Vision Research Vol. 19, pp. 783 to 793
© Pergamon Press Ltd {979. Printed in Great Britain

0042-6989/79/0701-0783$02.00/0

THE VERSATILITY AND ABSOLUTE EFFICIENCY
OF DETECTING MIRROR SYMMETRY IN
RANDOM DOT DISPLAYS

H. B. BarLow and B. C. REEVES!
Physiological Laboratory. University of Cambridge. Cambridge CB2 3EG. England

(Received 14 July 1978 in revised form 11 October 1978)

Abstract—The detection of mirror symmetry has been investigated by measuring discriminability (d')
between two populations of dot displays that contain mirror pairs and random dots in different propor-
tions. The difficulty of the task was varied by changing the proportions of paired dots in the two
populations. and also by changing the accuracy of positioning the paired dots. Symmetry can be
detected in brief exposures, monocularly or binocularly, when the axis is not vertical, and when the
axis is not central in the visual field. The mechanism is therefore versatile. Its efficiency can be measured
when the pairing is imperfect, for unpaired dots then fall where a pair is expected, thus causing the
spurious appearance of a pair. When the pairing has an accuracy of about +6’ vertically and horizon-
tally an ideal mechanism would achieve d' values about double those attained by subjects; they are
thus using 25%, of the statistical information available, which is a high figure considering the versatility

and complexity of the mechanisms required.

INTRODUCTION

The importance of symmetry as an organizing factor
in the perception of a visual scene was well appre-
ciated by the Gestalt school (see Kohler, 1929;
Koffka, 1935). What intrigued them was the global
nature of the forces by which symmetry exerts its in-
fluence, for the fact that the contour on one side of
a figure is symmetric with the contour on the other
side certainly influences how it is seen, yet this
requires interactions across the whole extent of the
figure. The means by which such global effects are
achieved is a problem of special interest when one
tries to account for them in terms of single units (Bar-
low, 1972), for the pattern-selective properties of
neurons in sensory systems typically extend only over
small receptive areas. The object of the investigations
reported in this paper was to explore what human
subjects can and cannot achieve in the recognition
and discrimination of symmetry, in the hope that this
would define more precisely the tasks which neural
symmetry-detecting mechanisms must achieve.

The illustrations in Fig. 1 are a sample from the
range of symmetrical objects that may be encoun-
tered, and they also show some of the different types
of symmetry that exist and are steadily detected. Bila-
teral mirror symmetry, or reflection in a line, is the
most widely recognized form, but Figs 1b—d illustrate
examples of translation, and rotation that also gener-
ate strong impressions. Furthermore these forms can
be combined, and the fascinating popular exposition
by Weyl (1952) not only outlines the mathematical
theory of symmetry groups but also illustrates their
role in visual art.

In the examples shown in Fig. 1 the symmetry is
such an integral part of the object depicted that it
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is not easy to separate the abstract property “sym-
metry” from the concrete object. This separation
becomes easier when symmetry is added to a pattern
which by itself has no meaning. Figure 2A shows an
array of randomly positioned dots. In 2B each dot
is replicated at a position symmetrical about the verti-
cal midline of the array. In 2C each dot has been
replicated at a position diagonally displaced by 1/20
of the width of the array, and in 2D each dot is repli-
cated at a distance 1/20 of the array’s width from
the parent dot in a direction 45° clockwise from the
line joining the dot to the centre of the array. Similar
patterns have been generated by Glass (1969), Glass
and Perez (1973) and Glass and Switkes (1976); as
they have shown, the result of the different duplica-
tion operations is immediately apparent, and one
form of such pattern has recently been investigated
by Stevens (1978). The original array, Fig. 2A is
shared by all four figures, but this common parentage
is completely overwhelmed perceptually by the differ-
ent symmetry of each display; indeed it takes careful
inspection to confirm that 2A is present in 2B, 2C
and 2D.

In the experiments to be described here arrays of
random dots were used as the vehicle for symmetry
not only because they themselves lack structure and
thus allow the structure introduced by symmetry to

be more evident, but also for another reason. The °

elements of these dot arrays are all suprathreshold
and in most cases easily resolved from their neigh-
bours. It is therefore reasonably certain that percep-
tion of the properties of the displays is not limited
by image quality or failure of the retina to signal
the display centrally. One can thus hope to investigate
the abilities and limitations of central mechanisms,
and the global or holistic nature of symmetry makes
it a particularly interesting aspect of these central
mechanisms.

