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Parallel visual processes in symmetry perception:
Normality and pathology
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Abstract. Mirror symmetry is one of those regularities for which the visual system seems to
have developed a special sensitivity. It is detected robustly and efficiently in a single glance,
suggesting that the basic processes do not perform a serial, pointwise comparison of structural
elements but rather operate in parallel. Psychophysical evidence relating to the processing
mechanisms will be reviewed. Although the focus will be on symmetry perception in normal
vision, interesting findings on symmetry perception in observers with deficient vision (e.g.,
retinitis pigmentosa, visual hemineglect) will also be touched upon briefly.
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Introduction

Mathematically, a symmetric pattern is one which is identical to a trans-
formed copy of it. The type of transformation determines the kind of sym-
metry one is dealing with. One usually considers four Euclidean transforma-
tions or isometries: translation, rotation, reflection, and glide reflection (i.e.,
a combination of reflection and translation along the axis of reflection, like
left and right footsteps in the snow). Three classes of symmetric patterns are
distinguished depending on their underlying symmetry group (see Figure 1
for examples). When there are no translations, one has point patterns (Fig-
ure 1a); when there are translations in one direction, one has frieze patterns
(Figure 1b) and when there are translations in two directions, one has wallpa-
per patterns or tilings (Figure 1c). Patterns like these are used for decoration
everywhere in the world and have been for as long as we know [1]. Their
universal appeal is probably based on how well the visual system extracts the
underlying regularities. The symmetries are said to be perceived in a single
glance [2, 3].

Since the early observations on human symmetry perception by Ernst
Mach in the late 19th century and by the Gestalt psychologists early in the
20th century, psychophysical research has attempted to determine the char-
acteristics of how the human visual system extracts regularities such as sym-
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Figure 1. Examples of symmetric patterns used in decorative art taken from diverse cultures.
(a) Point patterns with rotation and reflection. (b) Frieze patterns with translation in one di-
rection, rotation, and reflection. (c) Wallpaper patterns with translation in two directions and
other isometries.

metries. More recently, computational models of the underlying mechanisms
have been proposed and these continue to inspire further theoretical and em-
pirical research. In this paper, I will present a mini-review of this research,
with a special focus on the topics which are most relevant to the theme of this
special issue, namely, parallel processes and the relevance of both normal and
abnormal vision research to unravel the visual system’s basic mechanisms.
Readers with a more general interest in symmetry detection are referred to
two other recent reviews for additional information [4, 5].

Parallel processes

Symmetry is detected efficiently in brief presentations (e.g., 150 ms) sug-
gesting that the underlying mechanisms work preattentively and globally [2,
6, 7]. By this, we mean that they do not require attention and that they work in
parallel at different locations of the visual field. They do not seem to require
a scrutinous point-by-point comparison to establish all the correspondences
needed to verify the mathematical criteria for symmetry. Such a mechanism
would necessarily be serial and much slower.
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Figure 2. Examples of stimuli used in experiments on parallel versus serial processing of
symmetry. (a) At the left is an example of reflection symmetry with 16 steps along the vertical
edges; at the right is its asymmetrical counterpart. Number of steps has almost no effect on
response times and error rates. (b) At the left is an example of translation symmetry with 8
steps along the vertical edges; at the right is its asymmetrical counterpart. Number of steps
has a strong linear effect on response times and error rates. Adapted from [13].

Psychophysically, it is indeed well established that symmetry detection
is enormously efficient, versatile and robust [7–11]. More recently, several
attempts have been made to confirm the use of parallel, preattentive pro-
cesses with techniques derived from other areas in cognitive psychology.
For example, in visual search tasks it is well known that certain targets are
found easily (i.e., preattentively), regardless of the number of distractors,
while the search time for others increases almost linearly with the number
of items in the display (see [12], for a review). When this occurs, one speaks
of parallel and serial search, respectively. In symmetry detection, one can do
similar experiments by manipulating the number of corresponding elements
and looking at its effect on response time and error rate.

