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Even insects experience visual illusions

Mandyam V. Srinivasan

Although the compound eyes of insects appear very different from our own eyes, research is
beginning to suggest that insects experience many of the illusions that we do, and that their visual
systems may process information in ways akin to ours.

IT1s difficult not to be intrigued by the tricks that our
eyes and brain sometimes play on our perceptions.
Certain visual illusions are so powerful that they cry
out for an explanation. Indeed, some of the better-
known illusions (reviewed, for exampie, by Gregory!
and Goldstein?) have attracted nearly as many
explanations as ¢xplainers!

Illusions are more than mere curiosities. They can
illuminate the ways in which information is processed
by the visual pathways. Recent years have witnessed
mounting evidence that certain illusions are experienced
not only by humans, but also by creatures such as
insects, which possess relatively simple visual systems.
This article describes some illusory percepts that seem
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to be common to man and insect, and discusses the
implications of their universality.

The “‘waterfall’ illusion

Many of us would have experienced that, upon staring
at the water cascading down a waterfall for about a
minute and then looking at the surrounding landscape,
the stationary landscape appears to move distinctly
upwards for a few seconds®. This illusory percept of
movement in the opposite direction can also be elicited
in a contemporary urban setling by watching lines of
text being scrolled on a computer screen. Curtously,
insects behave as though they experience this illuston as
well, and experiments with them reveal a possible
neurophysiological explanation.

The perception of movement by a {ly can be
monitored by measuring s response (04 moving,
striped pattern; the insect (ends to tuin m the same
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direction as the pattern®. This ‘optomotor response’ IS a
vusual reflex which helps the insect stabilize 1ts
onientation relative to its surroundings. For example,
when a pattern moves steadily to the left, as in Figure
[ 4, it esohes a turning response to the left (Figure 1)
However, when the pattern ceases to move, the fly turns
bricfly to the right {Figure 1b), suggesting a transient
percepuon of movement in the opposite direction.

How does this false perception come about? The
answer may lie in the dynamic characteristics of the
responses of directionally-selective movement-detecting
necurons in the f1y's optic lobe, which are believed to
mediate the optomotor response®. The responses
evoked by leftward pattern motion in two such neurons
are shown in Figures 1¢,d. Neuron A, which responds
selectively to leftward motion, produces a strong
response, as shown in Figure 1c. Immediately after the
motion has stopped, however, the activity of this
‘fatigued’ neuron drops briefly to a level lower than its
normal, spontaneous value. Neuron B prefers motion to
the right; leftward motion inhibits its activity to a level
below the spontancous value. Immediately after the
motion has stopped, however, the finng rate of this
‘suppressed” neuron rises briefly to a level above the
spontaneous rate. The waterfall 1llusion is readily
explained if we assume that the perception of motion,
and the behavioural response to it, are determined by a
comparison of the instantaneous activities of pairs of
neurons, such as A and B, with opposing preferred
directions. When the pattern is in motion toward the
left, the finng rate of A would be higher than that of B,
resulting in a correct perception of motion along the
preferred direction of A. Immediately after the pattern
stops, however, the instantaneous finng rate of B would
be temporarily higher than that of A, resulting in a
brief, erroneous perception of motion 1n the opposite
direction, i.€. in the preferted direction of B.

Thus, the fly appears to experience the same 1llusion
of movement as we do, and the perception of this
illusion can be accounted for in terms of the responses
of movement-sensitive neurons in the optic lobe.
Although similar neurophysiological explanations have
been advanced for the illusion in vertebrates®, the fly
has allowed us, perhaps for the first time, to relate
behaviour to physiology in the same organism, and
thus to bridge the gap between the perception of
motion and the neural mechanisms that mediate it.

The Benham illusion

When discs bearing black-and-white patterns as shown
:n Figure 2 rotate counterclockwise at a speed of 5-10
rps, most human observers perceive a yellow hue in
pattern L, and a blue hue in pattern R, although each
pattern is composed solely of black-and-white segments.
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Clockwise rotation induces a blue hue in pattern L and
a yellow hue in pattern B. This phenomenon, termed
the Benham illusion, 1s believed to be caused by
interactions between the mechanisms by which the
visual system processes signals spectrally, spatially and
temporally®~® The precise nature of the interactions
remains to be discovered, and is a subject of some
debate” % Interestingly, however, honeybees, which are
known to possess colour vision, behave as though they
experience an illusion of a similar nature'?,