We chose to start by investigating mirror sym-
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Fig. 1. Examples

metry. We thought at first that this might be immedi-
ately detectable only in an all-or-nothing fashion,
when symmetry was complete and perfect, or that it
might only be detectable with vertical orientation of
the axis of symmetry, or only when this axis was cen-
tral in the visual field. None of these assumptions
proved to be correct, and the symmetry-detecting
mechanism is thus rather a versatile one. Next we
investigated the accuracy with which a point must
be mirrored to contribute to the impression of sym-
metry. These measurements allow one to estimate
how often the accidental occurrence of near-symme-
trical dots contributes to errors in symmetry detec-
tion, and from this one can calculate the statistical
efficiency of the symmetry detecting mechanism. Our
general conclusion is that the mechanism is not only
versatile, but also efficient, taking into account the
complexity of the task and the statistical efficiency
of perception of much simpler properties.
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METHODS

Patterns of dots were generated by computer and
visually displayed on D.E.C. GT44 oscilloscope display.
For the current work only a few hundred dots were needed
in each display, and the system could generate each picture
comfortably in the 5sec or so that elapsed between the
response to one and the appearance of the next. Usually
the subject sat 150 cm from the screen, at which distance
122 units of the 10 bit D/A’s subtended 1°. The GT44
screen has good resolution and contrast but long persist-
ence. The results of experiments in which the mirror axis
was laterally displaced were confirmed using an oscillo-
scope with short persistence in place of the GT44 in order
to avoid the possibility of moving the eyes to centralise
the pattern.

The subjects were the authors, who both have good reso-
lution at the viewing distance employed when using their
normal corrections. The results shown in this paper are
those achieved after considerable experience of each task.
Some improvement with learning undoubtedly occurs, but
it is not a very prominent effect and we have not done
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Fig. 2. A—200 dots are placed at random positions in a
circular area. B—Each dot is repeated at its mirror pos-
ition about the vertical midline. C—Each dot is repeated
at a distance 1/20 of the diameter in an oblique direction.
D—Each dot is repeated at 1/20 the diameter in a direction
45 anticlockwise from the line joining the dot to the
centre. The impressions created by the pairing operations
are immediately evident, but it takes detailed inspection
to confirm that the dot pattern of A is contained in the
other figures.

the special experiments that would be required to investi-
gate its time course and extent. The order of individual
trials was of course arranged to prevent learning or fatigue
interfering with effects of other variables.

The subject’s task was to view a pattern for a brief
period, and then to signal from which of two parent popu-
lations it had been drawn. The two parent populations
differed in the amount of bilateral symmetry they pos-
sessed; for instance one might contain 100 randomly pos-
itioned dots, while the other contained 60 randomly
positioned dots and 40 that were in pairs about the mid-
line. The subject knew the nature of the difference, and
could call up examples from each population at will before
the test period started. During the test period 100 samples
were presented, the probability that it was from either
population being 0.5 for each trial. After a correct decision
nothing happened until the next picture appeared. but after
a wrong decision a “beep” occurred;: thus the subject was
constantly reminded of the characteristics of the two popu-
lations. .

The results of such trials were printed out as numbers
and percentages correct for each category, and d' for dis-
tinguishing them was determined from Elliot’s tables or
the equivalent calculation, together with a calculated esti-
mate of its sampling error.

The duration of exposure varied. In some trials it was
100 msec, when the probability of moving to a new fixation
position during the exposure is small. but the standard
GT44 display has such a long persistence that a second
fixation on the after-glow might have been possible. Some
tests have been duplicated, with similar results, on a dis-
play oscilloscope with short persistence, and we also tried
to minimize its importance by having the screen illu-
minated so that the afterglow was less evident. In most
cases the exposure was 500 msec, which seemed more
relaxing for the subject since careful prefixation was not
necessary. Subjectively the detection of symmetry appeared
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to be immediate, and changes of eye position did not seem
necessary.

More details of particular experiments are given in the
results section.

RESULTS

Sensitivity and versatility of symmetry detection

The first experiment was intended to test the sensi-
tivity of the symmetry detecting mechanism by find-
ing out how well one’s capacity to detect it resisted
dilution of the paired dots by randomly placed un-
paired ones. Figure 3 shows a series each containing
100 dots. The top left has all the dots in pairs and
is labelled 1.0. The top right labelled 0.7 has 70 in
35 symmetric pairs together with 30 randomly pos-
itioned dots, the lower left has 40 in pairs and 60
random, and the lower right 10 in pairs and 90 ran-
dom. The impression of symmetry is strong in the
top two, weak or absent in the lower ones. In order
to obtain quantitative measures of this impression of
symmetry we measured the discriminability of popu-
lations that differed only in the proportion P of dots
that were in pairs, the proportion (1 — P) being ran-
domly placed. Some of these results are shown in Fig.
4. In this experiment the position of the pattern in
the visual field was controlled by having the subject
fixate a mark which was extinguished shortly before
the target appeared. Exposure duration was 100 msec.
The sequence of trials was arranged to minimize dis-
turbing effects of learning or fatigue.

The points marked as crosses show the values of
d’ obtained when discriminating completely random
(P = 0) patterns from ones with the proportion sym-
metric shown on the abscissa; one can discriminate
with @ = 1 when only 30 or 40% of the dots are
in pairs. Now one can imagine a symmetry-detecting
mechanism that would be sensitive enough to detect
this degree of symmetry, but would be unable to sig-
nal varying degrees of symmetry above this level
because it gave ungraded, all-or-nothing, responses.
We therefore did the series of tests whose results are
shown as the slanting dashed lines rising from the
abscissa. In these experiments the subject had to dis-
criminate populations differing by 0.3 in their propor-
tions of symmetric dots, and the abscissa values at
the ends of the lines show the lower and the upper
proportions. The vertical rise of each line shows the
discriminability measured as d'. It is clear that degree
of symmetry can be used to discriminate over the
whole range. being somewhat better for proportions
approaching 1.

