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Humans perceive a low-contrast
Craik-O'Brien-Cornsweet (COC) grat-
ing as being similar to, or even indis-
criminable from, a squarewave grating
(Fig. 1), despite the fact that the spa-
tial intensity profiles of the two pat-
terns are very different [3]. This simi-
larity has been attributed to proces-
sing a early stages of the visua path-
way which selectively transmits edge
information, followed by cortical
mechanisms which “fill in” the appro-
priate intensities between the edges
[9]. Here we find that bees behave as
though they experience a similar illu-
sion, suggesting that certain principles
of visua processing are shared by in-
sects and humans.

While the visual systems of insects
and humans display several differ-
ences — an obvious one being that in-
sects possess compound (multi-fa-
ceted) eyes whilst humans possess
simple (single lens) eyes — recent
work is beginning to reveal several
paralels with regard to the ways in
which the two systems process visua
information. For example, bees, like
humans, possess trichromatic vision
[ 16]) are “colour-blind™ with respect
to the detection of motion [ 12, 13])
appear to analyse pattern orientation
by using orientation-tuned channels
[200, 21] and even exhibit “top-down”
processing with regard to the ability
to detect camouflaged objects [22].
Indeed, insects even seem to experid
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ence some of the visual illusions that
are experienced by humans. Flies, for
example, behave as though they ex-
perience the Mudler-Lyer illusion [7]
and the “waterfal” illusion [17], and
bees behave as though they experi-
ence illusory contours [10, 1 1] and
the Benhiam illusion [ 19]] These paral-
lels could reflect the fact that humans
and certain insects, despite carrying
eyes that differ markedly in externa
appearance and optical design, may
have evolved similar processing stra
tegies because they must deal with
similar visual environments and con-
tingencies.

Here we continue the exploration of
relationships between vision in insects
and humans by investigating whether
bees experience the COC illusion.
The essence of such an illusion,
shown in the center panel of Fig. 1, is
that boundaries of surfaces influence
brightness in such a way that the
areas on opposite sides of the bound-
ary are perceived as having different
intensity even if their intensities are in
reality identical. The reason for this il-
lusion is that the intensity profile at
the border (see the trace of the rela
tive intensity in Fig. 1) suggests a
transition from a light to a dark sur-
face and is therefore interpreted as a
signal for brightness change. Thus
COC gratings are perceived by hu-
mans as being similar to squarewave
gratings even if the two stimuli pos-
sess very different intensity profiles
(see Fig. 1). Here we examine
whether bees, like humans, perceive
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Fig. 1. Stimuli used in the investigation,
shown together with their intensity profiles.
Each stimulus was 26.5 cm wide and
20.5 cm high, subtending a visual angle 54”
wide and 43" high at the decision boundary.
Viewed from the decision boundary, the squar-
ewave and COC gratings had an average per-
iod of 28.6°, and the sawtooth gratings an
average period of 14.3". The spatial intensity
profile fix) of the COC grating was given by
fxy=1+m |:;}_* -[(x - mod - 7)) — [:}"
-sgnfm—{ mod | 21)] where x denotes spatial
phase(radians), #istheMichel son contrast, and
sgni=+1 #=0

=-1 #=0.
The sawtooth gratings were described by a
similar function, except that every second edge
was reversed in polarity

COC and squarewave gratings as
being similar.

About 1.5 freely flying bees were
marked for individual identification
and trained to enter a Y-maze appara-
tus which presented two visual stim-
uli, one on the vertical end wall of
each tunnel (Fig. 2). One stimulus
(termed positive) offered a reward of
sugar water placed in a box behind
the wall, which the bees could reach
through a tube. The other stimulus
(termed negative) carried no reward.
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E: Entrance E-
D: Dwecision boundary
P: Positive pattern
F: Feader

M: Megative pattern
B: Blocked tube

Fig. 2. The Y-Maze apparatus for investigat-
ing pattern discrimination. The dashed lines
i3 are imaginary decision boundaries used
to score the bees' entries into the tunnels

The positions of the positive and neg-
ative stimuli were interchanged every
10 min. This prevented the bees from
developing a preference for one side,
and cancelled the effect of any resi-
dual side preferences when learning
performance was assessed.