This was demonstrated by training freely-flying
honeybees to discriminate between patterns R and L
rotating counterclockwise continuously at 30 rps, and
presented in a horizontal plane immediately beneath
the surface of a glass-topped table. One group of bees
was tramed to prefer to land above pattern R by
associating this stimulus with a food reward consisting
of a drop of sugar water. The bees learned this task
well; after having received 30 rewards, they showed a
significantly greater proportion of landings above the
rotating R stimulus when their relative preference for
the two stimuli was tested with the reward removed??.
When these trained bees were ofiered a choice between
two structureless, stationary disks, one coloured
ultraviolet and the other green, they showed a
significant preference for the ultraviolet disk. However,
another group of bees, trained by associating pattern L
with a reward, showed a significant preference for the
green disk in subsequent tests of colour preference. This
experiment demonstrates clearly that the bees perceive
different hues in the two rotating patterns, and suggests
that L induces a ‘warmer’ hue than R. The exact hues
percetved by the bees remain to be discovered,

Experiments carnied out by rotating the patterns at
various speeds suggest that the bees experience the
illusory colours most vividly at a rotational speed of
30 rps. This optimum speed s commensurate with what
one might expect on the following grounds. Considering
that humans experience the ilfusion best at speeds of 5-
10 rps®”!* and that the temporal resolving power of
the honeybee’s visual system, measured in terms of
flicker-fusion frequency, is approximately four times
that of man'?~1%, one may a priori expect the iliusion
to be strongest in the range 20-40 rps for the honeybee,
on the assumption that the mechanisms responsible for
the illusion are similar in man and honeybee, but faster
in the insect by a factor of four.

Hiusory contours

If four dark circles, each divested of one quadrant are
arranged as shown mn one of the patterns in Figure 3¢,
the human observer perceives an illusory white
rectangle. That is, the cut-out corners in the four circles
induce illusory connecting edges between them. It has
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Figure 1. Experiment suggesting that flies experience the waterfall iffusion. The visual stimulus 1s a paltern of vertically-onented stnpes,
displayed on @ CRT by a laboratory computer, The pattern remains stationary for an imtial perod of 20 sec, then moves 10 the left In the honzontal
direction at a velocity ot 25 deg per sec for 60 sec and, hinally, remains stalionary for a period of 40 sec belore t disappears and 18 replaced by a
unitorm teld of the same mean luminance This simulus cycle is repeated several imes and the evohked responses (behavioural as well as neural)
are monitored and ensemble-averaged by the computer. The tethered fly walks on a ping-pong bail supported by a gentle stream of air As the iy
walks, it rotates the ball Rotations about the vertical axis and about a honzonlal axis pe:pendicular 10 the ammal g long axis ate montored by
sensing opticaily the molion of a black-and-white pattern painted on the ball, using an array of infrared reflecive-surtace detectors (ID) terfaced
to the compuler The turning response of the walking fly 1s measured in 5-sec bins as the , atio ol the angles tuined by the ball about the vertical
and honzontal axes This ralio 1S @ measure of the curvature of the path that tha fly would hiave taken, had il been watking lreely In another senes
of experments, the responseg elicied by the same moving sitmulus i ndiwvidual, large-teid movement-detecting neurons n the visual pathway
are measured Dy Inserting a microelectrode (E) into the lobula plate, amphiying the slectic al signat and feediig ( to the computer The Rourunal
response s measured as the instantaneous lrequency of spies (action polentials) The 1:0-sag shmulus cyele 1$ dividad mio 2 se¢ bins and the
average spike Irequency associated with each bin is computed by dividing the number of spukes in the bin by the duration ol (he bin - & Shimulus
cycle, b, Turning response evoked In a single amimal {averaged over 50 stmulus cycler), ¢, Hesponse evaked by the shimuhus in 4 Bauion
(neuron A) which prefers leflward motion {averaged over 5 simulus cycles), @, Response evohed by the simulus 0 a heuron (neurcsh B) which
prefers ngtiward molion (averaged over b stimulus ¢ycles) Movement of the patiern fowdan | tha et (bolween 20 sec and B0 see (@)Y Causes the
Hy to turn in the same direction When the patiern cedses 10 nove (at 80 sec, (@), the fiy tur 16 briolly i the opposite direcion as i il expenenced
a transen!, appositely duected movement Thig ilusion can be ‘explained’ at the neutophy siological ievel in terms of the responaes of a pair o
duectionally-selective movement-detscling newrons N the fly's Hran, one sensitive 1o leftwe 1d movemeanl {neuton A} and tha othies 0 nghtward
movermnen) (neun By, as descoped i tha lex!