The two sets of results so far described are compat-
ible. From the dashed lines one can obtain the aver-
age increment of d' for each 0.1 step, and by ‘cumulat-
ing these values one obtains the continuous line. The
crosses, which represent the discriminability of pat-
terns with proportion X (plotted as abscissa) sym-
metric from all random (P = 0), lie reasonably close
to this line. In addition the discriminabilities of totally
symmetric populations (P = 1) from populations with
X (abscissa) symmetric were measured. These are
plotted (@) downwards (right ordinate) from the high-
est discriminability achieved, and also lie reasonably
close to the line. We do not understand why the line
is curved upwards, but it could result from the pos-
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Fig. 3. Degradation of symmetry by substitution of ran-

domly placed dots. Each pattern contains 100 dots with

the proportion shown at top left belonging to pairs, the

remainder being placed at random anywhere within the

circular area. Symmetry is quite easy to detect when 609
of dots are random.

ition and orientation of the axis of symmetry being
uncertain for low P, but well-defined for high P.
We concluded from this experiment, together with
partial replications of it, that symmetry is represented
in the brain as a graded rather than a discrete or
all-or-nothing property. Arbitrarily taking a just
noticeable difference as a difference discriminable
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Fig. 4. Discriminability measured as d’ (ordinate) between
populations containing the proportions of symmetric dots
given on the abscissa. The ends of the dotted lines show
d' for proportions differing by 0.3, e.g. 0 and 0.3, 0.1 and
0.4. The continuous line is calculated from these as de-
scribed in the text. +, Shows d’ values for discriminating
proportion on abscissa from proportion zero (i.e. all ran-
dom). @, Show d' values for discriminating between all
paired and proportion on abscissa. These values are plot-
ted downwards from the highest point, using the right-
hand ordinate. The results are consistent with each other,
and suggest that degree of symmetry is represented as a
graded quantity, not in an all-or-none manner:
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with d' = 1, there are 4 or 5 j.n.d.’s of symmetry in
our conditions.

It was of some interest to test whether symmetry
detection is greatly reduced when the patterns are
viewed monocularly rather than binocularly. The ex-
periment shown in Fig. 5 shows that there is no large
effect.

In the experiments reported so far the axis of sym-
metry has been vertical and the pattern centrally fix-
ated. The following experiments show that the mech-
anism is capable of detecting symmetry under a wider
range of conditions. Figure 6 shows two experiments
in which an array of random dots confined to a circu-
lar area was displayed for 100 msec just after ex-
tinguishing a central fixation mark. The axis of sym-
metry could be rotated to any angle but was constant
throughout each run of 100 trials. The results for
values from 0° (Horizontal) through 90° (Vertical) to
150° are shown. The task was to discriminate a popu-
lation with 80 dots in pairs and 20 random (P = 0.8)
from one in which all were random (P = 0). For both
subjects the vertical axis (90°) is most easily discrimin-
able, horizontal (0°, 180°) next, and oblique orien-
tations are lower. Nonetheless symmetry can be
detected at oblique axes, even with brief presen-
tations.

The next experiment was designed to test whether
bilateral symmetry could be detected when the axis
was displaced to the right or left of the midline.
Figure 7 shows an experiment on two subjects whose
tasks were, as usual, to discriminate between patterns
drawn from populations differing in their proportions
(P, and P,) of symmetric dots. This experiment was
done first with P, = 0.8 and was repeated with
P; =05, P, being zero in both cases. For half the
trials the pattern was not positioned with its vertical
axis of symmetry in the midline, where the fixation
mark had just been, but was displaced laterally by
a predetermined distance. To avert anticipatory eye
movements the direction of the displacement was also
randomized, so that on any given trial the subject
did not know if the pattern would appear centrally,
or displaced to the right, or displaced to the left.
though he did know the amount of displacement, and
that half the trials would be central, half displaced.
Each pattern contained 100 dots in a 2.1° square field.

dots - 100
1 e p-0s
12 _ — T A BR P=0S
w g
' 08 _4 7 ? error
¢ é g
o g g
uil/

monocular  binocular monocular
left right

Fig. 5. Monocular and binocular performance in detecting
symmetry for two subjects. There is no significant improve-
ment with binocular vision.
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Fig. 6. Effect of the orientation of the axis of symmetry
(measured in degrees clockwise from horizontal). 100 dots
in a circular field with proportion 0.8 symmetric were to
be discriminated from 100 randomly placed dots. Exposure
time was 100 msec, and the axis was held constant for each
run of 100 unknowns, and for an optional number of fami-
liarizing trials. Discriminability is best for vertical axis and
worst for obliques. 0 and 180" points are the same.

and a total of 200 trials were done in each run, 100
central and 100 displaced.

