different disparity and sensitive to the degree of local match
between image features at that disparity, as sketched in
figure 6a. Physiological studies of vertebrate stereopsis have
identified such neuronal populations in the visual cortex of
monkeys, cats and mice, and in the visual wulst of owls
[47,114,115]. These neurons show at least weak local correspon-
dence, since they modulate their firing depending on the
disparity of random-dot patterns. Thus, this general approach
seems to be extremely widespread among the vertebrates.

I then considered two very different forms of stereopsis,
both inspired by behavioural and neurophysiological findings
in the praying mantis. First, I considered a system suitable for
stereoscopically guided head saccades. This involved a popu-
lation of binocular neurons, each tuned to a different location
in the visual field but all with the same broad preference for
near disparities, as sketched in figure 6b. In the model, I delib-
erately made these neurons insensitive to the local match
between left and right images; their activity is simply the
sum of their inputs, with no boost for matching inputs such
as is provided, for example, by a squaring nonlinearity
[55,59] (figure 2). These design decisions—no matching
metric, only one disparity sensor at a given location, all sensors
tuned to a similar disparity—seem extremely stupid by the
standards of conventional stereo algorithms.

However, I showed that this simple system suffices for the
kind of stereoscopic sensitivity seen in mantis head saccades.
It demonstrates a marked preference to select the nearer of
two competing targets, even when these subtend the same
angular size (figure 11b). Performance is certainly not perfect,
but it may be as good as is required. Real mantids only show
a bias to fixate nearer objects; when the angular sizes are
equal, they fixate the more distant object around one-third
of the time ([103], figure 11a).

As noted, this system is not implementing even weak
stereo correspondence, since it is completely insensitive to
the degree of match. Yet the model also behaves as if it has
binocular single vision: head saccades are made towards
the midpoint of the left and right images. However, this ‘be-
havioural fusion” does not mean that the model is actually
implementing binocular fusion or single vision as humans
experience it. In the model, a disparate object activates mul-
tiple binocular neurons, reflecting its different locations in
left and right eyes. So, if the neural correlate of perception
is activity in the binocular layer, then objects would be per-
ceived in multiple directions, and yet useful behaviour is
still produced, contradicting Walls [69]. If on the other
hand the neural correlate of perception is the output of the
final winner-take-all step that selects only a single visual
direction for a saccade, then the winning object is perceived
singly—but only a single object is perceived at all. This is
similar to an earlier suggestion by Rossel [6] that mantis
stereopsis ‘allows only one object to be perceived at a time’.
The crucial difference is that in this model, the object selection
occurs at a binocular level. In Rossel’s proposal, each optic
lobe independently selects the most attractive object visible
to the ipsilateral eye [6]. This monocular selection cannot
account for the bias to select the stereoscopically closer of
two otherwise identical targets (figure 12).



Table 1. Comparison between primate and insect stereoscopic systems. Many of the answers are currently unclear, and in particular those regarding insect I3
stereopsis represent my current best guess rather than a well-evidenced fact.

primate contour

primate cyclopean
stereopsis

insect stereopsis for
orienting to targets

insect stereopsis for

stereopsis striking at targets

property

purpose control vergence acquire scene depth control head saccades trigger predatory strikes

structure

operates on image luminance image luminance image temporal change image temporal change
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contrast contrast

effect of anticorrelation inverts depth destroys depth no effect no effect
percept percept

weak stereo correspondence probably yes, in V1 maybe not yes, in several classes of

neurons
strong stereo correspondence no yes, in higher brain no probably not
areas
binocular single vision and no yes (within limits of no no
global correspondence fusion)
works with static images yes yes no no
breaks camouflage no yes no no

Next, I considered a system suitable for triggering preda-
tory strikes when prey is in the catch range. Here, we could
assume that the head-saccade system has already ensured
that the prey is already roughly directly ahead of the
animal. For triggering strikes, greater accuracy is required,
since mantids rarely strike at monocular stimuli or at prey
which is out of their catch range [6,28,105,106]. Here, we
found that we did need a disparity sensor which achieves
weak correspondence: our model fitted a strong expansive
output nonlinearity (raising to the power of 5). As well as
greatly enhancing the response to optimal stimuli, this also
boosts the average response to matching stimuli, relative to
non-matching stimuli with the same average monocular
value. This is formally very similar to the binocular simple
cell, the building-block of current models of primate stereop-
sis. However, monocular processing before binocular
combination renders the mantis disparity sensor insensitive
to properties of the stimulus which are fundamental to pri-
mate stereopsis, such as the direction of local motion or the
sign of contrast (bright versus dark) [34,35]. This again
seems very poor design from the point of view of primate
stereopsis and conventional machine stereo.

That said, the proposed stereo-guided strike system does
implement at least a weak form of stereo correspondence. It
also seems fair to argue that it achieves a form of binocular
single vision for isolated objects, if we assume that activation
of a disparity sensor triggers a percept of a single object at the
visual direction represented by the disparity sensor, i.e. on
the midline in our example, rather than the individual mon-
ocular images to left and right of the midline (cf. Figure 15).
However, this system can hardly be said to ‘solve’ the corre-
spondence problem. Behaviour which might appear to
indicate something more sophisticated, such as not striking
at the ghost objects which mislead dragonfly larvae, can be
accounted for simply by the inhibitory receptive-field sur-
rounds of the single disparity sensor. Because this model
seeks only to estimate the probability that an isolated, large

(10-30°) object exists at a given distance, it does not need to
work with multiple objects and so can largely bypass the
stereo correspondence problem [6,41-43,103].

Although, as noted above, the two models presented here
are certainly a simplication of mantis stereopsis, it, therefore,
seems that praying mantids may not possess a crude, low-
resolution version of vertebrate stereopsis—a version of
figure 6a with fewer, larger disparity sensors, operating on
temporally filtered inputs rather than image contrast.
Rather, current evidence is consistent with something even
more basic, as sketched in figure 6b,c. Table 1 makes an
attempt to compare and contrast the two stereoscopic systems
found in primates and insects. This should be regarded as a
set of ‘current best guesses’ intended to stimulate future
work and discussion, rather than as a list of established facts.

