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the mock eyes, elevates its wings, stridulates violently and
sways from side to side, often frightening away the bird.
With one compound eye covered over, the mantis can still
recognize a bird, or a film of one, but cannot estimate its
range (Maldonado, 1970).

The significance of visual shape in arthropod behaviour
patterns is reviewed at length, with numerous examples,
by Wehner (1981). The main categories of images are the
shapes of flowers, the recognition of mates and prey,
courtship behaviour (especially in hunting spiders and
fiddler crabs) and the pattern on the wings of butterflies,
dragonflies and others. The basic problem is that we are
unable to obtain much information about mechanisms of
visual processing in these cases; therefore we turn either to
the analysis of object-detector neurones (if they can be
found) or to the visual behaviour of the trained bee.

Eidetic Images
The word is from the Greek root EIAQ (latin, video) or
YidwAov, meaning an image in the mind, which has come
into English as ‘idol’. The word ‘eidetic’ means an imprint
of the image in the visual processing mechanism, but
authors are usually not clear whether the eidetic image can
float about in the spatial array of the visual projection or
whether it is burnt in at one location, requiring congru-
ence at the same location before recognition can occur.
As mentioned above, experimental analysis is almost
restricted to bees. The honeybee can be trained to come to
a food source that is recognized visually, and then, being
trained for one target pattern, can be tested with the same
or other patterns to reveal something about what has been
learned. Three warnings are essential when considering
this topic. Firstly, the bee must be given a frame of refer-
ence in the form of her own motion, including horizontal
scanning, and the direction of gravity; she is then able to
discriminate many shapes, angles of inclination and loca-
tions relative to patterns or landmarks. Most experiments
before Wehner’s work, starting about 1970, were done
with patterns laid flat, probably copying Von Frisch’s early
experiments with colours. The bees, having no reference
axis while flying over the flat patterns, showed that they
could discriminate degrees of disruption in the patterns, but
little more. Only experiments on vertical surfaces are
useful. Secondly, the bee must be forced to make her
decision at some distance from the target, and target posi-
tions must be randomized regularly during training. Bees
that are allowed to examine targets closely before making a
choice can concentrate on regions of the target, e.g. the top
corner, so that it is then impossible to know what part of
the target the bee is looking at. Thirdly, all aspects of the
pattern except the detail that is the topic of the experiment
must be randomized repeatedly during the experiment to
teach the bee what features not to look at and learn. This
experimental design of controls is so frequently ignored

that it is impossible to be sure whether the bees were
looking out for some totally irrelevant detail. Many other
controls are sometimes essential, such as restricting the
approach path of the bee, or photographing the bees in
flight, because the cue that the bee uses to locate the
reward may be one that the experimenter does not antici-
pate. By randomizing all other features, Lehrer et al.
(1988) showed that bees can measure range to objects
independently of size, and can discriminate a selected
range (Fig. 11.31) to get a reward; Van Hateren et al.
(1990) and Srinivasan (unpublished data) showed that
bees can discriminate a difference of 45° in the slope of
parallel lines in a pattern of random parallel stripes
(Fig. 11.39), but they cannot discriminate one random
pattern from a similar one at the same slope; Srinivasan et
al. (1990) showed that bees can use parallax (Fig.11.32) to
get an idea of the separateness of an object from back-
ground. These experiments can all be interpreted readily
by templates responding to horizontal and vertical motion
with scanning (Fig. 11.20). Apparently, pattern disruption
interferes with pattern discrimination by bees, as would be
expected from a theory based on ratios of template
responses. To make inferences about more complex tem-

s dn

Fig. 11.39 The apparatus used to test visual discrimination of
forms and angles. The bee enters through the hole, and in the
middle of the Y must make a choice between the two targets
which can be placed at various distances (d) in the arms of the
Y. The reward is found in the hole in the centre of the pattern.
The two examples shown were from a selection of randomly
striped patterns. It was found that from a distance the bee can
discriminate a difference of 45° angle irrespective of pattern but
bees cannot discriminate these two patterns if they are inclined at
the same angle (Redrawn from Van Hateren et al., 1 990;
Srinivasan, unpublished data).
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Fig. 11.40 One of the original experiments on a vertical surface
suggesting that bees can learn a two-dimensional pattern by
something like an eidetic image. The bee is rewarded inside a hole
at the centre of the disc, and is tested on a discrimination between
the upper and the lower pattern of each pair, one rotated by a
segment relative to the other. Bees can do this with discs up to
about 32 segments ( After Wehner, 1951 ). The question still
remains whether it is necessary to postulate an eidetic image, and
1s so, whether that can be done by one-dimensional visual
processing.

plates for shapes requires very careful design of control
with patterns on vertical surfaces.