From Fig. 7 it can be seen at once that quite high
values of d' are obtained when the axis of symmetry
is displaced to the left or right of the fixation position
by up to 3°, though the performance on the displaced
patterns is worse than on the centrally located pat-
terns run at the same time. The variation in perform-
ance on these patterns with central axis of symmetry
is disappointingly large, and reasons for this were
apparent when performing the tests. It is certainly
more difficult to assess symmetry when the position
of its vertical axis is unknown, and this was the case
even when the displacement was small, for under
these conditions the displacement of the whole target
was not very noticeable, and one was sometimes
taken aback to realize that a pattern was symmetric,
but with the axis in an unexpected position. Because
of this complication we do not want to draw any
more precise conclusion that that symmetry can be
detected when the axis is displaced, but with reduced
sensitivity compared with a central axis.

When one is trying to detect symmetry in. arrays
of random dots such as those shown in Fig. 3 one
is subjectively aware that paired dots near the axis
create a strong and vivid impression, whereas dots
further away do not. The four dots about § from the
top in Fig. 3 illustrate this. Subjectively one would
also judge that the “outline”, if one can call it such,
is important, for this can create the impression of
a vase, or a butterfly, or some other symmetrical
object. In order to find which dots contributed most
to the discrimination of symmetry we divided the
square frame within which dots appeared into six ver-
tical slices, as shown in Fig. 8, and arranged for 16
or 17 dots to appear in each slice in all trials. For
the “symmetric” trials, one of the 3 pairs of slices
contained 34 dots in 17 paired positions, whilst the
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other four slices contained 16 or 17 randomly pos-
itioned dots. By measuring the discriminability of dis-
plays in which the symmetry, when present, was con-
fined to one pair of slices we could find how the im-
pression of symmetry was influenced by the position
of a dot in the overall pattern. The results in Fig. 8§
show that symmetry is best detected when next to
the axis, worst when in the middle of each half figure,
and higher again when the symmetrical dots lie near
the edge of each half figure.

Accuracy and absolute efficiency of detecting smeared
symmetry

The results described so far show that the mechan-
ism for detecting bilateral symmetry works for a var-
iety of orientations (Fig. 5) and positions (Fig. 7) of
the axis. Also it gives a graded message about the
degree of symmetry (Fig. 4) and is sensitive in so far
as it is able to detect symmetry in spite of a mask
of unpaired random dots (Fig. 3). But to specify its
sensitivity in any real sense one needs to know what
is the natural limit to the ability to detect symmetry,
and how close the human perceptual system comes
to this limit.

In general it is necessary to know as much as poss-
ible about an object that is to be detected before one
can specify the ideal method of detecting it, and the
property of symmetry is no exception. There would
be great difficulties in specifying such a method for
detecting symmetry among the natural objects that
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Fig. 7. Effect of displacement of the axis of symmetry. The
two subjects fixed a mark: shortly after its disappearance
the figure appeared for 100 msec either centrally (marked
cent) or displaced either to left or right (marked disp) by
the amount indicated on abscissa. In all except two cases
performance was worse on the displaced pattern, by an
amount indicated by the lengths of the dotted lines. The
experiment was done with both 0.8 and 0.5 paired dots
discriminated from all random.
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Fig. 8. Symmetrical pairs of dots were placed in strips (1).
(2) or (3) with random dots in the remainder. The resulting
patterns were descriminated from a population in which
the dots were random in all three strips. The results at
right show that the pairs in the strips adjacent to the axis
of symmetry are most easily discriminated. dots in the
outer strips (3). which often delineate the outer border of
the whole pattern, are next most effective, while those in
the intermediate strips (2) are least effective, but nonethe-
less produce discrimination at d' of nearly . The average
sampling error (calculated) for these estimates of d'. based
on 200 trials each, is 4+0.26.

are encountered, because we do not know what their
properties are nor how they are distributed, but for
the patterns produced by the computer we do have
the necessary knowledge and the ideal method can
be specified. The limiting factor in detecting the sym-
metry of these computer generated patterns will be
brought out by first discussing briefly a non-ideal
method which actually turns out to perform worse
than human perception.

Suppose the task is to find whether any of the dots
in the lower right pattern of Fig. 3 are symmetrically
placed about the vertical midline of the figure. One
would take each dot in turn on (say) the left half
of the figure, calculate the co-ordinates of the mirror
position, and check whether there is a dot there.
These displays have 10 bit accuracy, so there are 2!°
possible positions in each half field. Having specified
a mirror position, there is clearly only a very small
chance that it will be occupied by one of 50 randomly
placed dots in that half field, and thus one should
make very few errors in detecting even one pair of
dots masked by 98 randomly placed ones in displays
such as those of Fig. 3. However the key question
is the accuracy with which the dots are placed. With
10 bit accuracy, 1009, of paired presentations would
be detected with 0.5%; false positives. If the dots were
positioned with 8 bit accuracy, the false positive rate
would climb from 0.45 to 7.3%, and for 7 bit accuracy
to 26%,. The display normally subtends 2.1° at the
subject’s eye, so 7 bit accuracy corresponds to 1,
which is as high as the human visual system is likely
to achieve.