One claim sometimes made is that the forms of stereopsis
proposed here are ‘not really stereopsis’. Clearly, this is a
matter of definition. Some researchers have emphasized the
qualia associated with human stereopsis (e.g. ‘a compelling
perception of solidity or three-dimensionality, a clear sense
of space between objects and a phenomenal sense of realism’,
[116]), but it is unclear how to test for this in non-human
species or in machines. I prefer to define stereopsis as ‘the
ability to gain information about the 3D structure of visual
scenes by comparing information collected separately and
simultaneously from different lines of sight to the same
region of space’ [30]. This definition in terms of information
processing, rather than perceptual qualia, makes it more suit-
able for application beyond humans. The definition is
designed to be broad enough to include such different situ-
ations as: a machine stereo algorithm producing a metric
distance map [49]; human cyclopean stereopsis, which may
produce fine-grained information about scene structure but
recover distance only up to an affine transformation [39];
neural signals which trigger vergence but are never con-
sciously perceived; da Vinci stereopsis based on occlusions
[117]; the system governing mantis head saccades, which
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may not extract distance at all but only produce a bias
towards stereoscopically closer objects [6]; or even monocular
stereopsis in species whose eyes permit that, for example the
mantis shrimp Squilla [45]. These very different applications
all rely on the same underlying geometrical principle, and
it is helpful to have a common word to describe them.

Regardless of how well the two systems considered in this
paper turn out to describe mantis stereopsis, they demonstrate
the importance of considering simpler forms of stereopsis
[6,41-43]. In particular, they demonstrate that a network can
map directly from retinal inputs to stereoscopically informed
behaviour, without requiring an intermediate stage at which
disparity is extracted, let alone a geometrical reconstruction
of a 3D scene. This possibility has been ignored in the psychol-
ogy literature, because humans have the perceptual experience
of a disparity map across large regions of the visual field; for
example, we perceive surfaces and depth boundaries in
random-dot stereograms. However, it is possible that human
vision may also exploit the simpler approaches discussed
here, e.g. in the control of vergence eye movements, or in
qualitative stereopsis which may reflect ‘the operation of a dis-
tinct neural mechanism designed to provide crude depth
estimates for diplopic stimuli’ [118,119]. The correspondence-
free approach should also be considered in applications
where computing power is limited, e.g. autonomous aerial
vehicles. Several studies have demonstrated the value of
stereopsis in controlling drone flights, e.g. [120-124], but all
have a stage where they explicitly compute disparity. Skipping
this step may enable more efficient stereoscopically guided
control of behaviour.

5. Methods

Simulation details for the model of stereoscopically guided strik-
ing behaviour are available in [44]. Simulation details for the
model of stereoscopically guided head saccades follow.

(a) Coordinate systems

We need to translate between different coordinate systems,
including a world-centred coordinate system W, a head-centred
coordinate system H and coordinate systems for left and right
eyes, L and R. We will represent locations in space by column
vectors, using superscripts to indicate the object whose location
is being described and subscripts to show the coordinate
system being used. For example, vector P} represents the pos-
ition of the head in the world-centric coordinate system. In this
paper, the head does not move position but remains at the
origin, so P}, = O, but we will write the equations for the general
case. The head’s position is defined to be the location of the mid-
point between the two eyes, which are a distance I apart. In the
simulations, I=1 cm.

The rotation matrix ML} specifies the pose of the head relative
to the world-centred axes. We define this using azimuth-
longitude of! and elevation-latitude «¥, (Fick coordinates),
where again the sub- and superscript indicate that these are
the azimuth and elevation of the head relative to the world-
centred axes. Thus we have

cosalf 0 sinedl][1 0 0
My = 0 1 0 0 coswll sinwi} (5.1)
—sinely 0 cosall | [0 —sinkll cos«iy
Note that we apply the elevation first, then azimuth, which is
what makes these Fick coordinates. The rotation matrix M}y is the
inverse of M}, and describes the orientation of the world-centred

coordinate frame as seen from the head-centred frame. Similarly,

P}y = -MY{P} is the origin of the world-centred coordinate
frame in head-centred coordinates.
The nodal points of the left, right eyes are at

PR = P + 05IMI X

where the + holds for the left eye and — for the right, I is the
interocular distance, and X = [l,O,O]T, where T indicates transpose.

The gaze vector g defines where the head is pointing. In
headcentric coordinates, this is the Z-axis:

gy =2=100011"

and in world-centric coordinates this is rotated to reflect the
head’s azimuth and elevation:

8w :M%gH

(b) Turning the head to fixate an object
An object with world-centric coordinates Py, = [X,Y,Z]T has
headcentric coordinates

Pp = MY\ (P, — Pyy) = MY P}, + P}
The head-centred elevation and azimuth of the object are of;
and «g;, defined by
COS Kf; sin af;

0o __ o 1 o
Py =73 sin Ky
0 0
COS Kf; COS gy

= ZOM,Z (5.2)

where Zp; is the distance of the object from the head and where
the rotation matrix My is

cosayy 0 sinapyy| |1 0 0
Mg = 0 1 0 0 coskp — sinky
—sinaf; 0 cosaf;| |0 —sinkf cosky

To fixate this object, the head must adopt a new posture H’,
such that

My = MMy (5.3)

That is, the rotation matrix describing the new posture H' is
the previous matrix postmultiplied by a matrix describing the
azimuth and elevation of the object as viewed from the original
head posture. The head position remains the same, i.e. Pl = Pl

With the head rotated into the coordinate frame H’, the object
now lies on the gaze vector, directly in front of the head.

Equation (5.3) defines the new world-centric head azimuth
and elevation, a&l\,’ and K%/, in terms of the previous values a%,
ki and the azimuth and elevation of the object as originally
seen in the previous head-pose, af;, k.

This has a particularly simple form in the two-dimensional situ-
ation. If for example the head rotates azimuthally but its elevation
remains zero, equation (5.3) reduces to all = o} + ag;. This makes
sense since if an object is currently, say, 20° to the left (af; = 20°)
then to fixate it, the head needs to rotate 20° to the left. In this
paper, we consider a fully 3D model in which the head can
change both azimuth and elevation, so the simplification does
not apply and we, therefore, use the general equation (5.3).

(c) Retinal images

We assume that the eyes are fixed on the head. We assume that
each point on the retina—each ommatidium, as it would be in
the case of an insect eye—represents a particular visual direction
relative to the nodal point of that eye. Again, we encode this
direction using azimuth-longitude oz and elevation-latitude
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Figure 18. Example scene used for training. There are four objects, with headcentric azimuth-longitudes —40°, 31°, —17°, 29° and elevation-latitudes 52°, 4°, 0°,
—54°, at distances of 3.7, 6.0, 7.8, 9.0 cm, respectively. Their diameter scales with their distance such that all subtend the same size, 10°, at the origin. (a)
perspective view of the scene. X, ¥, Z are the world-centric axes. The red and green disk mark the left and right eyes. The blue line is the gaze vector, here
aligned with the Z-axis. The yellow line points from the origin to the closest object. (b) The left and right retinal images superimposed. Red, blue show the
objects in left, right retinas. The yellow cross marks the headcentric azimuth and elevation of the nearest object. For correct behaviour, given this input, the
most active unit in the output layer should be the one closest to this. In both panels, we are viewing from behind the head so the X and azimuth axes increase
towards the left. This figure was generated by Make3DscenesConstAngSize_Fig.m. (Online version in colour.)

k1,r, Where the subscript L,R encodes the eye. The visual axis of
both eyes, i.e. the line corresponding to zero azimuth and zero
elevation, are defined to be parallel to the head’s gaze vector g.
This means that the eyes and head have the same rotation
matrix: MV = MY = M}YY. As before, an object with world-cen-
tric coordinates Py, projects to retinal azimuth and elevation
(af,kP) in the left eye,

O a1 0

Cos K sin o
1 0
sin k{

0 0

Cos Ky cos af

P = MNPy, — Py) =20 (5.4)

where Z7 is the distance of the object from the left eye.