CURRENT SCIENCE, VOL. 64, NO, 9, 10 MAY 1993 63



GENERAL ARTICLES

&

100 %
n-ﬂ?:i

p < I0

Choice frequency in favour of UV (%]
S
2

0 %

8ees rewarded Bees rewarded
on R onl

Figure 2. The Benham Hiuslon. a, In most human observers,
pattern Rinduces a blue hue when it 1s rotated countercliockwise and
L mduces a yellow hue when it is rotated 1n the same direction.
Clockwise rotathon of the patterns induces the opposite colour
sensatons B, Behavioural training expenments indicate that
honeybees also expenence illusory colours whilst viewing these
rotating patlerns Bees are trained to distinguish between R and L
ratating counterclockwise, and subsequently their colour preferences
are tested by olernng them two colours, ultraviolet {UV) and green.
Bees that nave been rewarded on R prefer the UV {shaded bar}, whilst
those that have been rewarded on L prefer green (Iight bar). This
demonstrates that the bees percewe a longer-wavelangth hue o L
Ihan in B n 5 the 1otal number of landings analysed in the two
traing experniments and p s the conlidence level 1in a Chi-squared
lest tor a statistically sigrifrcant difference in the choice preferences
exhibiled by the two groups ot bees

been suggested that these phantom contours represent
an attempt by the brain to arrive at a sensible
interpretation of the figure!” (in this case, four dark
arcies on a white background, with a white envelope
placed over the dark circles). It has also been suggested
that 1lusery contours aid in the perception and
recognition of objects that are partially occluded by
other objects in the foreground'®. Is this phenomenon
restricted {o creatures with higher cognitive capacities?

Recent experiments in our laboratory suggest that
lusory contours are perceived even by bees. Honeybees
can be trained to discriminate between differently-
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alpha =0 80+ 0 04
(p < 0.001: n = 89)
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alpha = 0.62 + 0.03
(D <0.001; n=275)

O

alpha = 0.51 +0.03
(p > 0.80; n = 241)

Figure 3. Perceplion of llusory confours by Insects. a, Bees can
be trained in a Y-maze to distinguish between striped patterns of two
ditterent orrentations (+45 deg and —45 deg) by associating one of
the onentatiors { +45 deg; with a reward of sugar water, otfered In
the Bnv B Bees Irained in this way are then tested with other pars of
palt « , such as tn {b), (¢) and (o) In (b). the bees prefer the
rec .ngle onented at +45 deg, 1n (¢). they prefer the 1llusory rectangle
oriented at +45 deg, in (d, where the illusion no longer exists for
humans, the begs show no preferente for either paltern. The
mistograms depiCt the relative choice frequencies for the two patterns
oHiered in each test, measured by scoring a large number of detisions
(n In each case, alpha refers 10 the choce frequency 1 favour of the
pattern shown on the left, and p IS the conftdence fevel in a Chi-
squared test for statistically significant departure from random choice.

oriented striped patterns, as in Figure 3a, and to use
orientation as a parameter to distinguish between owner
patterns that they have never previously encountered.
Thus, bees which have been trained to distinguish
between the two patterns n Figure 3 a, by associating a

CURRENT SCIENCE, VOL. 64, NO. 9, 10 MAY 1993
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reward with the pattern on the left, show a distinct
preference for a pattern with the same dominant
onentation when offered the two white rectangles
shown in Figure 3b. .Interestingly, when the same
trained bees are shown two figures which, in humans,
evoke the perception of rectangles (Figure 3 ¢), the bees
show a statistically significant preference for the illusory
rectangle with the same dominant orientation. Our
illusory percept of the rectangles is broken when the
cutout circles at the corners are rotated by 90 degrees,
as 1n Figure 34, curiously, the trained bees then show
no preference for either figure!

Could this imply that bees perceive illusory contours
in the same way that we do? It is tempting to suggest
that this is indeed the case. While such a conjecture is
difficult to prove conclusively, it has recently been
bolstered by further behavioural experiments in which
bees were tested on a varnety of phantom contours, and
by the discovery that certain neurons in the insect optic
lobe respond to such contours'”.