This is what was done in a recent study by Baylis and Driver [13]. They
used filled polygons as stimuli and manipulated the number of steps along
their jagged edge (4, 8, 16). In Figure 2a is an example of a vertical mirror
symmetry with 16 steps, along with an asymmetrical example created by
changing 25% of the steps. Although there was a significant linear effect of
number of steps on both the response times and the error rates, the slopes
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of the functions were very shallow (2–3 ms/step). However, when the sym-
metry was created by a translation instead of a reflection (see Figure 2b, for
examples), the slopes were much steeper (about 40 ms/step). The authors
concluded from these results that mirror or reflection symmetry is detected
by a parallel process whereas repetition or translation symmetry seems to
require a serial process.

Another interesting study with respect to the preattentive nature of sym-
metry detection has been published by Driver et al. [14]. They tested sym-
metry detection in a patient with visual hemineglect. This patient, CC, is
a 69-year old man with right-hemisphere damage and severe left neglect.
He ignores information on the left even though he has no left visual field
loss. His hemineglect can thus be characterized as an attentional rather than a
sensory deficit. If detection of vertical symmetry depends on the comparison
of the left and right halves of a pattern, one would expect such a patient with
visual hemineglect to perform at chance level. Indeed, that was what they
found when he was tested with shapes similar to those in Figure 2a but with
rounded edges. When the shapes were oriented differently, with a horizontal
axis of symmetry, he performed almost perfectly, demonstrating that his poor
performance with vertical symmetry really resulted from his left neglect and
not from failing to understand the task or the notion of symmetry.

Much more interesting is a second experiment performed on CC which
looked at the effect of symmetry on figure/ground segregation. When asked
how they see the display in Figure 3a, most people would say they see it as
white shapes against a black background, whereas the display in Figure 3b
is usually seen as black shapes against a white background. That effect is
due to symmetry: with ambiguous figure/ground displays, the visual system
tends to see figures that are symmetrical [15, 16]. Surprisingly, CC showed
the same behavior: he saw the symmetric shapes in 80% of the trials. This
result suggests that symmetry is detected preattentively, at a level preceding
the involvement of attention. It is only when the patient is explicitly asked
to detect symmetry that he probably consciously compares pattern halves, a
process which fails with vertical symmetry because of his left visual neglect.

Orientation and location effects

Orientation of the axis of symmetry and location in the visual field have
long been known to affect symmetry detection [17, 18]. Mirror symmetry
is easier to detect when the axis is oriented vertically, then horizontally, and
then obliquely (for reviews of the empirical evidence, see [19, 20]). Moreover,
symmetry detection is easy only when the axis of symmetry is centered at the
fovea; performance declines rapidly when it is presented eccentrically [21].
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Figure 3. Examples of symmetry effects on figure/ground segregation. In (a) one tends to see
white shapes on a black background, while in (b) black shapes on a white background are
seen. In both cases there is a preference to see the symmetric shapes as figures. The same is
true for a patient with visual hemineglect who fails, however, to report symmetry when asked
explicitly. Adapted from [14].

All these results have led several people to suggest that the salience of ver-
tical symmetry in central vision depends on the anatomical and physiological
properties of the visual system, such as the bilateral symmetry of the cortex
[17, 22] and the abundance of vertically and horizontally tuned orientation-
selective cells [23, 24].

In relation to this, it is interesting to see whether the effect of axis orienta-
tion on symmetry detection follows the same function as the well-established
psychophysical functions for orientation discrimination in gratings and ori-
ented line segments (for reviews, see [25, 26]). Most interesting in this respect
are the oblique orientations. If the effect of axis orientation on symmetry
detection is based on neural sensitivities, one would expect performance to
drop off gradually with increasing deviations away from vertical and hori-
zontal. That is not typically what is found. In one of our own studies we found
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performance to be somewhat better at 45◦ or 135◦ (i.e., the main diagonals)
than at other oblique orientations [19]. This result has been confirmed in more
recent work by Wenderoth [20].

He presented dot patterns with the axis of symmetry at a whole range
of orientations from 0◦ to 180◦ in 10◦ steps. When number of correct re-
sponses was plotted against axis orientation, one could see clearly that there
was increased performance near the main diagonals, which goes against what
one would expect from orientation-tuned cells [27, 28]. The same result was
obtained with response times, although somewhat weaker.