Early experiments (Fig. 11.40) were done 20 years ago
by Rudiger Wehner (review, 1981) who showed by
cinephotography that the bees faced the target as they
hovered or scanned in front of it. He later found (with
Flatt) that they could not recognize the target if the eye
region that learnt it was painted over, and suggested that
something is fixed in the map behind the eye. For this to be
so it is evident that the image cannot be at the full resolu-
tion of the eye — it must be fuzzified by neurones with large
fields so that the image can be recognized mwithin a region,
albeit less precisely. Taking ratios of template responses
would be one way to enlarge those spatio-temporal fields.

Opver the past decade the standard way to think of pat-
tern recognition in insects, by a combination of old and

new results, was to imagine accurate measurement of
flicker sequences as images swept across the retina and also
as a less precise recognition of a pattern that is briefly lined
up with an internal representation like an eidetic image
(e.g. Collett and Cartright, 1983; Gould, 1985). The fovea
of the insect eye was seen as the most effective region for
picking up the eidetic images and responding to their
reccurrence, so that fixation behaviour was tied into object
discrimination.

Template Theory Applied to Object Vision

First, setting aside colours, let us refer to the colour-blind
high-resolution templates in Fig. 11.20, noting that most
respond to polarity and directional or non-directional
motion at adjacent visual axes. As discussed already,
making larger templates at this resolution is futile on
account of the combinatorial explosion, but taking ratios
of template counts, followed by logical AND in local
spatio-temporal regions, looks promising, although two-
dimensional shape is thrown away in the process. We add
the possibility that there is also a crude, one-dimensional
semivision of this type in the vertical plane, even if it is less
effective.

Within a brief period in any local region of the eye, as
the bee scans horizontally with one-dimensional horizon-
tal and vertical directional detectors, the ratio of template
responses for upwards, downwards, left-and-right motion
(Fig. 11.27(d)) could be a measure of the angle of inclina-
tion of the edge, independent of form, and it could also
distinguish edge polarity. If the direction of the bee’s own
scanning motion is monitored by large-field directional
neurones, then a stationary angle could be discriminated
by a freely flying bee.

Bees can in fact discriminate the angle of inclination of
randomly arranged stripes (Fig. 11.39) when the form of
the pattern presented is randomized in the tests so that the
bee is taught to look only at the angle. In these tests,
however, bees cannot discriminate different examples of
random stripes except by trivial properties such as average
brightness or contour density. When the tests are con-
trolled in this way, the bee cannot make an eidetic image
from a distance (Fig. 11.39).

The experiments that most strongly support the idea of
an eidetic image are those of Wehner (1981, p 477) done in
1972. Bees can detect the change from white to black at the
top of a disc with 16 alternating black and white segments
(Fig. 11.40). At first sight it is hard to explain the bee’s
ability to discriminate a small angular shift of the radial
pattern, because the sum of all the angles is independent of
the angular displacement. In these experiments, however,
the bee comes close to the hole in the centre of the pattern,
which therefore occupies a large part of the eye. The
experiment seems designed to tell the bee that she should
look to see whether the horizontal midline of the two eyes
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Fig. 11.41 Bees can easily discriminate between the two figures
in (a) and fairly easily between those in (b), but cannot
distinguish the two patterns in (c). It is an interesting question
whether their failure to discriminate in (c) is caused by the

disruption in the patterns or by the loss of the visual illusion
(Redrawn from Van Hateren et al., 1990).

is in line with black or white. Another puzzling discrimin-
ation test, done recently in Canberra, is illustrated in
Fig. 11.41. Bees easily discriminate between the patterns
in (a). The patterns in (b) are more difficult, but are still
distinguished correctly more often than not. The same
patterns as (b), but rearranged as in (c), so as to eliminate
the visual illusion, cannot be discriminated by bees.
Whether the failure to distinguish in (c) is simply because
the pattern is more disrupted than (b), as seen in horizon-
tal scans, or whether the bees see the illusion as we do,
cannot be decided. Certainly it is hard to design crucial
tests for eidetic images which have only one interpretation.

