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was more trainable. When compared to a pre-training baseline, the reading speed of inverted text
improved at almost twice the rate of rotated text, but this was likely due to the relatively faster rate
at which participants read rotated text before training. There was no correlation, however, between
training proficiency and difficulty of the training material. The largest number of geometrical reading
errors (e.g., confusing ‘b’ for ‘p’) during training occurred not in the inverted, but in the mirrored
text condition, while the least number of errors (about half as many) occurred when training with
rotated text.

Across these several studies, it is difficult to extract any meaningful patterns. Kolers and Perkins
were not able to find a simple set of transformation types whose elements could be combined either
additively or multiplicatively in order to predict reading errors, reading time, or trainability [9,136,138].
Combinations of different kinds of rotations did not increase reading difficulty in a linear way,
suggesting that readers of geometrically transformed text are not performing sequences of mental
rotations or transformations on letters or words in order to read them. Further evidence that
readers are not performing rotations of individual letters comes from the fact that when single
letters embedded in words are mirror-reversed, reading time is longer than if the entire word is
mirror-reversed [9,10,136,139]. Observers are in fact able to identify a rotated letter even before
determining whether it is mirror-reflected or not, suggesting that they do not need to perform
mental rotation for identification or naming of simple patterns [140–145] and even for novel letter-like
shapes [66] (although they can mentally rotate the images if the task demands it [146]). Unlike for
objects [147,148], identification time for letters does not depend on letter orientation. It should be
noted that while these early studies found no effect of orientation on letter identification reaction
time, the data were noisy, sometimes effects were found [141], and single letter identification is not
rotation-invariant when accuracy is the dependent measure and presentation times are very brief
(<30 ms) [149] or when observers are asked to make same-different judgments of rotated letters [150].
Inverted, reflected, and rotated letter recognition may therefore involve some sort of corrective
process such as mental rotation either before or concurrent with identification [135,151–153], but not
necessarily performed on a letter-by-letter basis [138]. This may explain why inverted and mirrored
texts are more difficult to read than upright and why, when the orientation of a letter is unknown
(whether ‘p’ is upright, rotated, mirrored, or inverted), there is a bias for preferring upright or rotated
interpretations [9,10]. Note, however, that only the 180◦ rotated text can match normal text with a
rotation in the plane; left-right and up-down mirrored text must be rotated through the plane in order
to return to their normal orientation. There may therefore be something special about the nature of
180◦ rotated text (Figure 1D) that contributes to its relative readability. Indeed, Kolers suggested that
each type of transformation may involve its own decoding mechanism: if correct letter orientation
were simply a matter of applying some common mental operation (e.g., mental rotation), then the
frequency of errors of mistaking ‘u’ and ‘n’ and ‘f’ and ‘t’, for example, would be the same for all kinds
of text transformations, but that is not the case [10].

Another reason why certain transformations are harder to read than others can be explained
by familiarity with reading direction. Individuals familiar with Arabic or Hebrew are able to read
mirrored text faster than those only familiar with English [136]. There may also be an interaction
with writing direction familiarity: letter-facing direction may partially be encoded by pairing motor
actions (writing) with orientation direction. When adults learn new characters, they remember
their proper facing directions better if they have to write the characters by hand rather than typing
them [154]. The production of mirror-reversals during writing, however, is beyond the scope of
this review. Mirror-writing involves qualitatively different processes from mirror-reading since, in
reading, the letters are continuously visible, but in writing the correct facing direction of letters must
be retrieved from memory. For some recent work on mirror-writing see [3,155–161].

Finally, we consider several other factors that may contribute to differential reading times for
types of text transformations. One possibility is that difficulty in reading mirrored and inverted text
may arise due to temporary lapses of frame of reference—i.e., forgetting which way the entire sentence
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is oriented [162]. This is particularly problematic if letters face one way and scanning direction is
reversed [9]. A letter’s facing direction therefore depends on reading direction: the symbol ‘b’ can
be either the letter ‘b’, ‘p’, ‘q’, or ‘d’ depending on which transformation was applied. When one
encounters that symbol, there may be a temporary lapse in the frame of reference rendering the rest of
the sentence difficult to read and the reader has to reorient to remember not only which way letters are
facing, but also in which direction they should be reading [4,149]. When presented with an inverted
word in which several letters are upright, it is difficult to notice that some of the letters are actually
upright [163–165]. This has been described as a Thatcher effect for letters [166]. The explanation is that
inverted letters become egocentrically upright when we begin to read the word and, in losing the frame
of reference, nothing appears out of the ordinary when we encounter an upright letter. When most of
the word is upright however, and in the standard egocentric frame, the inverted letters stick out just
like inverted parts of a face in the Thatcher illusion.