In the figures, we represent the two retinae as flat planes with
horizontal and vertical axes representing azimuth-longitude and
elevation-latitude, just as a Mercator projection represents the
Earth on a wall-map. Equation (5.4) specifies how points in
space project onto the retinae. In our model, the monocular
input layers consist of 51 x51 units for each retina, equally
spaced in azimuth and elevation from —70° to +70° with a
spacing of 2.8° between units.

When we present simulated scenes to the network, we first
project them onto the left and right retinae according to equation
(5.4), and then trim/downsample to the spacing of the retinal
units (cf. Figure 18b).

The retinal images form the input layer of our network, with
51 x51x2=>5202 units each representing a particular retinal
location (e g,k1,r)- The output layer consists of the saccade-direc-
tion units, each representing a particular headcentric direction
(ap,kn), cf. Figure 9. We chose the same spacing as for the
retina, i.e. 51 azimuths and 51 elevations, each equally spaced
between +70° with spacing 2.8°. The output units are linear
units with weights and a bias. To compute a loss function, we
applied a softmax function to the output layer and computed
the cross-entropy loss for classification. The correct classification
was defined to be the output unit representing the headcentric
direction of the nearest visible object, as explained next.

We train the network by presenting simulated scenes consist-
ing of a small number of spherical objects. These are projected
onto the left and right retina according to equation (5.4).

Figure 18 shows an example training scene (a) and the resultant
retinal images (b). The closest object is at the top right, marked in
yellow. The red and blue blobs indicating its projection in left,
right images respectively are offset by a large amount, reflecting
its proximity; distant objects project to the same locations in both
eyes. Note that due to the Fick coordinates we have chosen, there
is a vertical as well as a horizontal disparity [108]; this is just
learnt and makes no difference to the behaviour of the model.
The Fick (azimuth-longitude, elevation-latitude) coordinates
also explain why the spheres at the top and bottom of the
image appear elongated in the flattened representation of the
retinal image, for exactly the same reason as Greenland appears
elongated in the Mercator projection.

For training, we generated 100000 noise-free scenes like the
example in figure 18 (Matlab file Make3DscenesConstAngSize.m
in the code repository). Each scene contained four spherical objects
with azimuths and elevations generated independently from a
normal distribution with mean 0° and s.d. 45°. Distances were gen-
erated independently from a uniform distribution over the range 1-
11 cm. Diameters were scaled so that each sphere subtended 10° at
the origin. Since the model retinas extended only to +70° eccentri-
city, it was possible for some spheres to be out of view. For
classification, the correct output unit was defined to be that repre-
senting the headcentric direction closest to that of the nearest visible
object (strictly, the nearest object whose centre was visible). If no
objects were visible, the correct unit was that representing (0,0),
so that the head would stay in its current position.

To train the network, we used the function trainNetwork
from the Matlab Deep Learning Toolbox with stochastic gradient
descent with momentum, an initial learning rate of 0.05, a mini
batch size of 128, and eight epochs with shuffling every epoch
(Matlab file TrainBeast.m in the code repository). Examples of
the trained weights are shown in figure 10. Bias was also trained
but non-zero bias was learnt only for the output unit encoding
no action (ay = ny =0°), since this was the default action when
no inputs were present. After training, bias was an order of
magnitude larger for this unit than for any other unit.

Matlab code is available at https:/ /doi.org/10.25405/
data.ncl.19487414.v1 [125].
J.C.A.R.: conceptualization, data curation, formal

analysis, investigation, —methodology, resources, software,


https://doi.org/10.25405/data.ncl.19487414.v1
https://doi.org/10.25405/data.ncl.19487414.v1

Downloaded from https:.//royal societypublishing.org/ on 30 January 2023

supervision,

validation, visualization,

writing—review and editing.

I declare I have no competing interests.

I received no funding for this study.

Smith AM. 1996 Ptolemy'’s theory of visual
perception: an English translation of the ‘Optics’
with introduction and commentary. Trans. Am.
Philos. Soc. 86, iii—300. (doi:10.2307/3231951)
Wade NJ, Ono H. 2012 Early studies of binocular
and stereoscopic visionl. Jpn. Psychol. Res. 54,
54-70. (doi:10.1111/j.1468-5884.2011.00505.x)
Aguilonius F. 1613 Opticorum libri sex. Antwerp,
Belgium: Jan Moretus widow & sons.

Boyle R. 1688 A disquisition about the final causes
of natural things; wherein it is inquird, whether,
and (if at all) with what cautions, a naturalist
should admit them? To which are subjoyn’d, by way
of appendix, some uncommon observations about
vitiated sight. London, UK: J. Taylor. See https://
wellcomecollection.org/works/bphbffzz.

Wheatstone C. 1838 On some remarkable, and
hitherto unobserved, phenomena of binocular
vision. Phil. Trans. R. Soc. Lond. B 128, 371-394.
Rossel S. 1986 Binocular spatial localization in the
praying-mantis. J. Exp. Biol. 120, 265-281. (doi:10.
1242/jeb.120.1.265)

Ives H. 1920 Airplane photography. Philadelphia, PA:
J. B. Lippincott Company.

Read JCA. 2021 Binocular vision and stereopsis
across the animal kingdom. Annu. Rev. Vis. Sdi. 7,
389-415. (doi:10.1146/annurev-vision-093019-
113212)

Cartmill M. 1992 New views on primate origins.
Evol. Anthropol. Issues News Rev. 1, 105-111.
(doi:10.1002/evan.1360010308)

Cartmill M. 2018 Binocular vision. In The
international encyclopedia of biological anthropology
(eds W Trevathan, M Cartmill, D Dufour, C Larsen, D
O'Rourke, K Rosenberg, K Strier), pp. 1-5.

New York, NY: John Wiley and Sons, Inc.

Harris W. 1904 Binocular and stereoscopic vision in
man and other vertebrates, with its relation to the
decussation of the optic nerves, the ocular
movements, and the pupil light reflex. Brain 27,
107-147. (doi:10.1093/brain/27.1.107)

Timney B, Keil K. 1999 Local and global stereopsis
in the horse. Vis. Res. 39, 1861-1867. (doi:10.1016/
S0042-6989(98)00276-4)

Treacher CE. 1922 Arboreal life and the evolution of
the human eye: a revised publication of the Bowman
lecture delivered before the ophthalmological society
of the United Kingdom in May, 1921. Philadelphia,
PA: Lea & Febiger.