Because the main diagonals, right (45◦) and left (135◦), were not ac-
tually included in the preceding experiment, Wenderoth designed a second
experiment to look at these orientations in more detail. This experiment had
16 axis orientations: horizontal (0◦), vertical (90◦), right-diagonal (45◦) plus
six oriented slightly away from them (5◦, 10◦, and 15◦, in each direction),
and left-diagonal (135◦) plus six neighboring axes. Again, he found better
performance at the main diagonals, with gradually decreasing performance
when the axis of symmetry was turned away from the main diagonals. To
his surprise, vertical and horizontal symmetries now produced much lower
performance. Because all of the data points represented an equal number of
trials, with all trial types mixed randomly, the explanation might be that now
attention was directed first towards the most frequent axis orientation, which
was oblique in this experiment. For the same reason, the peak of performance
may have been at 45◦ and 135◦ because they represented the two means of
the bimodal distribution of axis orientations.

To verify that explanation, a third experiment was performed with the
main diagonals now no longer at the mean of the distribution. This experi-
ment had 16 axis orientations too: horizontal (0◦), from 15◦ to 45◦ in 5 steps,
vertical (90◦), and from 135◦ to 165◦ in 5◦ steps. Again, there was a tendency
towards better performance at the diagonals than at the other oblique orienta-
tions. In other words, the diagonal symmetries are more salient than the other
oblique symmetries because of an inherent advantage to the visual system,
not because they happened to be the mean orientation of several oblique
orientations of the axis of symmetry. In this experiment, horizontal symmetry
was also much easier than vertical symmetry, probably because most of the
orientations were now near horizontal, not near vertical.

In sum, it is clear that the orientation effects on symmetry detection cannot
be based completely on hardwired factors such as better orientation-tuning for
vertical and horizontal: The main diagonals seem to be cardinal orientations
too and factors such as the frequency of the distribution at least partially
determine performance.
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Nevertheless, the normal salience of vertical symmetry at fixation and
reduced salience with deviating axis orientations and away from fixation, has
led some people to suggest an anatomical basis for symmetry detection. They
argue for a point-by-point matching process between symmetrically opposite
loci in each cortical hemisphere which would be mediated by fibres crossing
over through the corpus callosum [29, 30]. Three predictions derived from
this so-called ‘callosal hypothesis’ were tested in a recent paper by Herbert
and Humphrey [31].

First, the orientation tuning of symmetry detection at fixation should be
quite narrow around the vertical. In an experiment with briefly flashed dot
patterns, a sharp drop in performance was indeed obtained, even at only 15◦
away from the vertical. However, symmetry detection was still possible, and
quite good in fact, for other orientations than the vertical. Second, the vertical
advantage should decrease abruptly or disappear for brief presentations of
patterns away from fixation. In another experiment, the vertical advantage
was reduced both with very brief exposures (30–70 ms) and somewhat longer
exposures (100–150 ms) but it did not disappear completely. Finally, the
corpus callosum must be intact for the vertical advantage to be expressed.
Herbert and Humphrey [31] tested two individuals born without a corpus
callosum and compared their performance with that of age-matched con-
trols. One subject, SG, appeared to detect horizontal symmetry more reliably
than vertical, while the other subject, MG, detected horizontal and vertical
symmetry equally well at fixation. However, both could still detect mirror
symmetry at all orientations and locations.

In sum, although the authors presented these results as evidence in sup-
port of the callosal hypothesis, one could just as well focus on the fact that
symmetry could still be detected at nonvertical orientations, at noncentral
locations in the visual field and without a corpus callosum.

Mechanisms

In general, symmetry detection is remarkably flexible. Although some res-
ults are in line with what we know from the visual system’s anatomy and
physiology, other results suggest the involvement of psychological factors
that are difficult to understand in terms of hardwired neural mechanisms.