The idea of a frame of reference can also apply to objects: although it is true that we can recognize
a picture of a hammer and a mirror-image of the same hammer equally well, the hammer still has some
directionality associated with it [167,168] and a canonical orientation [147,148,169–172]. This notion is
supported by the fact that mirror-reversals of letters of children in matching and copying tasks are
asymmetric—upright letters are rarely mismatched with their mirror images, but mirror-reversed
letters are often copied and matched to normal letters [4]. Young children who have not yet learned to
read, make more orientation errors in copying, drawing from memory, and matching shapes with no
inherent directionality (e.g., a stretched-out diamond) than with objects, e.g., a spoon, [173].

Under this view, in acquiring literacy, a reader develops templates or schema for letters in
canonical orientations [174]. A letter’s orientation can be used to determine the frame of reference
for an entire word or sentence. For example, an inverted ‘A’ may provide a cue that the entire text
is inverted. Reading of inverted, mirrored, or rotated text involves a detection or an alignment of
an appropriate frame of reference [143,167,175–177]. As a result, response time to individual letters
at different orientations is predicted by the orientation of the previously seen letter [178]. In the
context of an entire word or sentence, therefore, moving from one letter to another could facilitate the
maintenance of a consistent frame of reference (as determined by the previous letter) until a reversible
letter is encountered, which leads to confusion. When combined with changes in reading direction,
this creates additional opportunities for confusion. Although note that the text that 180◦ rotated
text (Figure 1D), which is read right-to-left is easier to read than the up-down mirror reflected text
(Figure 1C) which is read left-to-right. Reading direction on its own therefore does not account for the
differences in reading difficulty. It is interesting to note that in Kolers’ original experiments in which
subjects practiced reading aloud geometrically transformed text, the text was transformed one line at a
time [136]. For example, 180◦ rotated text was not read from the bottom of the page to the top, but was
still read top-to-bottom because each line was rotated independently. This may have complicated the
results by putting into conflict the frame of the text on the whole page with that of a single line. To our
knowledge, an experiment that dissociates these confounders has yet to be performed.

The notion of a frame of reference can apply more generally to how individuals understand
reflections in mirrors [179,180]. Although we have been describing some text transformations as
“left-right mirror reversals”, a mirror does not reverse left-right, but through an axis perpendicular to
the mirror, i.e., front-to-back [181–187]. When examining their own reflections in mirrors, observers
tend describe them as identical instead of reversed or opposite, suggesting an important role for an
exocentric (as opposed to egocentric) frame of reference [179]. Familiarity with certain frames of
reference over others may account for why the recognition of one’s own face is better when it is shown
mirrored, while the faces of others are better recognized when shown in the manner in which we are
used to seeing them (i.e., not mirrored) [188–192]. In general, however, naïve understanding of how
reflections work and appear is quite poor [193–197]. It is possible that given an appropriate frame
of reference with many cues to text direction, such as seeing a mirrored image of a person holding
a sheet of text, may facilitate the maintenance of a consistent frame of reference during reading. In
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contrast, in all experiments reviewed here, a reader is presented with mirrored text on a sheet of paper,
which, out of context and at odds with the rest of the un-mirrored environment (e.g., their hands
holding the paper, the table at which they sit, etc.), may present an especially difficult situation in which
the appropriate frame of reference must be maintained for reading. To our knowledge, no experiments
have examined the effect of scene and environment context on the reading of transformed text.

We began this article with the observation that certain geometric transformations of text are
easier to read than others. We have gone over several lines of research that speak to why mirrored
text is more difficult to read: confusions in facing-direction of mirror-symmetric letters like ‘b’ and
‘d’, loss of frame of reference, incomplete loss of mirror-invariance (or, conversely, development of
mirror-discriminability), etc. Unfortunately, there is not as of yet a conclusive explanation for why text
that is reflected twice is easier to read than text that is only reflected once [9]. Part of the effect may be
due to reading and writing direction familiarity or the fact that twice-reflected text is equivalent to
a 180-degree rotation in the plane and there may be something special about that transformation as
opposed to others. What is clear however is that our technological age has taken image transformations
out of the reflecting pool and looking glass, and placed them at our fingertips with our webcams,
smart-phones, and image processing software packages. This digital proximity reminds us that our
curiosity and empirical exploration of symmetries in our environment and in the legibility of text has a
long and robust history.
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Abstract: Evolution and geometry generate complexity in similar ways. Evolution drives natural
selection while geometry may capture the logic of this selection and express it visually, in terms
of specific generic properties representing some kind of advantage. Geometry is ideally suited for
expressing the logic of evolutionary selection for symmetry, which is found in the shape curves
of vein systems and other natural objects such as leaves, cell membranes, or tunnel systems built
by ants. The topology and geometry of symmetry is controlled by numerical parameters, which act in
analogy with a biological organism’s DNA. The introductory part of this paper reviews findings from
experiments illustrating the critical role of two-dimensional (2D) design parameters, affine geometry
and shape symmetry for visual or tactile shape sensation and perception-based decision making
in populations of experts and non-experts. It will be shown that 2D fractal symmetry, referred to
herein as the “symmetry of things in a thing”, results from principles very similar to those of affine
projection. Results from experiments on aesthetic and visual preference judgments in response to 2D
fractal trees with varying degrees of asymmetry are presented. In a first experiment (psychophysical
scaling procedure), non-expert observers had to rate (on a scale from 0 to 10) the perceived beauty of
a random series of 2D fractal trees with varying degrees of fractal symmetry. In a second experiment
(two-alternative forced choice procedure), they had to express their preference for one of two shapes
from the series. The shape pairs were presented successively in random order. Results show that
the smallest possible fractal deviation from “symmetry of things in a thing” significantly reduces
the perceived attractiveness of such shapes. The potential of future studies where different levels of
complexity of fractal patterns are weighed against different degrees of symmetry is pointed out in
the conclusion.