Tyler CW. 1991 Cyclopean vision. In Binocular vision
(ed. D Regan), pp. 38-74. New York, NY:
MacMillan.

Bonnen K, Matthis JS, Gibaldi A, Banks MS, Levi
DM, Hayhoe M. 2021 Binocular vision and the

writing—original

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

draft, As

well as

my fellow attendees at the

Discussion Meeting, I thank Vivek Nityananda, James O’Keeffe, Nicho-

las Szczecinski, Shamil Patel, Harriet Grigg and Christopher Tyler

for stimulating discussions about the ideas contained in this paper.

control of foot placement during walking in natural
terrain. Sci. Rep. 11, 20881. (doi:10.1038/s41598-
021-99846-0)

von Helmholtz H. 1867 Handbuch der
Physiologischen Optik. Leipzig, Germany: Leopold
Voss.

Tyler C. 1991 The horopter and binocular fusion. In
Binocular vision (ed. D Regan), pp. 19-37.

New York, NY: Macmillan.

Julesz B. 1986 Stereoscopic vision. Vis. Res.

26, 1601-1612. (doi:10.1016/0042-6989(86)
90178-1)

(larke PG, Donaldson IM, Whitteridge D. 1976
Binocular visual mechanisms in cortical areas | and
Il of the sheep. J. Physiol. 256, 509-526. (doi:10.
1113/jphysiol.1976.5p011336)

Johnson KP, Fitzpatrick MJ, Zhao L, Wang B,
McCracken S, Williams PR, Kerschensteiner D. 2021
Cell-type-specific binocular vision guides predation
in mice. Neuron 109, 1527-1539. (doi:10.1016/j.
neuron.2021.03.010)

Boone HC, Samonds JM, Crouse EC, Barr C, Priebe
NJ, McGee AW. 2021 Natural binocular depth
discrimination behavior in mice explained by visual
cortical activity. Curr. Biol. 31, 2191-2198. (doi:10.
1016/j.cub.2021.02.031)

Scholl B, Burge J, Priebe NJ. 2013 Binocular
integration and disparity selectivity in mouse
primary visual cortex. J. Neuraphysiol. 109,
3013-3024. (doi:10.1152/jn.01021.2012)

van der Willigen RF. 2011 Owls see in stereo much like
humans do. J. Vis. 11, 1-27. (doi:10.1167/11.7.10)
Fox R, Lehmkuhle SW, Bush RC. 1977 Stereopsis in
the falcon. Science 197, 79-81. (doi:10.1126/
science.867054)

Collett TS. 1977 Stereopsis in toads. Nature 267,
349-351. (doi:10.1038/267349a0)

Feord RC, Sumner ME, Pusdekar S, Kalra L,
Gonzalez-Bellido PT, Wardill T). 2020 Cuttlefish use
stereopsis to strike at prey. Sci. Adv. 6, eaay6036.
(doi:10.1126/sciadv.aay6036)

Nityananda V, Tarawneh G, Rosner R, Nicolas J,
Crichton S, Read JCA. 2016 Insect stereopsis
demonstrated using a 3D insect cinema. Sci. Rep. 6,
18718. (doi:10.1038/srep18718)

Rossel S. 1983 Binocular stereopsis in an insect.
Nature 302, 821-822. (doi:10.1038/302821a0)
Pettigrew JD. 1986 The evolution of binocular
vision. In Visual neuroscience (eds JD Pettigrew, KJ
Sanderson, WR Lewick), pp. 208-222. New York,
NY: Cambridge University Press.

Nityananda V, Read JCA. 2017 Stereopsis in animals:
evolution, function and mechanisms. J. Exp. Biol.
220, 2502-2512. (doi:10.1242/jeh.143883)

3N

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

Au WWL, Suthers RA. 2014 Production of biosonar
signals: structure and form. In Biosonar (eds A
Surlykke, PE Nachtigall, RR Fay, AN Popper), pp.
61-105. New York, NY: Springer.

Zupanc GKH, Bullock TH. 2005 From electrogenesis
to electroreception: an overview. In Electroreception
(eds TH Bullock, CD Hopkins, AN Popper, RR Fay),
pp. 5-46. New York, NY: Springer.

Scharstein D, Szeliski R. 2002 A taxonomy and
evaluation of dense two-frame stereo
correspondence algorithms. Int. J. Comput. Vis. 47,
7-42. (doi:10.1023/A:1014573219977)

Nityananda V, O'Keeffe J, Umeton D, Simmons A,
Read JCA. 2019 Second-order cues to figure motion
enable object detection during prey capture by
praying mantises. Proc. Nat! Acad. Sci. USA

116, 27018-27027. (doi:10.1073/pnas.
1912310116)

Nityananda V, Tarawneh G, Henriksen S, Umeton D,
Simmons A, Read JCA. 2018 A novel form of stereo
vision in the praying mantis. Curr. Biol. 28, 12.
(doi:10.1016/j.cub.2018.01.012)

Weinshall D. 1989 Perception of multiple
transparent planes in stereo vision. Nature 341,
737-739. (doi:10.1038/341737a0)

Blake A, Yuille AL. (eds). 1992 Active vision.
Cambridge, MA: MIT Press.

Koenderink JJ, van Doorn AJ. 1976 Geometry of
binocular vision and a model for stereopsis. Biol.
Cybern. 21, 29-35. (doi:10.1007/BF00326670)
Garding J, Porrill J, Mayhew JE, Frisby JP. 1995
Stereopsis, vertical disparity and relief
transformations. Vis. Res. 35, 703—722. (doi:10.
1016/0042-6989(94)00162-F)

Rogers BJ, Bradshaw MF. 1993 Vertical disparities,
differential perspective and binocular stereopsis.
Nature 361, 253-255. (doi:10.1038/361253a0)
Schwind H. 1989 Size and distance perception in
compound eyes. In Facets of vision (eds DG
Stavenga, RC Hardie), pp. 425-444. Berlin,
Heidelberg: Springer.

Kral K, Prete FR. 2004 In the mind of a hunter: the
visual world of the praying mantis. In Complex
worlds from simpler nervous systems (ed. FR Prete).
Cambridge, MA: MIT Press.

Collett TS. 1996 Vision: simple stereopsis. Curr. Biol.
6, 1392-1395. (doi:10.1016/50960-9822(96)00739-7)
O'Keeffe J, Nityananda V, Read J. 2021

A computational model of stereoscopic prey capture
in praying mantises. PLoS Comput Biol. 18,
€1009666. (doi:10.1101/2021.12.03.471070).