After a training period of 6 h, corre-
sponding to over 50 training visits per
bee, the bees discrimination perfor-
mance was tested by measuring the
choice frequency (CF) for the positive
stimulus, i.e. the relative frequency
with which the bees first chose the
positive stimulus. Earlier studies using
similar tasks found that the bees’
learning curve attains a plateau after
about 20 visits [I0, 14]. A bee's
choice was determined by noting
which tunnel it entered first after ar-
riving in the Y-maze, an entry being
defined as a crossing of an imaginary
plane (dotted line in Fig. 2). From the
measured CF and the number of deci-
sions counted (n), confidence levels
(P) were generated using a one-tailed
binomial test to determine whether
the measured CF was significantly
greater than the 50.0% level, corre-
sponding to random choice. The re-
ward continued to be present during
the tests. In order to avoid possible
effects of interaction between bees in
the tests, a bee's decision was scored
only if it was aone in the apparatus.
Control experiments using identical
stimuli in both tunnels indicated that
the bees’ choices were not affected by
olfactory cues. Further details of train-
ing and testing procedures are pub-
lished elsewhere [10]. A fresh group
of bees was used for each training
condition.
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Three types of stimuli were used in
the experiments. (@) COC gratings of
contrast 0.5, (b) squarewave gratings
of contrast 0.25, and (c) sawtooth
gratings of contrast 0.5 (see Fig. 1).
Between points of discontinuity, the
profiles of the COC and sawtooth
gratings were defined by quartic func-
tions (details in Fig. 1 and [4, 5]).
The stimuli were presented as photo-
graphs taken of an electronic display
monitor (Barco CCID 7661). The
monitor was driven by a display inter-
face (AT Vista, TrueVision) controlled
by an IBM-compatible (486) compu-
ter. Precise reproduction of the de-
sired intensity profiles was achieved
by gamma correction of the phosphor
and the use of soft (linear) photo-
graphic film. In al experiments the
bars of the gratings were oriented ver-
ticaly unless specifically stated other-
wise.

We first investigated whether bees can
learn to distinguish between a square+
wave grating and a COC grating. To
humans these two stimuli appear very
similar: each resembles a sguarewave
grating [%]. We found that bees could
not be trained to discriminate between
the two stimuli, displaying a fre-
qguency of CF for the postive stimu-
lus which did not differ significantly
from random choice. This was true re-
gardless of whether the positive stim-
ulus was the COC grating (CF=
50.0%; n= 116; P=0.54) or the
squarewave grating (CF=52.9%] n=
153; P=0.26).

Examination of Fig. 1 reveals that, to
humans, the squarewave grating is
more easily discriminable from a saw-
tooth grating than from a COC grat-
ing. We found that bees can be
trained to distinguish between the
squarewave and sawtooth gratings:
the CF for the positive stimulus
(sawtooth grating) was 61.9%
(n= 126, P=0.003). We also found
that bees can learn to distinguish be-
tween the COC and sawtooth grat-
ings: the CF for the positive stimulus
(COC grating) was 63.3% in=128|
P=0.001) This task can also be
learned if the sawtooth grating is
made the positive stimulus during
training: the CF for the positive stim-
ulus (sawtooth grating) was then
65.2% (n=253] P<0.001). While
these CFs are significantly different
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from the 50% level, they are consider-
ably lower than 100%. Perhaps this is
not surprising, given that the discrimi-
nation tasks are rather subtle, at least
to humans. Interestingly, the bees
could not be trained to distinguish be-
tween two sawtooth gratings that are
composed of edges of different polar-
ity, despite being able to see both
stimuli (see below): the CF for the
positive grating was 51.0% (n=263,
P=0.40).