Keywords: visual symmetry; affine projection; fractals; visual sensation; aesthetics; preference

1. Introduction

Brain evolution has produced highly specialized processes which enable us to effectively exploit
the geometry of visual perceptual space. Some data suggest that the human brain is equipped with
an in-built sense of geometry [1,2] which provides a key to recognizing specific object properties,
associations between two-dimensional projections, and their correlated three-dimensional structures in
the real world [3–6]. These associations favour structural regularities and, very often, symmetry [6,7],
while asymmetry plays a critical role in processes of perceptual discrimination, as discussed recently
regarding music and sounds [8]. In the domain of visual objects, symmetry plays an important
role in conceptual processes for structural design, and is abundantly exploited by engineers and
architects. The following paragraphs will expand on the importance of affine geometry, the symmetry
of curves, which may be perceived as single things or as multiples of one and the same thing in a
complex shape or object [9,10], and visual sensation. Thereafter, two-dimensional fractal trees based on
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geometrical principles which produce symmetry of things in a thing will be discussed and made use
of psychophysically. The symmetrical structure of these fractal trees results, like 2D curve symmetry,
from principles of affine projection, as will become clear in light of further discussions here below.

The use of symmetrical curves dates back to the dawn of building shelter and vernacular
architecture, which relies, given the nature of the materials and construction techniques used, almost
entirely on symmetry (Figure 1, left). In the Middle Ages, descriptive geometry was used for the
planning and execution of building projects for which symmetric curves were the reference model, as in
the design of arched hallways and corridors (Figure 1, middle). In the last century, the Spanish designer
and architect Antoni Gaudi used the same kind of geometry for the design of the Sagrada Familia
in Barcelona (Figure 1, right) and many of his other fabulous structures, which can be appreciated
by taking a walk through the Park Guëll, or by visiting the Guëll museum in Barcelona. In Antoni
Gaudi’s three-dimensional design of arches, for churches or natural environments, there is a clear
distinction between physical (objective) and subjective (perceived) symmetry. Physical symmetry
takes into account the principles of gravity. As a consequence, a resulting real-world structure may not
necessarily be perceived as perfectly symmetrical (cf. Figure 1, image on right).

Figure 1. The importance of curve symmetry for human endeavour dates back to the dawn of building
shelter and to vernacular architecture (left). Similar geometry is currently used in contemporary
free-form architecture (middle), which has been much inspired by the Spanish architect Gaudi,
who largely exploited symmetry for the design of the hall and archways of the Sagrada Familia in
Barcelona (right).

Antoni Gaudi’s structures were inspired by nature, which abounds with curved shapes and
features, and our perception uses these features as cues to shape or object recognition, and for image
interpretation [9–16]. In biology, curvature guides physical, chemical, and biological processes, such as
protein folding, membrane binding, and other biophysical transformations [17]. The representation
and cognition of curvature ranges from the biochemical level of living organisms capable of sensing
this property in their near or distant physical environments [18] to perceptual properties extracted from
physical stimuli by the human brain, the ultimate product of evolution. In terms of a mathematical
property of the physical world, curve symmetry is directly linked to affine geometry [19].