Exner S. 1891 Die Physiologie der facettirten Augen
von Krebsen und Insecten: eine Studie. Leipzig,
Germany: Franz Deuticke.


http://dx.doi.org/10.2307/3231951
http://dx.doi.org/10.1111/j.1468-5884.2011.00505.x
https://wellcomecollection.org/works/bphbffzz
https://wellcomecollection.org/works/bphbffzz
http://dx.doi.org/10.1242/jeb.120.1.265
http://dx.doi.org/10.1242/jeb.120.1.265
http://dx.doi.org/10.1146/annurev-vision-093019-113212
http://dx.doi.org/10.1146/annurev-vision-093019-113212
http://dx.doi.org/10.1002/evan.1360010308
http://dx.doi.org/10.1093/brain/27.1.107
http://dx.doi.org/10.1016/S0042-6989(98)00276-4
http://dx.doi.org/10.1016/S0042-6989(98)00276-4
http://dx.doi.org/10.1038/s41598-021-99846-0
http://dx.doi.org/10.1038/s41598-021-99846-0
http://dx.doi.org/10.1016/0042-6989(86)90178-1
http://dx.doi.org/10.1016/0042-6989(86)90178-1
http://dx.doi.org/10.1113/jphysiol.1976.sp011336
http://dx.doi.org/10.1113/jphysiol.1976.sp011336
http://dx.doi.org/10.1016/j.neuron.2021.03.010
http://dx.doi.org/10.1016/j.neuron.2021.03.010
http://dx.doi.org/10.1016/j.cub.2021.02.031
http://dx.doi.org/10.1016/j.cub.2021.02.031
http://dx.doi.org/10.1152/jn.01021.2012
http://dx.doi.org/10.1167/11.7.10
http://dx.doi.org/10.1126/science.867054
http://dx.doi.org/10.1126/science.867054
http://dx.doi.org/10.1038/267349a0
http://dx.doi.org/10.1126/sciadv.aay6036
http://dx.doi.org/10.1038/srep18718
http://dx.doi.org/10.1038/302821a0
http://dx.doi.org/10.1242/jeb.143883
http://dx.doi.org/10.1023/A:1014573219977
http://dx.doi.org/10.1073/pnas.1912310116
http://dx.doi.org/10.1073/pnas.1912310116
http://dx.doi.org/10.1016/j.cub.2018.01.012
http://dx.doi.org/10.1038/341737a0
http://dx.doi.org/10.1007/BF00326670
http://dx.doi.org/10.1016/0042-6989(94)00162-F
http://dx.doi.org/10.1016/0042-6989(94)00162-F
http://dx.doi.org/10.1038/361253a0
http://dx.doi.org/10.1016/S0960-9822(96)00739-7
https://doi.org/10.1101/2021.12.03.471070

Downloaded from https:.//royal societypublishing.org/ on 30 January 2023

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Parker AJ. 2007 Binocular depth perception and the
cerebral cortex. Nat. Rev. Neurosdi. 8, 379-391.
(doi:10.1038/nm2131)

Cumming BG, DeAngelis GC. 2001 The physiology of
stereopsis. Annu. Rev. Neurosci. 24, 203—238.
(doi:10.1146/annurev.neuro.24.1.203)

Welchman AE. 2016 The human brain in depth:
how we see in 3D. Annu. Rev. Vis. Sdi. 2, 345-376.
(doi:10.1146/annurev-vision-111815-114605)
Hartley R, Zisserman A. 2000 Multiple view
geometry in computer vision. Cambridge, UK:
Cambridge University Press.

Wang X. 2019 Learning and reasoning with visual
correspondence in time. PhD thesis, Carnegie Mellon
University. See https://www.ri.cmu.edu/
publications/learning-and-reasoning-with-visual-
correspondence-in-time/.

Hamzah RA, Ibrahim H. 2016 Literature survey on
stereo vision disparity map algorithms. J. Sens.
2016, 1-23. (doi:10.1155/2016/8742920)

Ohzawa |, Freeman RD. 1986 The binocular
organization of simple cells in the cat’s visual
cortex. J. Neurophysiol. 56, 221-242. (doi:10.1152/
jn.1986.56.1.221)

Kingdom FAA, Yared K-C, Hibbard PB, May KA. 2020
Stereoscopic depth adaptation from binocularly
correlated versus anti-correlated noise: test of an
efficient coding theory of stereopsis. Vis. Res. 166,
60-71. (doi:10.1016/j.visres.2019.10.009)

Zhaoping L. 2014 Understanding vision: theory,
models and data. Oxford, UK: Oxford University
Press.

Ohzawa |, DeAngelis GC, Freeman RD. 1990
Stereoscopic depth discrimination in the visual
cortex: neurons ideally suited as disparity detectors.
Science 249, 1037-1041. (doi:10.1126/science.
2396096)

Read JCA, Cumming BG. 2003 Testing quantitative
models of binocular disparity selectivity in primary
visual cortex. J. Neurophysiol. 90, 2795-2817.
(doi:10.1152/jn.01110.2002)

Henriksen S, Butts DA, Read JCA, Cumming BG.
2018 Current models cannot account for V1's
specialisation for binocular natural image statistics.
bioRxiv 497008. (doi:10.1101/497008)

Bartsch F, Cumming BG, Butts DA. 2021 Model-
based characterization of the selectivity of neurons
in primary visual cortex. J Neuraphysiol. 128,
350-363. (doi:10.1152/jn.00416.2021)

Henriksen S, Tanabe S, Cumming B. 2016 Disparity
processing in primary visual cortex. Phil.

Trans. R. Soc. B 371, 20150255. (doi:10.1098/rsth.
2015.0255)

Cumming BG, Parker AJ. 1997 Responses of primary
visual cortical neurons to binocular disparity
without depth perception. Nature 389, 280-283.
(doi:10.1038/38487)

Bartsch F, Henriksen S, Read JCA, Cumming BG,
Butts DA. 2021 Amplification of disparity selectivity
by spatial convolutions in the primary visual cortex.
J. Vis. 20, 1344. (doi:10.1167/jov.20.11.1344)
Janssen P, Vogels R, Liu Y, Orban GA. 2003 At least
at the level of inferior temporal cortex, the stereo

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

78.

correspondence problem s solved. Neuron

37, 693-701. (doi:10.1016/50896-6273(03)
00023-0)

(hai Y, Cao X. 2018 Stereo matching algorithm
based on joint matching cost and adaptive window.
In 2078 IEEE 3rd Advanced Information Technology,
Electronic and Automation Control Conference
(IAEAQ), Chongging, China, 1214 October 2018,
pp. 442-446. New York, NY: IEEE.