The Mueller-Lyer illusion

To most of us, the distance between the tips of a pair of
arrowheads appears longer when the arrowheads point
Inwards, rather than outwards (compare the arrowheads
in the upper and lower halves of Figure 44). What is
the reason for this illusion? Several explanations have
been hypothesized, too numerous to discuss individually
here. The interested reader is referred to the reviews in
refs. 1, 2, 20, 21. One interesting explanation attempts
to relate the perceptual phenomenon to the pattern of
movements that the eyes ¢xecute whilst viewing such
figures. By monitoring the eye movements, Yarbus?3
showed that the regions in which the gaze tended to
linger longest were the areas within the arrowheads.
That is, whilst viewing an arrowhead, the gaze tends to
be directed toward a location which corresponds
roughly to the centre of gravity of the arrowhead.
Therefore, if one assumes that the distances between the
arrowheads are perceived in terms of the distances
between the regions of visual fixattion associated with
each of them, then it follows that the perceptual
distance between the inward-pointing arrowheads will
be greater than that between the outward-pointing
arrowheads. Note that an explanation of this kind does
not crucially require the presence of eye movements or
visual fixation. A simple variant which postulates
movements of a ‘focus of attention’, rather than eye
movements per se, would produce the same results?3,
A few years ago, Geiger and Poggio?* examined the
visual fixation behaviour of flies as they viewed the
Mucller-Lyer figures. A tethered, flying fly viewed the
figures attached to the inside of a vertical drum in a
speciallyconstructed ‘flight simulator’. In this appa-
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Figure 4. The Mueller-Lyer illusfon. The horizontal segments in
the two figures shown In (&) are of the same length, ajthough the one
associated wih the outward-pointing arrowheads (1) appears to be
shorter, A tethered, flying fly 1s suspended in the centre of a vertical
drum and coupled to a fight simulator as descfibed in the text. When
each of the ilusory figures 1s displayed, in turn, on the inside of the
drum, the fly exhibits the fixation probabihty distnibutions shown in {d),
These histograms show the relative amounts of time the fly spends
viewing each 1-deg sector of the drum. For each higure, the regions of
longest fixation tend to be near the centre of gravity of each
arrowhead. Humans display a very simdar pattern of fixatons whilst
viewing the same figures If we assume that the distances between the
tips of the arrowheads are perceived In terms of {he distances
between the regions of high fixation density associated with the
arrowheads, then the perceptual illusion 1n humans s readily
explained The tnding that the Mueller-Lyer figures elicit similar
patierns of fixation in humans and flies suggests (but does not prove)
that fties expernence the lllusion just as we do.

ratus the yaw torque exerted by the fly was measured
by a transducer, whose output controlled the rotation
of the drum (the visual ‘panorama’). A yaw torque in
the clockwise direction caused the drum to rotate
counterclockwise and vice versa. This approximated the
visual consequences of the fly’s turning manoeuvers in
free flight —at least with respect to rotations about the
vertical axis. In this setup, therefore, the fly could view
any region of the figure by exerting the appropriate yaw
torque. Curiously, the visual fixation patterns of the
flies were very similar to those of humans: the distance
between regions of high fixation probability (Figure 4 &)
was greater when the arrowheads poiated inward than
when they pointed outward! Could it be, then, that flies
are deceived by the Muller-Lyer figures just as we are?
The above experiment does not allow us to answer this
question with an unequivocal ‘yes’, but it does permit a
speculative ‘maybe’ At the very least, these data show
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that flies and humans exhibit the same pattern of visual
fixations whilst viewing the illusory figures.

Discussion

Traditionally, a number of visual illusions expenenced
by humans have been explained by invoking cognitive
percepts. For example, the illusory rectangles in Figure
3b can be accounted for by saying that our brain
decides that the most likely interpretation is that of a
white paper envelope partially occluding four dark
circles. An aliernative interpretatton, of four black
circles, each divested of one quadrant and arranged in
precisely the right positions and orientations (or of a
white rectangle viewed through four circular holes) is
exceedingly unbkely. These alternative explanations are
based on the assumption that perception depends upon
prior knowledge of objects in the visual world and of
situations that are likely to be encountered*”. Such an
interpretation loses its plausibility, nowever, when one
finds that the illusion is experienced even by insects,
which, presumably, have no cognizance of rectangular
objects or of the geometrical ‘rules’ of occlusion. A
more likely explanation, thea, is that the phantom
contours are generated by ‘low-level’ mechanisms which
operate to ‘bnidge’ gaps between collinear contours.
Such mechanisms would help ‘complete’ the contours of
partially occluded objects without requiring the part-
ictpation of any higher-level processes, such as thoseg
involved 1n recognition. This notion 1s corroborated
by the discovery of neurons, in fairly early stages of
processing in the visual cortex of the monkey, which
respond to the ‘illusory’ edges that we perceive®®.
Cognitive explanations have also been advanced for
the Mueller-Lyer illusion'-%-29-21, One widely known
explanation proposes that the mind's ¢ye interprets
each pair of arrowheads as a perspective view of, say, a
rectangular sheet of folded paper. The inward-pointing
arrowheads depict a view of the concave side of the
paper, with the folding crease (the imaginary line
connecting the tips of the arrowheads) farthest from the
viewel. The outward-pointing arrowheads, on the other
hapd, depict a view of the convex side of the paper,
with the folding crease nearest to the eye. Sirice the two
creases subtend the same visval angle — despite the fact
that the first crease is farther away from the eye—the
mind’s €ye concludes that the first crease is actually
longer than the second. Such an explanation assumes
that the eyf;—brain system has g3 veTy good d priort
knowledge of what to ‘expect’ t0 see in the visual world
(the arrowhead pair is more likely to represent a folded,
rectangular sheet of paper than an upusual two-
dimensional object). It also assumes that the eye-brain
system possesses a working knowledge of the rules of
perspective geometry. While this could be a plausible
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interpretation of the illusion in humans, it is very
difficult to sustain for creatures such as insects, which
have hmited cognitive faculties. The finding that even
flics behave as though they experience the Mueller-Lyer
Jlusion therefore argues against explanations based on
interpretations of perspective projection, and favours
simpler, low-level explanations based on spatial distri-
butions of visual fixation or attention.