Our experimental approach to this problem has
been to produce patterns with smeared symmetry,
made by reducing the accuracy with which pairs are
placed, and then determine how this degradation in-
fluences the discrimination of symmetry. Figure 9
shows the principle on which “smeared” or imper-
fectly symmetrical figures are produced. The pair to
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a dot on the left is not placed at the exactly symmetric
position on the right, but at a randomly chosen pos-
ition within a box centred on that position.

Figures 10 and 11 show the results of two repeti-
tions of an experiment in which the vertical and hori-
zontal tolerance ranges of the paired dots were varied
together. The subject’s task was the usual one of judg-
ing whether a sample display came from the paired
(Py; = 1) or unpaired (P, = 0) populations, the paired
ones now being imperfectly paired to a varying extent.
There was a minor difference between the programs
for the two experiments. For Fig. 10 the inaccurate
pairing was done exactly as shown in Fig. 9; by error,
it was always the dot on the right that was randomly
perturbed, hence dots near the edges of the right half
were sometimes displaced outside the area normally
covered by the right half of the pattern. The resulting
unintended asymmetry was never actually noticed by
the subjects, but because the experiment is important
it was repeated after correcting the program, and
these results (which do not differ significantly) are
shown in Fig. 11.

In Fig. 10, the percent correct is plotted to facilitate
comparison with the probability calculations of the
preceding and following discussion. As might be
expected, the percent correct decreases as the accu-
racy of the pairing gets worse, and ultimately
approaches 509, the chance level. Both subjects get
75%, correct when the tolerance area (Fig. 9) subtends
about 0.4° , which is { the total width of the patterns
displayed. This shows that the mechanism is not
highly accurate but counts dots as contributing
towards the impression of symmetry provided they
fall within the range of 12’ or so around the exactly
symmetric position.

With a tolerance range of 24’ x 24’ there is a high
probability a dot will occur by chance in the pair
area for a dot, even with completely random patterns,
so the method outlined above would perform very
badly. The dotted line in Fig. 10 shows the expected
percent correct if the occurrence of 1 dot in the toler-
ance range was sufficient to cause a pattern to be
classified as symmetric. The example shows the im-
portance of accidentally occurring spurious pairs in
causing false positive responses and thereby limiting
the discrimination of symmetry. This is the source
of the “noise”.

axis of _,!
symmetry |

tolerance
“— area

|
|
1
I
|
i
I
|
|

Fig. 9. Smeared mirror symmetry. Instead of pairing the
left-hand dot at its exact mirror position (small dot) it
is placed at a randomly selected position in a tolerance
area. Unless the tolerance area is very small it is likely
to contain other dots which were not placed as pairs, and
random fluctuations in the number of these false pairs will
set a limit to the reliable discrimination of paired and un-
paired populations.



Detection of mirror symmetry

dots - 100
1004 e - 2
B=1
904 +— HBB
~ 804
g
3 !
® 704
60 |
504+ . . :
0 04 08 12

tolerance range — degrees

Fig. 10. The effect of inaccurate pairing on the discrimi-
nation of symmetrical from random patterns of 100 dots.
Percent correct classification is plotted against the toler-
ance range (see Fig. 9) of the inaccurate pairing. 75% are
still correctly classified when the tolerance range is 0.4°,
or +12' both vertically and horizontally. The dotted line
shows the calculated percent correct if a pattern was classi-
fied as “paired” whenever one or more dots fell in the
tolerance range of another. Clearly the eye does better than
this strategy.

The optimal procedure for discriminating the sym-
metric from the random patterns produced by the
computer can now be specified. The tolerance area
corresponding to each dot must be searched to find
the total number of pairs that would qualify as deli-
berately generated pairs under the existing tolerance
conditions. This number includes all those that were
actually generated as pairs, plus a number of spurious
pairs that result from a dot happening to fall within
the tolerance range. The number of these spurious
pairs will vary by chance from trial to trial, and will
of course be larger when a larger tolerance area is
being used; thus a random pattern may by chance
contain more qualifying pairs than one which had
been made as paired, and errors of discrimination are
bound to occur.