Kanade T, Okutomi M. 1994 A stereo matching
algorithm with an adaptive window: theory and
experiment. /EEE Trans. Pattern Anal. Mach. Intell.
16, 920-932. (doi:10.1109/34.310690)

Allenmark F, Read JCACA. 2011 Spatial
stereoresolution for depth corrugations may be set
in primary visual cortex. PLoS Comput. Biol. 7,
€1002142. (doi:10.1371/journal.pchi.1002142)
Banks MS, Gepshtein S, Landy MS. 2004 Why is
spatial stereoresolution so low? J. Neurosci. 24,
2077-2089. (doi:10.1523/JNEUR0SCI.3852-02.2004)
Nienborg H, Bridge H, Parker AJ, Cumming BG.
2004 Receptive field size in V1 neurons limits acuity
for perceiving disparity modulation. J. Neurosci. 24,
2065-2076. (doi:10.1523/JNEUR0SCI.3887-03.2004)
Filippini HR, Banks MS. 2009 Limits of stereopsis
explained by local cross-correlation. J. Vis. 9, 8 1-18.
Walls GL. 1942 The vertebrate eye and its adaptive
radiation. Bloomfield Hills, MI: Cranbrook Institute
of Science.

Pollard SB, Mayhew JE, Frisby JP. 1985 PMF: a
stereo correspondence algorithm using a disparity
gradient limit. Perception 14, 449-470. (doi:10.
1068/p140449)

Risi N, Calabrese E, Indiveri G. 2021 Instantaneous
stereo depth estimation of real-world stimuli with a
neuromorphic stereo-vision setup. In 2027 JEEE Int.
Symp. on Circuits and Systems (ISCAS), 22—28 May
2021, pp. 1-5. New York, NY: IEEE. (doi:10.1109/
ISCAS51556.2021.9401402)

Marr D, Poggio T. 1976 Cooperative computation of
stereo disparity. Science 194, 283-287. (doi:10.
1126/science.968482)

Edwards M, Pope DR, Schor CM. 2000 First- and
second-order processing in transient stereopsis. Vis.
Res. 40, 2645-2651. (doi:10.1016/S0042-
6989(00)00126-7)

Ogle KN. 1952 Disparity limits of stereopsis. AMA
Arch. Ophthalmol. 48, 50-60. (doi:10.1001/
archopht.1952.00920010053008)

Read JCA. 2015 Stereo vision and strabismus. Eye
29, 214-224. (doi:10.1038/eye.2014.279)

Norcia AM, Sutter EE, Tyler CW. 1985
Electrophysiological evidence for the existence of
coarse and fine disparity mechanisms in human.
Vis. Res. 25, 1603—-1611. (doi:10.1016/0042-
6989(85)90130-0)

Frisby JP, Mein J, Saye A, Stanworth A. 1975 Use of
random-dot stereograms in the clinical assessment
of strabismic patients. Br. J. Ophthalmol. 59,
545-552. (doi:10.1136/BJ0.59.10.545)

Zhang ZL, Cantor (R, Schor (M. 2010 Perisaccadic
stereo depth with zero retinal disparity. Curr. Biol.
20, 1176-1181. (doi:10.1016/j.cub.2010.04.060)

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

9%4.

95.

9.

Westheimer G, Tanzman 1). 1956 Qualitative depth m

localization with diplopic images. J. Optic. Soc. Am.
46, 116-117. (doi:10.1364/J05A.46.000116)

Tyler CW. 1990 A stereoscopic view of visual
processing streams. Vis. Res. 30, 1877-1895.
(doi:10.1016/0042-6989(90)90165-H)

Cumming BG, Johnston EB, Parker Al. 1991 Vertical
disparities and perception of three-dimensional shape.
Nature 349, 411-413. (d0i:10.1038/349411a0)
Linton P. 2020 Does vision extract absolute distance
from vergence? Atten. Percept. Psychophys. 82,
3176-3195. (doi:10.3758/513414-020-02006-1)
Schreiber K, Crawford JD, Fetter M, Tweed D. 2001
The motor side of depth vision. Nature 410,
819-822. (doi:10.1038/35071081)

Schreiber KM, Tweed DB. 2003 Influence of eye
position on stereo matching. Strabismus 11, 9-16.
(doi:10.1076/stra.11.1.9.14093)

Prince SJ, Cumming BG, Parker AJ. 2002 Range and
mechanism of encoding of horizontal disparity in
macaque V1. J. Neurophysiol. 87, 209-221. (doi:10.
1152/jn.00466.2000)

Blakemore C. 1970 The range and scope of binocular
depth discrimination in man. J. Physiol. 211,
599—622. (doi:10.1113/jphysiol. 1970.5p009296)
Ghahghaei S, McKee S, Verghese P. 2019 The upper
disparity limit increases gradually with eccentricity.
J. Vis. 19, 3. (doi:10.1167/19.11.3)

Parker AJ, Smith JET, Krug K. 2016 Neural
architectures for stereo vision. Phil. Trans. R. Soc. B
371, 20150261. (doi:10.1098/rsth.2015.0261)
Thomas OM, Cumming BG, Parker AJ. 2002 A
specialization for relative disparity in V2. Nat.
Neurosci. 5, 472—478. (doi:10.1038/nn837)

Umeda K, Tanabe S, Fujita I. 2007 Representation of
stereoscopic depth based on relative disparity in
macaque area V4. J. Neurophysiol. 98, 241-252.
(doi:10.1152/jn.01336.2006)

von der Heydt R, Zhou H, Friedman HS. 2000
Representation of stereoscopic edges in monkey
visual cortex. Vis. Res. 40, 1955-1967. (doi:10.
1016/50042-6989(00)00044-4)

Bredfeldt CE, Cumming BG. 2006 A simple account
of cyclopean edge responses in macaque V2.

J. Neurosci. 26, 7581-7596. (doi:10.1523/
JNEURO0SCI.5308-05.2006)

Taira M, Tsutsui KI, Jiang M, Yara K, Sakata H. 2000
Parietal neurons represent surface orientation from
the gradient of binocular disparity. J. Neurophysiol.
83, 3140-3146. (doi:10.1152/jn.2000.83.5.3140)
Janssen P, Vogels R, Orban GA. 1999 Macaque inferior
temporal neurons are selective for disparity-defined
three-dimensional shapes. Proc. Nat! Acad. Sci. USA 96,
8217-8222. (doi:10.1073/pnas.96.14.8217)

Menz MD, Freeman RD. 2003 Stereoscopic depth
processing in the visual cortex: a coarse-to-fine
mechanism. Nat. Neurosci. 6, 59-65. (doi:10.1038/
nn986)