This has led many modellers to distinguish between at least two levels of
explanation or two stages of processing: low-level versus high-level, preat-
tentive versus attentive, global versus local, etc. [17, 23, 32, 33]. More re-
cently, the role of grouping small-scale items such as dots or oriented line
fragments into larger-scale tokens as a more global way of establishing sym-
metry in multi-element patterns, has been supported psychophysically [6,
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Figure 4. Examples of stimuli used in experiments on symmetry discrimination by patients
with retinitis pigmentosa (RP). (a) Reflection symmetry about a vertical axis, (b) two-fold
reflection symmetry (vertical-horizontal), (c) rotational symmetry (180◦), and (d) asymmetry.
Patients with RP make consistently more errors in categorizing such patterns. Adapted from
[36].

34, 35] and has been incorporated into computational models [7, 34, 36].
A review of this work would be beyond the present paper’s scope (see [5]).

One study which has been presented as relating to the issue of low-level
versus high-level factors (i.e., retinal versus cortical, more specifically), may
be of particular interest to this special issue. Szlyk et al. [37] looked at sym-
metry detection in retinitis pigmentosa (RP), a group of hereditary retinal
degenerations, characterized by the progressive degeneration of rod photore-
ceptors resulting in a loss of peripheral visual field and nightblindness [38].
They presented block patterns like those in Figure 4 for 250 ms and observed
that RP subjects (with at least 20/30 acuity and a visual field of at least 20◦ of
either side of the fovea) performed significantly lower than control subjects.
Further experiments were then aimed at testing different hypotheses to ac-
count for this difference, based on the reported anatomical and physiological
changes in retinas of patients with RP.

Hypothesis 1 states that the loss in accuracy in symmetry discrimina-
tion in patients with RP may be due to a decrease in photopigment optical
density, which would reduce the effective luminance of the patterns [39].
However, even a 1.0 log unit reduction in the luminance of the patterns did not
significantly alter symmetry discrimination in subjects with normal vision.
Hypothesis 2 states that the results may be accounted for by a loss in spatial
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contrast sensitivity [40]. However, even with patterns of 5% contrast subjects
with normal vision had more accurate symmetry discrimination than did pa-
tients with RP when presented with patterns of 93% contrast. Hypothesis
3 states that the loss of symmetry discrimination accuracy in patients with
RP may be due to reductions in temporal frequency sensitivity [41]. How-
ever, patients with RP did worse at 255, 500, and 1000 ms than the control
subjects did at 16 ms. Hypothesis 4 states that these losses in accuracy of
symmetry discrimination in the patients with RP may be accounted for by
decreased photoreceptor spatial density [42]. In a final experiment, symmetry
discrimination was measured by presenting targets at increasing eccentricities
in subjects with normal vision. They reached a similar level of performance
at a 20◦ eccentricity as the patients’ performance with centrally presented
targets but scaling by the cortical magnification factor [43] did not improve
performance. Symmetry discrimination was also tested in patterns in which
visual information was reduced by randomly blanking individual pixels. With
only 25% of the elements remaining, control subjects’ performance matched
the performance of patients with RP with non-degraded patterns.

In sum, there seems no retinally based explanation which alone can ac-
count for the poorer performance of the patients with RP on the symmetry
discrimination task. This does not rule out that the deficits in symmetry dis-
crimination may result from a combination of retinally based factors, or from
a spatially heterogeneous loss of retinal function, but it seems more likely
that the alterations of the sensory input (as a result of the degeneration of
rod photoreceptors) may have affected the perceptual encoding of the rela-
tionships among pattern elements which are involved in symmetry detection.
Further research seems needed to establish the validity of this conclusion.

Conclusions

This mini-review allows several conclusions to be drawn. First, there is solid
evidence to show that the human visual system is very good at perceiving
mirror symmetry. Especially when it is oriented vertically and centered at the
fovea, there is no need to perform a pointwise matching; symmetry is then
detected globally and in parallel, even preattentively as clearly demonstrated
in a case study with visual hemineglect. Although performance decreases
when the axis is turned away from vertical or displaced away from fixa-
tion, detection is still too good to be strictly tied to the neuroanatomy and
-physiology of the visual system. This is further supported by results of two
case studies with patients born without corpus callosum. Finally, patients
with RP perform markedly poorer in symmetry discrimination tasks but it
is unclear how to explain this effect. Further research on both normal and
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abnormal vision seems needed to unravel the underlying mechanisms of the
human visual system’s remarkably apt detection of mirror symmetry.
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