All of the patterns recently employed for tests for pat-
tern vision on bees, except the randomized use of selec-
tions of random patterns (Van Hateren et al.) can be
criticized in the light of the discussion of proper controls.
It is certainly possible to devise template ratios that dis-
criminate the patterns and provide alternatives to eidetic
images in the supposedly definitive studies (e.g. Gould,
1985, 1986). However, there are other significant natural
situations, akin to patterns, that may depend solely on
spatial (possibly one-dimensional) correlations over large

visual fields: for example landmarks, and whole-eye or
two-eye templates.

Landmarks

Insects apparently use visual landmarks so that without
retracing their steps they can return to a known site that
they have previously learned, often having made explora-
tory flights. The extensive literature on navigation by
landmarks is reviewed by Wehner (1981). Experiments
with movable landmarks show that bees learn what the
distribution of landmarks should look like, as seen from
the point where they desire to be. They search around
until the bearings of the landmarks each lie on the retina
where they have been accustomed to seeing them and at
their normal apparent size subtended at the eye. However,
because bees look forward but fly in any direction we are
faced with the question of how the eidetic images of the
landmarks can rotate within the bee. The best solution
offered is that the bee has several internal snapshots which
can be used when looking in the appropriate directions
(Collett and Cartright, 1983). If this is so, we have no idea
where they are located (Strausfeld, 1989).

Whole-Eye Templates

Viewing vision through human eyes leads to the error that
lower animals see a picture of the outside world as we do.
Consideration of the evolution of visual processing,
bottom up, from receptors to simple templates involving
pairs of receptors and temporal sequences, leads to the
further error that an evolution of increasing complexity
has produced hierarchical structures in vision — generating
templates looking at templates and so on, up to categories
like ‘dog’ and ‘chair’. It doesn’t work out so simply.
Indeed, there probably was a progressive addition of tem-
plates in parallel at each level, and a progressive increase in
the number of levels, during the evolution of vertebrate
visual centres, or within the Crustacea from primitive ones
with few optic neuropiles up to crabs with about five of
them (This volume, Fig. 9.6; Bullock and Horridge, 1965,
Fig. 19.2). However, when we actually examine a variety
of examples of complex visual discriminations done by
lower animals, it turns out that the sampling array itself is
structured around a restricted set of tasks, or dedicated toa
single task, so that eye structure and at least one channel of
processing act together like a single template (Wehner,
1987). The following are three examples.

Size Constancy in an Object-Motion Neurone

The pond backswimmer Notonecta hangs in a predeter-
mined position below the water surface, waiting for prey
such as damaged insects that struggle as they float within
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Fig. 11.42 The backswimmer Notonecta hangs in a predictable posture below the water surface. The angles betibeen visual axes looking
horizontally to the distant water surface are less than those looking at objects lying closer on the water surface. As a result the angular
subtense, measured in number of visual axes, is similar for an object of one size at any range within limits. The responses of an object-
detector neurone of the optic lobe show that this gradient in the spatial magnification factor tends to make the neurone sensitive to objects
of a given absolute size irrespective of range (Redrawn after Schwind, 1978).
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Fig. 11.43 The ghost crab Ocypode has a vertically elongated eye with small angles between the visual axes looking at the horizon,
grading into larger angles between axes looking up or down (inset ). This built-in gradient of magnification in sampling could have the
effect that an object approaching along the ground cuts the same number of visual axes irrespective of range. Similarly, an object above
i the horizontal is sampled by a constant number of visual axes irrespective of its distance, over a limited range, but the absolute size
cannot be measured because the altitude is not known (Redrawn from Wehner, 1987).