The discriminability, using this optimum method,
can be specified as d}, and this is simply AN/oy, where
AN is the average number of qualifying pairs in the

2 The basis of this “ideal” discrimination of symmetry
is the total number of dots that fall within the tolerance
range of another dot, the tolerance range being defined
as in Fig. 9. It must be admitted that this is not quite
the optimum measure for symmetry, for the following
reason. When the tolerance range is large, the dots are
not uniformly distributed over the whole square, either in
the “symmetrical”, or in the “random™ populations,
because of the decrease of dot density at the edge of the
picture. Strictly speaking, therefore, the significance of a
dot occurring within a tolerance range is also non-uniform.
and ideally this should be taken account of. We have not
done this and our estimated efficiencies are therefore
slightly too high. However this cannot be important except
for the largest tolerance ranges, and we have therefore
ignored it.
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“paired” patterns less the average number in “un-
paired”, and oy is the standard deviation of the
number of qualifying pairs in the unpaired patterns.
The calculation of d; is quite straightforward when
the tolerance range is small, but the simple calcula-
tion based on the ratio of the tolerance area to the
total area containing dots becomes very inaccurate
when the tolerance is large, because the total area
is then enlarged and non-uniformly covered with dots.
It is quite simple, however, to estimate AN and oy
from computer simulations of the ideal procedure,
and this we have done.

If one knows the d' attainable ideally, and can also
estimate the value attainable by human subjects, then
one can specify the absolute efficiency of the perform-
ance achieved by the subjects. It is given by

F = (dy/d))’. (1)

This is an estimate of the proportion of the available
statistical information that is used by the subject, For
a fuller discussion of the concept of efficiency see Rose
(1948), Tanner and Birdsall (1958) or Barlow (1978)
and the Discussion. One can regard the efficiency F
as a measure of the extent to which signal/noise ratios
present in the target are preserved in the sensory
representation which the subject uses when making
his decisions; the “signal” here is of course the sym-
metry of the patterns, and the “noise” is what obs-
cures symmetry, in this case the occurrence of spur-
ious symmetric pairs.

Figure 11 shows the repetition of Fig. 10 after cor-
recting the trivial programming error mentioned
above. The results were not substantially different,
and are shown in Fig. 11 plotted as d; values for
different tolerance ranges, which are here plotted on
a logarithmic scale. In addition computer simulations
were performed to determine d;, and the continuous
line through the results of these trials is also shown;
the right ordinate of Fig. 11 applies to this line.?

The ordinates for the ideal curve on the right edge
of Fig. 11 have been chosen so that the experimental
points lie close to the theoretical curve for tolerances
greater than about 12'. This scale turns out to be
exactly half that used for the experimental points, that
is dp = d}/2 where the points fit the line. From expres-
sion (1) it follows that the efficiency F is 25% when
the tolerance range is greater than about 12’ (46').
We are uncertain about the efficiency at high toler-
ances partly because the low experimental d' values
have large margins of error, and partly because of
the theoretical inadequacy mentioned above.

DISCUSSION

Versatility of symmetry detection

Symmetry is a property of visual images that is
apprehended immediately, without searching eye
movements or introspective analysis. The results
reported here show that the neural mechanism for
achieving this is more versatile and efficient than we
initially supposed. It can detect symmetry about non-
vertical and non-horizontal axes, and when it is dis-
placed from the midline, though with reduced sensi-
tivity compared with detection when the axis is mid-
line and vertical. Corballis and Roldan (1975)
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Fig. 11. A repetition of Fig. 10 with the results plotted
as dy and the abscissa scale logarithmic. The continuous
line shows the d; values (right-hand ordinate) obtained by
Monte Carlo simulation of the process of searching all
dot pairs exhaustively and counting those that qualify as
symmetric under the tolerance range being used. If this
process is performed with 259 efficiency, d' values are
halved, and the left-hand scale is appropriate. For toler-
ances greater than about 12’ (+6') the subject’s perform-
ance matches that of the 259 efficient model.

reported that subjects could detect symmetry of six-
dot patterns about horizontal and oblique axes, but
with a slight prolongation of reaction time. They in-
terpreted this prolongation as the time for “mental
rotation”, which is a difficult concept to attempt to
understand in physiological terms. However the main
result in that paper was to show that, with the head
tilted to 45°, the position of minimum reaction time
was also tilted, thus casting doubts on earlier sugges-
tions that symmetry detection was best around the
phenomenological vertical rather than the anatomi-
cally defined vertical (Goldmeier, 1937; Rock and
Leaman, 1963).

The literature is not clear on the ability to detect
symmetry about axes displaced from the midline, for
Julesz (1972) suggests it is not possible for complex
random dot patterns, but is possible for simple
figures. Our results show clearly that it is possible
with random dot figures containing 100 dots, though
it is not done as well as when the axis is midline.
Julesz’ statement that symmetry among the dots of
random dot patterns is most evident for those that
lie close to the axis of symmetry is confirmed in the
six-slice experiment of Fig. 8. Bruce and Morgan
(1975) found that violations of symmetry were more
readily detected when they lay close to the axis of
symmetry, and they emphasize that the proximity of
points that have to be compared is an important fac-
tor in determining how easily the comparison is
made, and may be responsible for the greater diffi-
culty of detecting violations of repetition, rather than
mirror symmetry. The results of Fig. 8 do show, how-
ever that the outer slices, containing the dots that
form the outer contour of the figure, are important
in generating the perception of symmetry.