In conclusion, the study of illusions in insects —
apart from being f{ascinating in its own right-—is
worthwhile for three reasons. Firstly, the finding that
insects are deceived by certain visual stimuli in the
same way that we are, suggests that similar principles of
visual processing may be shared by a variety of
organisms across the animal kingdom. Secondly, given
that the nervous systems of insects are simpler than
those of their maimmalian counterparts and contain far
fewer neurons (e.g. ca. 875,000 neurons in the bee brain
as opposed to ca. 10,000,000,000 neurons in the human
brain), it may be €asier to unravel the physiological
basis of some of these illusions in insects. Thirdly,
wherever imnsects seem to experience the same illusions
as humans, one must question the validity of
explanations involving higher cognition or ‘top-down’
Processing.
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Mycobacteria and the host*

P. R. Mahadevan

Tuberculosis (TB) and leprosy, two diseases caused by a group of bacterium called
Mycobacterium, have been with the Indian population for last several years. Leprosy has been
viewed with great respect as a disease caused by Almighty’s curse and thus not curable. This has
changed significantly during 50 years and during the last 25 years concerted efforts by
governmental and non-governmental agencies on survey, education, training and treatment have
come to arrest the spread of the disease and contain the foci of the infection. Tuberculosis, on the
other hand, has become much.more serious and unlike leprosy which is not a killer even if untreated,
tuberculosis kills the individual if left untreated. Such circumstances with TB will also lead to spread
of the disease. We have increasing number of tuberculosis cases and it is not getting contained, in
spite of the availability of effective chemotherapy, to cure the disease within six months. Treated and
cured TB patients are in millions, since they were diagnosed and effectively subjected to multidrug
chemotherapy. Nevertheless, debility and also mortality in untreated persons are seen in alarming

numbers.

MycoBACTERIA have been recognized as an important
group, pathogenic to human, even though they also
exist in non-pathogenic forms. Mycobacteria are gram-
positive bacteria classified under Actinomycetales and
family Mycobacteriaceae. There are several species so far
identified under the genus Mycobacterium. A major
problem faced by microbiologists in understanding
mycobacteria, unlike other organisms like Escherichia
coli, Bacillus, or yeast, has been lack of well-understood
self-genetic manipulation and very slow growth of the
organism in vitro. In some cases like M ycobacterium
leprae there 1s no demonstrable growth in vitro.
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*This article is based on the Prof, S. R, Vyas Memonal Lecture given
by the author duning the annual mecting of the Assoctation of the
Microbiologists of India, Gos, November 1992,
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The cell wall and membrane of the mycobactena
offer the major difference with other bacteria. The
molecules constituting the envelope are responsible for
acid-fastness (stainability), apgregation of cells, resistance
to several drugs and lytic enzymes. The cell wall has
complex lipoidal constitution. Besides the common
components like Pthiocerol-dimycocersate, cord factor,
sulpholipid, mycolic acid, arabinogalactan, peptidogly-
can, there are special components in some species.
Mycobacterium leprae has a unique phenolic glycolipid
which is an immunodiagnostic antigen in the field use
now. The significance of the lipoidal envelope becomes
important when it is seen that macrophages of the
immune system that are able to kill other genera of
bacteria are unable o do so with some mycobacteria.
This is important in the pathogenesis,

Among the species of mycobacteria that have become
very relevant to human are M. tuberculosis, M, leprae,
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