Cumming B, Parker A. 2000 Local disparity not
perceived depth is signaled by binocular neurons in
cortical area V1 of the Macaque. J. Neurosci. 20,
4758-4767. (doi:10.1523/JNEUR0SCI.20-12-04758.
2000)


http://dx.doi.org/10.1038/nrn2131
http://dx.doi.org/10.1146/annurev.neuro.24.1.203
http://dx.doi.org/10.1146/annurev-vision-111815-114605
https://www.ri.cmu.edu/publications/learning-and-reasoning-with-visual-correspondence-in-time/
https://www.ri.cmu.edu/publications/learning-and-reasoning-with-visual-correspondence-in-time/
https://www.ri.cmu.edu/publications/learning-and-reasoning-with-visual-correspondence-in-time/
http://dx.doi.org/10.1155/2016/8742920
http://dx.doi.org/10.1152/jn.1986.56.1.221
http://dx.doi.org/10.1152/jn.1986.56.1.221
http://dx.doi.org/10.1016/j.visres.2019.10.009
http://dx.doi.org/10.1126/science.2396096
http://dx.doi.org/10.1126/science.2396096
http://dx.doi.org/10.1152/jn.01110.2002
http://dx.doi.org/10.1101/497008
https://doi.org/10.1152/jn.00416.2021
http://dx.doi.org/10.1098/rstb.2015.0255
http://dx.doi.org/10.1098/rstb.2015.0255
http://dx.doi.org/10.1038/38487
https://doi.org/10.1167/jov.20.11.1344
http://dx.doi.org/10.1016/S0896-6273(03)00023-0
http://dx.doi.org/10.1016/S0896-6273(03)00023-0
http://dx.doi.org/10.1109/34.310690
http://dx.doi.org/10.1371/journal.pcbi.1002142
http://dx.doi.org/10.1523/JNEUROSCI.3852-02.2004
http://dx.doi.org/10.1523/JNEUROSCI.3887-03.2004
http://dx.doi.org/10.1068/p140449
http://dx.doi.org/10.1068/p140449
http://dx.doi.org/10.1109/ISCAS51556.2021.9401402
http://dx.doi.org/10.1109/ISCAS51556.2021.9401402
http://dx.doi.org/10.1126/science.968482
http://dx.doi.org/10.1126/science.968482
http://dx.doi.org/10.1016/S0042-6989(00)00126-7
http://dx.doi.org/10.1016/S0042-6989(00)00126-7
http://dx.doi.org/10.1001/archopht.1952.00920010053008
http://dx.doi.org/10.1001/archopht.1952.00920010053008
http://dx.doi.org/10.1038/eye.2014.279
http://dx.doi.org/10.1016/0042-6989(85)90130-0
http://dx.doi.org/10.1016/0042-6989(85)90130-0
http://dx.doi.org/10.1136/BJO.59.10.545
http://dx.doi.org/10.1016/j.cub.2010.04.060
http://dx.doi.org/10.1364/JOSA.46.000116
http://dx.doi.org/10.1016/0042-6989(90)90165-H
http://dx.doi.org/10.1038/349411a0
http://dx.doi.org/10.3758/s13414-020-02006-1
http://dx.doi.org/10.1038/35071081
http://dx.doi.org/10.1076/stra.11.1.9.14093
http://dx.doi.org/10.1152/jn.00466.2000
http://dx.doi.org/10.1152/jn.00466.2000
http://dx.doi.org/10.1113/jphysiol.1970.sp009296
http://dx.doi.org/10.1167/19.11.3
http://dx.doi.org/10.1098/rstb.2015.0261
http://dx.doi.org/10.1038/nn837
http://dx.doi.org/10.1152/jn.01336.2006
http://dx.doi.org/10.1016/S0042-6989(00)00044-4
http://dx.doi.org/10.1016/S0042-6989(00)00044-4
http://dx.doi.org/10.1523/JNEUROSCI.5308-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.5308-05.2006
http://dx.doi.org/10.1152/jn.2000.83.5.3140
http://dx.doi.org/10.1073/pnas.96.14.8217
http://dx.doi.org/10.1038/nn986
http://dx.doi.org/10.1038/nn986
http://dx.doi.org/10.1523/JNEUROSCI.20-12-04758.2000
http://dx.doi.org/10.1523/JNEUROSCI.20-12-04758.2000

Downloaded from https:.//royal societypublishing.org/ on 30 January 2023

97.

9.

9.

100.

101.

102.

103.

104.

105.

106.

107.

Cumming BG, Parker AJ. 1999 Binocular neurons in
V1 of awake monkeys are selective for absolute, not
relative, disparity. J. Neurosci. 19, 5602-5618.
(doi:10.1523/JNEUROSCI.19-13-05602.1999)

McKee SP, Verghese P, Farell B. 2005 Stereo
sensitivity depends on stereo matching. J. Vis. 5,
783-792. (doi:10.1167/5.10.3)

Marr D. 1982 Vision: a computational investigation into the
human representation and processing of visual information.
San Frandisco, CA: W. H. Freeman & Company.

Salmen J, Schlipsing M, Edelbrunner J, Hegemann
S, Liike S. 2009 Real-time stereo vision: making
more out of dynamic programming. In Computer
analysis of images and patterns (eds X Jiang, N
Petkov), pp. 1096—1103. Berlin, Germany: Springer.
Rossel S. 1991 Spatial vision in the praying-mantis -
is distance implicated in size detection. J. Comp.
Physiol. -Sens. Neural Behav. Physiol. 169, 101-108.
Rossel S, Mathis U, Collett T. 1992 Vertical disparity
and binocular vision in the praying-mantis. Vis.
Neurosci. 8, 165-170. (doi:10.1017/
$0952523800009329)

Rossel S. 1996 Binocular vision in insects: how
mantids solve the correspondence problem. Proc.
Natl Acad. Sci. USA 93, 13 229-13 232. (doi:10.
1073/pnas.93.23.13229)

Land MF. 1999 Motion and vision: why animals
move their eyes. J. Comp. Physiol. A 185, 341-352.
(doi:10.1007/5003590050393)

Maldonado H, Levin L. 1967 Distance estimation
and the monocular cleaning reflex in praying
mantis. Z. Fuer Vgl. Physiol. 56, 258—267. (doi:10.
1007/BF00333670)

Maldonado H, Rodriguez E. 1972 Depth perception
in the praying mantis. Physiol. Behav. 8, 751-759.
(doi:10.1016/0031-9384(72)90107-2)

Bagheri ZM, Wiederman SD, Cazzolato BS, Grainger
S, 0'Carroll DC. 2017 Performance of an insect-
inspired target tracker in natural conditions.

108.

109.

10.

m.

M2

13.

114.

115.

116.

7.

Bioinspir. Biomim. 12, 025006. (doi:10.1088/1748-
3190/aa5h48)

Read JCA, Phillipson GP, Glennerster A. 2009
Latitude and longitude vertical disparities. J. Vis. 9,
1-37.