H. B. BarLow and B. C. REEVES

Efficiency of symmetry detection

With regard to efficiency, we do not think there
are any previous experiments which show how well.
in absolute terms, a task as complex and abstract
as the detection of symmetry is performed. It is
worthwhile explaining the meaning of efficiency in
rather more detail because it is a measure yielding
much stronger and more immediate implications than
others commonly used in psychophysics and psy-
chology.

The concept of signal-to-noise ratio (S/N) is nowa-
days quite familiar: the detection of a specific message
or “signal” is rendered difficult by unwanted disturb-
ances, or “noise”. When the signal and noise are
measured in appropriate units their ratio determines
the liability to err, that is the frequency of failures
to detect the message, and of false alarms when the
message is claimed to be present but is not. For a
simple task, such as the detection of a dim light added
to a constant background, one can calculate the S/N
ratio for the light entering a subject’s pupil. Now the
signal-detection-theorist’s measure of discriminability,
d', can be regarded as an estimate of the S/N ratio
of the sensory messages that the subject uses to make
his decisions when performing the discrimination.
Thus we can follow the fate of the physical message
after it enters the eye: clearly in a highly efficient
system the S/N ratio would be preserved, and we
would expect the d' values achieved in a psychophysi-
cal experiment to approach the value of the S/N ratio
in the messages entering the eye. In fact, in the case
of detecting an increment of light on a steady back-
ground, it would be much lower because the eye fails
to make use of all the quanta that enter the pupil
and because there are other sources of inefficiency
(Barlow, 1977). The important point is that there is
a hard physical limit to performance, and one can
determine how closely human vision approaches it.

In the above example the “noise” arose from fluc-
tuations in the numbers of quanta entering the eye
from the background light on which the added light,
or “signal”, was superimposed. It is probably unusual
for perception to be limited by a physical source of
noise that can be readily recognized, as in that case.
Rather, perception fails through confusion of the
specific signal with other messages that are not ran-
dom, but are unwanted and unpredictable disturb-
ances in the sense that they interfere with the detec-
tion of the sought-for signal. The value of the $/N
ratio can be calculated in such cases if one can
measure the extent to which the “noise” is liable to
be mistaken for the signal, but this may be a very
difficult problem. What is the signal that enables one
to recognize a familiar face in a crowd, and what
is the noise that interferes? Whatever the answers, the
message “That is the face of my friend” comes
through loud and clear, and it would certainly be
interesting to know how the S/N ratio for this par-
ticular message was preserved.

The experiments reported here were undertaken as
a first step in this direction. In considering the figure
of 25% efficiency achieved in detecting symmetry in
random dot patterns one must remember first that
we hope to have avoided the losses from failure to
absorb quanta. Each dot in our patterns has a very
high S/N ratio, easily high enough to be reliably
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detected, so the noise arises, not from quantal fluctua-
tions, but from deliberate randomization while form-
ing the patterns. Nevertheless, 259, seems extraordi-
narily high in view of two facts. First, we have only
optimized for the magnitude of tolerance range. It
is almost certain that the tolerance for counting a
dot as symmetric is much less when the dots are close
to the midline axis of symmetry than when they are
remote from it, and ideally one should have a toler-
ance graded with distance from the axis. Furthermore
we have confined ourselves to uniform distributions
and have not optimized for the shape of the tolerance
area. Optimization along these lines might increase
efficiency considerably by better matching the proper-
ties of the patterns produced by the computer to
those of the human symmetry-detector.

The second reason that 259, seems high is that
figures about 50% have not been obtained even on
much simpler tasks (Barlow, 1978; Van Meeteren and
Barlow, in preparation) involving the detection of
changes in the average density of dots in random dot
patterns. The detection of symmetry is certainly a
more complex task than detecting changes of dot den-
sity; the latter can be done efficiently by just counting
the numbers of dots in a comparatively small number
of areas over the pattern, but to detect symmetry one
needs to deal with the properties of pairs; since there
are n(n — 1)/2 different pairs among n objects it can
be seen at once that the task is much more complex.
It should be noted that, since the information about
symmetry lies in the pairwise structure, the figure of
25% efficiency can be regarded as showing that % of
the pairs are used in the discrimination. This would
imply that ./ 1/4, or 509 of the dots are used, because
the number of pairs is almost proportional to n%, but
the agreement of this figure with the highest figure
obtained for detecting changes in dot density may
be coincidental.

Mechanisms

The fact that surprisingly large inaccuracy in the
placing of pairs can be tolerated suggests a model
that is more plausible as the basis of the neurophysio-
logical mechanism than the fully efficient process.
This fully efficient process searches exhaustively
through all pairs, counting those that qualify as sym-
metric. Instead, suppose the area is divided into
subregions, and the numbers of dots in each sub-
region are counted. If the pattern is symmetric, the
numbers in symmetrical placed subregions will be
equal; if there is no symmetry, the difference between
symmetric regions will vary as much as the difference
between any other two regions, that is the variance
of the difference will be twice the variance of the
number in a single square.