range. A large neurone in the optic lobe responds to
motion of any small, black object within a field which
includes the forward-looking part of both eyes. The neur-
one’s response is reduced if only one eye sees the object.
Motion of a large patterned background elicits no response
and reduces that to a superimposed small object. The
interesting feature is that objects of the size that produces
the maximum response do so irrespective of their distance
along the water surface. The preferred object size of the
eye region looking at the horizon is smaller than that look-
ing at a point near to the animal (Fig. 11.42). In the figure,
the angular subtense of an object decreases as the object

recedes, but the neurone (and perhaps the retina) compen-
sates in such a way that the preferred absolute dimension
of an object (at the water surface) is constant. In fact, the
most preferred object is one-fifth the size of the Notonecta,
a convenient size for a prey (Schwind, 1978). The same
principle has been extended to ghost crabs (Ocypode) and
other flat-world crabs, and related in a specific way to the
eye anatomy (Fig. 11.43). The visual axes pointing to the
horizon are closer together than those looking down to the
ground, with intervals between axes graded in such a way
that an object subtends a similar number of visual axes
whatever its range, over limited distances (Zeil et al.,
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1989). Clearly, this simple mechanism for size constancy
functions only when the posture of the animal is predict-
able and the surface is level. The angle of the eyestalks is
stabilized visually with reference to the horizon, which is
therefore always relatively magnified vertically.

The Celestial Compass of the Honeybee
The clear blue of the sky everywhere carries a sun compass
in the form of the plane of polarization of the ultraviolet
rays. Elongated dust particles tend to float horizontally in
the atmosphere and the light scattered by them is partially
polarized, an effect which is strongest for the ultraviolet.
This light originates at the sun and strikes the dust par-
ticles, where it is scattered before it arrives at the eye. As a
result, imaginary lines drawn on the sky at right angles to
the plane of polarization all point to the position of the sun.
Even if the sun is behind a cloud, its position can be found
if there is a patch of blue sky. In conjunction with an
internal clock this is sufficient to act as a compass.

The template of the eye has a corresponding pattern of
sensitivity (Wehner, 1987). The dorsal margin of the com-

0°+20°

10°+10°

angle at
left eye

pound eye of the bee (and of many other insects) has
ommatidia unlike those in the rest of the eye. They have
poor optics but the photoreceptor cells are sensitive to the
polarization plane in the ultraviolet. The axis of maximum
sensitivity points towards the dorsal pole of the eye, in the
same way (radially) as the lines at right angles to the planes
of polarization in the blue of the sky point to the sun.
Therefore, as the bee turns round, each blue part of the
sky will appear maximally bright at two positions 180°
apart. The pole of the eye then gives the direction of the
sun (or the direction away from the sun). The ambiguity
of the sun’s position is overcome by use of the general
brightness of the sky and by the integrative action of the
bee’s eye as a whole, because the sun is not expected to be
below the horizon.

Fly-Grabbing by a Hungry Mantis

The praying mantis has a foreleg modified to flick out and
catch a fly in its tarsal-tibial joint. To be effective the
mantis must have the fly at the range that suits the length
of its leg. Normally the mantis lies in wait and looks

20°+0°

~right eye

Fig. 11.44 The praying mantis eyes are able to control the strike at a fly. The angle for the strike by the leg depends on the mean of the
angles subtended from the midlines of the two eyes (with signs as shown). The difference between these angles gives the range and is
approximately constant for a given range, as shown. An interesting corollary is that as the mantis grows and its leg lengthens, the visual
angles and processing must also change to maintain the accuracy. (Redrawn after Rossel, 1986).
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towards an approaching fly. The visual fields of mantid
eyes have a binocular overlap that is abnormglly large for
an insect — about 45°, with a wide, shallow, forward-
looking fovea (see Fig.11.1). In a series of ingenious
experiments with prisms placed in front of the mantis’s
eyes, Rossel (1986) has found that the mantis strikes at the
apparent range of the fly as seen through the prisms by
both eyes. The visual axes radiating out from the two fixed
eyes therefore form a fixed lattice (Fig. 11.44) which is able
to locate the fly and indicate its range. The mechanism still
functions quite well when the fly is up to about 20° from
the mid-line. An approximate range can be calculated by
adding together the angles subtended by the fly at the two
eyes and taking the reciprocal, but knowing the way insect
nervous systems function, it seems likely that there are

internal templates which are set for just those combina-

tions of angles that give the correct range, as suggested in
Fig. 11.44.