In order to ensure that the bees could
see and resolve al of the stimuli used
in this study, we tested whether the
bees can be trained to discriminate be-
tween horizontally and verticaly orien-
ted gratings of each type, in separate
training experiments. The bees learned
to make each discrimination very well
(squarewave gratings. CF=81.0%,
n=153, P<0.001; COC gratings:
CF=82.2%, n= 141, P<0.001; saw-
tooth gratings: CF=7%9.7%, n= 138,
P<0.001). All of these control experi-
ments were carried out with the verti-
cal orientation rewarded. However, ear-
lier work on the discrimination of
orthogonally oriented gratings [ 10,
21] indicates that discrimination is
equally good regardless of which ori-
entation is rewarded. Thus the bees
were definitely able to see and resolve
all of the stimuli that were used in the
experiments.

One explanation for the similarity in
appearance, as perceived by humans,
of the squarewave grating and the
COC grating is that centre-surround
antagonism in the retina suppresses
the lower spatial frequency compo-
nents of the squarewave grating [3]. It
is the information at low spatia fre-
guencies that differentiates the COC
grating from the squarewave grating.
Centre-surround processing suppresses
this information, causing each stimu-
lus to evoke the same retinal re-
sponse. Although there is as yet no
electrophysiologica evidence for cen-
tre-surround antagonism in the bee,
such processing has been observed at
early stages of the visual pathway in
the fly [6]. Another explanation for
the origin of the illusion in humans is
that the visual system detects COC
gratings as well as sguarewave grat-
ings in terms of peaks in the loca en-
ergy distributions of their intensity
profiles [2]. Since these energy distri-
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butions are similar for the two pro-
files, and the peaks in both distribu-
tions signal the same kind of feature
(an edge), the two stimuli appear
identical. Our experiments so far do
not alow us to distinguish which of
the above hypotheses is valid for the
bee.

It is interesting that the bees are un-
able to discriminate between sawtooth
gratings of opposite edge polarity,
even though (a) the gratings are visi-
ble to them, and (b) the sawtooth
gratings are discriminable from the
COC grating. Thus the bees can dis-
criminate a sawtooth grating from a
similar grating with half of its edges
reversed (the COC grating) but not
from one with all of its edges re-
versed. It would seem that the appos-
ing edges in the COC grating create a
unique perceptua effect, namely, one
in which higher levels of the visual
pathway “fill in” the intensity infor-
mation between edges that is removed
by the processing that occurs a the
ealy stages. The sawtooth gratings of
both polarities are visible to the bees,
but as the edges of any given saw-
tooth grating al have the same polar-
ity, they do not give rise to filling-in.
Consequently, each sawtooth grating
would be perceived as a series of ver-
tical lines. The apposing edges of the
COC grating, on the other hand,
would give rise to a filled-in percept
of alternately bright and dark bars,
making this stimulus readily discrid
minable from a sawtooth grating.

An aternative possibility is that the
bee’'s visual system does not perform
filling-in, but that the sawtooth and
COC gratings are distinguished from
each other on the basis of the differ-
ences in the relative strengths of the
Fourier components in the two stim-
uli. The sawtooth gratings of opposite
polarities, on the other hand, differ
from each other only in the relative
phases of their Fourier components,
and would be indistinguishable from
each other if the bee's visua system
were insengitive to phase. In addition,
the squarewave grating would be in-
digtinguishable from the COC grating
because the two stimuli give rise to
spatial response profiles that are iden-
tica in later stages of the visual sys
tem.
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Regardless of whether the bee's visual
system perceptualy ‘fills in” the miss-
ing intensities between adjacent edges
of the COC grating, our results indi-
cate that bees, like humans, find it
difficult to distinguish between COC
and squarewave gratings. This finding
is consistent with the notion that
information on edges is selectively
extracted in the early stages of insect
vison, as in human vision [3] I5].
Signalling edges, and suppressing the
response to regions of the image
where the intensity is relatively uni-
form, could have severa benefits for
vision. Firstly, edges are important in
delineating objects and recognising
them [15]; secondly, transmission of
information from the retina to the
brain is less redundant and metaboli-
caly less expensive if the responses
are restricted to signalling spatial
changes in intensity [1]: finaly, ac-
centuating edges may make the visua
system more resilient to intrinsic
noise [ 18]. The usefulness of pre-pro+
cessing of this kind, followed by fill-
ing-in, has been demonstrated in the
enhancement of radar images [8].
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