The dotted curve in Fig. 12 shows the performance
of a model in which the 2.1° square was divided into
16 smaller squares, each of which is 32' by 32, and
therefore comparable in size to the tolerance range
for which the eye performs most efficiently. The
numbers of dots in each small square were counted
and then 2 was calculated as

Y (N; — N))/2N:
i

w

4 8 16 32 64
tolerance range —min
Fig. 12. The same experimental points as in Fig. 11 fitted
by the dotted curve that describes the performance of a
model, determined by Monte Carlo simulation. This model
bases its discrimination of symmetry on the value of y*
computed for the hypothesis that there is no symmetry
about the vertical midline axis. For the lower curve the
large square was divided into 16 small squares each 31
by 32. and the test was applied to the number of dots
in symmetrically placed squares. If there is no symmetry
the expected value is 7, the number of degrees of freedom
for the 8 pairs. For the upper curve the large square was
subdivided into 36 small squares each 21’ by 21', with
expected x> of 17. With symmetry, the value of x? is low-
ered and a criterion for deciding if it is present is set to
equalize errors of the two kinds. The results of the fully
efficient process of exhaustive pair-searching (see text) is
also shown as a continuous curve marked F = 1.

where N;Nj are the numbers of dots in one pair
of the 8 paired symmetric squares and N is the mean.
This corresponds to the hypothesis that there was no
symmetrical disposition of dots about the vertical
midline and if the hypothesis is correct x* should have
an average value equal to the number of degrees of
freedom, which is 7 in this case. If the hypothesis
is incorrect, the numbers in the symmetric squares
will be more nearly equal than expected and y? will
be lower than 7, dropping to zero for perfect sym-
metry. The model takes a criterion value of x* that
causes approximately equal numbers of detection fail-
ures and false positives, and the dotted line in Fig
12 shows its performance as determined from Monte
Carlo trials. It is of course much worse than the pro-
cess in which all pairs-of dots are tested to see if
they qualify as symmetric, which is shown as the con-
tinuous line marked F =1 in Fig. 12, but the x?
model gives a reasonable fit to the experimental
points. The dashed curve shows that results for a
similar model using 36 squares each 21’ by 21’; this
improves performance at small tolerances. At large
tolerances both models out-perform the subjects.
We do not attach much importance to the details
of the model, but the adequacy of the fit does suggest
that symmetry detection on our tasks requires
nothing more than the comparison of dot densities
measured over quite large areas symmetrically placed
about the putative axis of symmetry. In the present
case this reduces the number of comparisons that
must be made from the total number of dot pairs
(4950 for 100 dots) to the number of paired regions
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Fig. 13. The pictures of Fig. 1 have been blanked out in the regions which can be “filled in” by
referring to other regions, once the symmetry is recognized. The recognition of symmetry allows con-
siderable economy of representation.

(8 in the model of Fig. 12). Furthermore, making an
assessment of the number of dots in a fixed area is
the sort of operation one can visualize a neuron with
a fixed receptive field performing. But although the
large tolerance simplifies the task in the way sug-
gested by the model, it is important to remember that
the mechanism is versatile and can detect symmetry
about axes that are not central and not vertical. Each
different position of the axis requires a different set
of comparisons, and the means by which these sets
of comparisons are brought about is not easy to im-
agine.

Survival value of symmetry detection

Why is symmetry so important in perception and
so universal in art? What is its survival value? One
possibility is that living organisms and man-made
artefacts are often symmetrical, and these are impor-
tant to detect. Computer surveys of pictures transmit-
ted from earth-satellites are sometimes programmed

to detect symmetry because it is found to be a useful -

guide to areas of potential military importance
(Stockman and Kanal, 1976; note also Fig. 1). Sym-
metry may also be important for shape recognition,
since it helps to establish an object-centred coordinate

»
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frame (see Marr and Nishihara, 1978). There is, how-
ever, a more general and abstract aspect of symmetry
that could lie behind the artist’s repetitiveness, the
regularity of living forms and man-made symmetrical
features, and the visual system’s apparent eagerness
to detect it. This is the fact that symmetry in an image
allows it to be described economically. For instance
if one half of an object is the mirror image of the
other half, then one half need not be described at
all. Similarly if a surface is filled with a repeating
pattern, the description of the unit cell and extent
of the pattern is a complete description. Thus the
detection of symmetry is potentially a powerful means
of generating a more compact representation of the
sensory input. Figure 13 shows what remains of Fig. 1
if the redundant, symmetric portions are removed.
Symmetry detection may thus be an important step
in the formation of a less redundant representation
of the visual image in the manner suggested by
Attneave (1954) and Barlow (1961). Undoubtedly it
is not possible for a visual image to be represented
completely, and any regularity such as symmetry is
valuable for the very reason that it represents more
of the image than an arbitrary or irregular feature
(Barlow, 1974). For the hard-worked brain the
“Tyger’s... fearful symmetry” (Blake, 1794) must
come as welcome regularity among a chaotic jumble
of sensory messages; but we can still wonder at the
versatility and efficiency by which it is framed.
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