Conclusions from Whole-Eye Templates
Although directional motion detection has the full spatial
resolution of the retina, there is no evidence of invertebrate
semivision mechanisms that locate the position of a sta-
tionary edge with the same accuracy. Although the mini-
mum displacement of a moving edge is less than the
interommatidial angle in crabs and insects, the only
indications that the location is measured relative to the eye
are the very ones where a fixed eye geometry measures the
direction for tasks such as grabbing prey (Fig. 12.45g,h).
A new principle shows up clearly in these whole-eye

Fig. 11.45 The template model is stimulated with eyes of equal-sized pixels and equal angles between visual axes. However, as
illustrated in this diagram, natural vision evolves in the context of acute zones which generate unequal spatial magnification in the
central projections, clearly improving the visual processing of the fixated object. (a) A diurnal eye with small facets and dense sampling
array. (b) A nocturnal eye with larger facets and fewer visual axes. (¢) A formard-looking fovea with increased eye radius. (d) Two
foveas, as in some dragonflies. (¢) A camera-type eye without an acute zone. (| f) A camera-type eye with a fovea of increased sampling
density and therefore narrower receptors. (g) Mantis type of binocular overlap for control of the strike of the foreleg off the midline.
(h) Binocular overlap along the midline, as in dragonfly larvae, for control of the strike by the mouthparts.
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templates. There is a contribution from each part of the
eye acting as a sampling array. When the whole of the
bee’s polarization mechanism sees the sky, it all functions
together, but if only a small patch is visible then that is
sufficient to give the sun’s direction. There are many
examples in insect visual behaviour, especially in chasing
or turning to look at an object, or when fixating upon an
object, when the strength of the response depends on the
sum of a number of inputs subtended at different points
on the eye.

These whole-eye templates, which allow stationary
animals to measure range, clearly depend on hard-wired
circuitry that is already fully functional when the imago
insect emerges from its pupa or larva, and yet we find this
exact correspondence to the structure of the outside world
and the visual task. A job for the future is to combine the
template model with the acute zone, and implement artifi-
cial visual systems with gradients of angle between the
visual axes as illustrated in Fig. 11.45. In terms of evolu-
tionary adaptations, the insect or crab displays its visual
behaviour in its sampling array. Such adaptations are
more characteristic of arthropods than (say) mammals,
where the eye tends to be general-purpose and the beha-
viour to be perfected by learning. We might draw an ana-
logy with modern technology: if special-purpose
computers were as easy to evolve as arthropod eyes, we
would make a special one for every task: in fact, we use
rapidly adaptable software in general-purpose computers
which have flexible behaviour, like mammals.

Beyond Semivision

Adding to the Information Processed

The template model illustrates clearly how the adaptations
of the neurones to the visual task of trying to see, and to the
action of the ensuing visual behaviour, actually add their
contribution to the information that is processed. Darwin-
ian selection promotes templates that represent the prior
knowledge of the visual tasks. They lie waiting for their
spatio-temporal fields to be excited, with a threshold. The
templates do not ‘pick up information’ from the visual
world. In their clusters they create a new internal visual
world in their own domain by interaction of only certain
aspects of the input with their own preformed fields of
sensitivity. The preformed templates are the ‘prior know-
ledge’ put into vision. Each template response is definite
and it contributes its own line-label, although its stimulus
feature must have been fuzzy. The same process of spec-
ifying what combinations of low-level templates can
exceed threshold takes place at the next higher level of
templates, even though the mixture of low-level templates

was only approximately satisfactory. This process is
repeated from one layered neuropile to the next and
repeated in parallel, with a threshold at each level down to
the motor neurones. The output actions are clear-cut and
sharp, although the message is a wobbly transient at every
level, and noise is prevented from evoking error by having
many circuits in parallel. There is no reason why these
principles should not apply to both man and bee.

Responses of the whole organism can depend on mech-
anisms which count large numbers of template responses
in parallel to obtain reliable detailed information, but
which can also respond to a single template response that
threatens survival, or any intermediate between these
extremes. Each different insect species has its own selec-
tion of simple templates which are counted by higher-level
neurones and diversity of visual behaviour is presented to
us by a diversity of insects. The mammalian cortex
appears to have an additional mechanism which makes its
own templates by flexible circuitry.