Rosner R, von Hadeln J, Tarawneh G, Read JCA.
2019 A neuronal correlate of insect stereopsis. Nat.
Commun. 10, 2845. (doi:10.1038/541467-019-
10721-2)

Rosner R, Tarawneh G, Lukyanova V, Read JCA. 2020
Binocular responsiveness of projection neurons of
the praying mantis optic lobe in the frontal visual
field. J. Comp. Physiol. A 206, 165-181. (doi:10.
1007/500359-020-01405-x)

Nityananda V, Bissianna G, Tarawneh G, Read J.
2016 Small or far away? Size and distance
perception in the praying mantis. Phil. Trans. R. Soc.
B 371, 20150262. (doi:10.1098/rsth.2015.0262)
Hoppenheit M. 1964 Beobachtungen zum
Beutefangverhalten der larve von Aeschna cyanea
Miill.(Odonata). Zool. Anz. 172, 216-232.

Corrette BJ. 1990 Prey capture in the praying mantis
Tenodera aridifolia sinensis: coordination of the
capture sequence and strike movements. J. Exp.
Biol. 148, 147-180. (doi:10.1242/jeb.148.1.147)
Chioma AL, Bonhoeffer T, Hiibener M. 2020
Disparity sensitivity and binocular integration in
mouse visual cortex areas. J. Neurosci. 40,
8883-8899. (doi:10.1523/JINEUR0SCI.1060-20.2020)
Nieder A, Wagner H. 2000 Horizontal-disparity
tuning of neurons in the visual forebrain of the
behaving bam owl. J. Neurophysiol. 83, 2967-2979.
(doi:10.1152/jn.2000.83.5.2967)

Vishwanath D. 2012 What is stereopsis? Percept. 3,
390.

Nakayama K, Shimojo S. 1990 Da vinci stereopsis:
depth and subjective occluding contours from
unpaired image points. Vis. Res. 30, 1811-1825.
(doi:10.1016/0042-6989(90)90161-D)

8.

9.

120.

121.

122.

123.

124.

125.

Stransky D, Wilcox L. 2010 Depth magnitude and
binocular disparity: a closer look at patent vs.
qualitative stereopsis. J. Vis. 10, 330. (doi:10.1167/
10.7.330)

Ogle KN. 1953 Precision and validity of stereoscopic
depth perception from double images. J. Opt. Soc.
Am. 43, 907-913.

Cigla G, Thakker R, Matthies L. Onboard stereo
vision for drone pursuit or sense and avoid. In 2078
IEEE/CVF Conference on Computer Vision and Pattern
Recognition Workshops (CVPRW), Salt Lake City, UT.
18-22 June 2018, pp. 625—633. New York, NY:
IEEE. (d0i:10.1109/CVPRW.2018.00105)

Pohl D, Dorodnicov S, Achtelik M. 2019 Depth map
improvements for stereo-based depth cameras on
drones. In 2079 Federated Conference on Computer
Science and Information Systems (Fed(SIS), Leipzig,
Germany, 1-4 September 2079, pp. 341-348.
New York, NY: IEEE.

van Hecke K, de Croon G, van der Maaten L, Hennes
D, lzzo D. 2018 Persistent self-supervised learning:
from stereo to monocular vision for obstacle
avoidance. Int. J. Micro Air Veh. 10, 186—206.
(doi:10.1177/1756829318756355)

McGuire K, de Croon G, De Wagter C, Tuyls K, Kappen
H. 2017 Efficient optical flow and stereo vision for
velodity estimation and obstacle avoidance on an
autonomous pocket drone. /EEE Robot. Autom. Lett.
2, 1070-1076. (doi:10.1109/LRA.2017.2658940)

Ruf B, Monka S, Kollmann M, Grinberg M. 2018
Real-time on-board obstacle avoidance for UAVs
based on embedded stereo vision. Int. Arch.
Photogramm. Remote Sens. Spatial Inf. Sci. 42,
363-370. (doi:10.5194/isprs-archives-XLII-1-363-
2018)

Read JCA. 2022 Matlab code for simple model of
stereoscopically-guided head saccades. Newcastle
University. Software. (doi:10.25405/data.ndl.
19487414.v1)


http://dx.doi.org/10.1523/JNEUROSCI.19-13-05602.1999
http://dx.doi.org/10.1167/5.10.3
http://dx.doi.org/10.1017/S0952523800009329
http://dx.doi.org/10.1017/S0952523800009329
http://dx.doi.org/10.1073/pnas.93.23.13229
http://dx.doi.org/10.1073/pnas.93.23.13229
http://dx.doi.org/10.1007/s003590050393
http://dx.doi.org/10.1007/BF00333670
http://dx.doi.org/10.1007/BF00333670
http://dx.doi.org/10.1016/0031-9384(72)90107-2
http://dx.doi.org/10.1088/1748-3190/aa5b48
http://dx.doi.org/10.1088/1748-3190/aa5b48
http://dx.doi.org/10.1038/s41467-019-10721-z
http://dx.doi.org/10.1038/s41467-019-10721-z
http://dx.doi.org/10.1007/s00359-020-01405-x
http://dx.doi.org/10.1007/s00359-020-01405-x
http://dx.doi.org/10.1098/rstb.2015.0262
http://dx.doi.org/10.1242/jeb.148.1.147
http://dx.doi.org/10.1523/JNEUROSCI.1060-20.2020
http://dx.doi.org/10.1152/jn.2000.83.5.2967
http://dx.doi.org/10.1016/0042-6989(90)90161-D
http://dx.doi.org/10.1167/10.7.330
http://dx.doi.org/10.1167/10.7.330
https://doi.org/10.1109/CVPRW.2018.00105
http://dx.doi.org/10.1177/1756829318756355
http://dx.doi.org/10.1109/LRA.2017.2658940
https://doi.org/10.5194/isprs-archives-XLII-1-363-2018
https://doi.org/10.5194/isprs-archives-XLII-1-363-2018
http://dx.doi.org/10.25405/data.ncl.19487414.v1
http://dx.doi.org/10.25405/data.ncl.19487414.v1

	Stereopsis without correspondence
	Introduction
	Stereopsis and correspondence
	Local disparity sensors and different types of local correspondence
	Ideal local correspondence
	Strong local correspondence
	Weak local correspondence
	No local correspondence

	Perceiving depth via a population of disparity sensors
	Local versus global correspondence
	Complications of mobile eyes
	Primate stereopsis
	Additional processing required for correspondence
	Summary

	Stereopsis without correspondence
	Stereoscopically guided head saccades
	A simple two-layer network
	The network has learnt binocular fusion and a preference for nearer objects
	Model versus mantis

	Stereoscopically guided striking behaviour
	A single disparity sensor
	Global correspondence and the ‘ghost match’ geometry
	Model versus mantis


	Discussion
	Methods
	Coordinate systems
	Turning the head to fixate an object
	Retinal images
	Network structure and training protocol
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding

	Acknowledgements
	References