The Wider Context of Adaptive Low-
Level Vision

Studies of visual behaviour and eye structure in a variety
of invertebrates show that to a large degree visual systems
are special-purpose designs; but clearly in any one group
of animals they have common features upon which a
diversity of sophisticated and rapidly evolved examples are
based. My guess is that in insects this basis is the set of
high-resolution templates that go with the visual control of
locomotion (Fig. 11.20). Given these, the rest can be done
with low-resolution ratios followed by logical coincidences
of particular ratios. Then, built upon this foundation is
another layer of fewer, more specialized templates for bio-
logically significant features, either genetically built in or
assembled by learning for specific tasks. That was the
basis of semivision.

Atalow level of complexity, invertebrate visual systems
illustrate very clearly that they process only the informa-
tion necessary for their actions. If we extend this line of
thought, we see that all visual systems evolve by natural
selection in the context of the animal’s activity and there
will be no extra structure or process which is not needed
for its specialized normal behaviour. Each of the templates
in the visual processing mechanism represents a prior
knowledge of just those visual tasks of selective impor-
tance. We are not used to thinking in this way because we
have our own marvel of apparently universal vision ‘before
our open eyes’. When we see things they are already
endowed with meaning based on memory; we have size
constancy, colour constancy, visual illusions and halluci-
nations of visual images. Here we leave the realm of semi-
vision.
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Addition of a Huge Memory with Immediate
Access

Meaning in human vision or hearing depends on catego-
ries, which in turn depend on associations and a long his-
tory of learning. The process of mixing, filtering and
abstracting pattern from sense data starts at the eye or ear.
The recognition of categories is done with the aid of an
enormous recall memory before the level of consciousness.
This is the only way to explain how thoughts and sensory
perceptions arrive in consciousness already coloured by
everything which memory recalls for the occasion. The
visual or auditory categorization is an unconscious action
of the brain, learned in childhood, clearly cultural but also
related to the empirical world against which it is conti-
nually rechecked. Although it is operationally successful
and based on data and reality, much of what we humans
think we see is a series of hallucinations generated by
memory, in which the detail is regularly updated by eye
movements, and we learn to see objects which are then
given names and significance before they arrive in our
conscious visual world. An excellent example is reading, as
you are now doing. Clearly the idea of successive layers of
templates which create a new visual world in their own
domain is still useful for explanations of vision up to the
highest level, but we are no longer concerned with on-line
semivision.

In primitive eyes where the relation between complex-
ity of processing and complexity of visual behaviour is
more direct, we see that they cannot be expected to ‘see’
the visual world as we do, or ‘see’ the whole visual flow
field as they move. Although an insect may have 360°
vision, perhaps only the nearest relative motion, or one set
of contrasts resembling a mate or prey, is of interest to it at
any one time, and whatever is of interest has already been
installed as the prior knowledge embodied in mechanisms
of processing via Darwinian evolution of something like
templates. In human vision the prior knowledge is
installed by far more complex processes of maturation and
learning.

Conclusion

In the study of natural visual processing at a higher level,
we find that prior knowledge has already been incorpor-
ated in a way that is impossible with mathematical opera-
tions on the stimulus alone. In the vernacular we say that
you have to know the relevant features of the visual world
before you can see what you are looking at. In man, these
‘top-down’ effects include long training in infancy,
memory and rational inference, but in primitive vision the
equally essential requirement for prior knowledge is met
by the choice of processing structures that are the result of

Darwinian selection — what I have called the choice of
templates. Therefore, to design a simple artificial visual
system it is essential to start with what we want to see and
the directions in which we expect contrasts to move at each
point on the retina. Then we insert in parallel in repeated
columns only as many simple templates as are required.
The choice of templates represents the prior knowledge.
In deciding what to do with the template responses, we
count only sufficient combinations of them to generate the
variety of outputs needed for the ensuing action and we
count in fields that are as large as possible. Visual fixation
helps by limiting the processing to one place on the map
behind the retina. By copying natural vision in these ways
it may be possible to overcome some of the problems of
low-level artificial vision, but we will only begin to under-
stand vision by drawing upon many different approaches
involving many scientific disciplines.
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