1.1. Affine Geometry and Visual Sensation

In affine geometry, curves derived from circles and ellipses share certain properties, the circle
being a particular case of the ellipse. Projective geometry permits generating symmetric curves
from ellipses by affinity with concentric circles (Figure 2). Their perception is grounded in biology
in the sense that most natural objects can be represented in 2D as symmetrically curved shapes
with Euclidean properties of ellipses. Studies comparing between visually perceived curvature by
experts in geometry (architects and design engineers) and non-experts [12] by using symmetric curves
derived from concentric circles by affine projection have shown that their perceived magnitude is
determined by a single geometric parameter, the curves’ aspect ratio. The perceptual responses to such
curves are independent of both expertise and sensory modality, given that tactile sensing by sighted
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blindfolded and congenitally blind observers produces the same results [14]. The symmetry of the
curves, however, is a critical factor to these geometry-based perceptual responses [15]. The aspect ratio
relates the height (sagitta) to the width of a curve, and in symmetric curves of variable size but constant
aspect ratio directly taken from concentric circles (no projection by affinity), perceived curvature is
also constant, in both vision and touch. This observation is directly linked to the phenomenon of
scale-invariance in visual curvature discrimination [20] and the detection and recognition of shapes
in general.

Figure 2. Projective geometry permits generating symmetric curves from ellipses by affinity with
concentric circles. Each such curve may be perceived as a single thing or as a multiple of one and the
same thing in a complex shape or object, as shown here. This perception is grounded in biology in
the sense that most natural objects can be represented as images of symmetrically curved shapes with
the Euclidean properties of ellipses. Symmetric curves yield visual and tactile sensations of curvature
which increase exponentially with the aspect ratio of the curves.

1.2. Reflection and Rotational Shape Symmetry

The role of reflection symmetry in visual perception was pointed out by Gestalt psychologists
at the beginning of the 20th century [21] as a major factor in shape perception. It refers to specific
transformations by transition of points in Euclidean space resulting in mirrored representations.
Axial symmetry e.g., which results from point-by-point mirroring across an axis (f (x, y, z) = f (−x, y, z)),
is an important factor in visual recognition [22–24]. Reflection or mirror symmetry is detected
quickly [25,26] in foveal and in peripheral vision [27]. Vertical mirror symmetry facilitates face
recognition by human [28] and non-human primates [29], and is used by the human visual system as a
second-order cue to perceptual grouping [30].

Rotational symmetry of shape plays an important role in architecture and design. The design of
complex modern spatial structures is a domain of contemporary relevance. Visual-spatial experiments
on expert architects as well as novices have shown that perceiving the rotational symmetry of
partial shapes, which constitute the simplest possible tensegrity (tensile integrity) structure, is an
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important part of our understanding how they are put together. Only once this symmetry is perceived
by the expert or novice, will he/she be able to draw the structure from memory into axonometric or
topological reference frames provided to that effect [31]. Tensegrity structures have inspired current
biological models [32], from the level of single cells to that of the whole human body. They possess
what Mandelbrot [33] called “fractal consistency across spatial scales”, or “fractal iterations”, like those
seen in large trees that appear to be composed of many smaller trees of the same structure.

1.3. Nature-Inspired Design and the Symmetry of “Things in a Thing”

Fractal geometry is also inspired by nature and its many symmetric visual structures like those
found in cells, trees, butterflies and flowers. The term “fractal” was first introduced by Mandelbrot [33]
based on the meaning “broken” or “fractured” (fractus). A fractal may be defined as a complex whole
(object or pattern) that has the same structural characteristics as its constituent parts. The structural
symmetry that results from fractal iterations may be described as the “symmetry of things in a thing”.
The radial symmetry of a sunflower is a choice example of fractal symmetry as it exists in nature.
Behavioural studies have shown that various animal species are naturally attracted to two-dimensional
representations of objects exhibiting flower-like radial symmetry [34,35]. In complex 3D fractal trees,
single fractals (“things”) have a symmetrical counterpart within the whole structure (“the thing”),
which may possess radial symmetry, reflection symmetry and manifold rotational symmetries, like
many objects in nature (plants, snowflakes, etc.) are bound by both reflection and rotational symmetry,
and exhibit multiples of one and the same shape (things) repeated in all directions.

Nature-inspired design occupies an important place in contemporary graphic art, and symmetry
has been identified as a major defining feature of visual beauty, compositional order, and harmony.
Symmetry directly determines aesthetic preferences and the subjectively perceived beauty of
two-dimensional visual images and patterns [36–41], and symmetrical visual patterns are also more
easily remembered and recognized [42–44] compared with asymmetrical ones. Sabatelli et al. [8]
suggested that natural and artistic creative processes rely on common, possibly fractal transformations.
Fractal transformations may describe iterative transitions from simplicity and order (symmetry) to
complexity and chaos (asymmetry). Again, fractal trees seem to be a pertinent example here, where
simple 2D mirror trees (Figure 3) with reflection and/or radial symmetry open an almost infinite
number of possibilities for adding complexity through further transformations leading to complex
projections of 3D structures with multiple rotational symmetries (not shown here).

Whether nature-inspired fractal design appeals to our senses in the same way as the real objects
found in nature was studied by [45], who found that human observers produce highly consistent
aesthetic preference judgments across fractal images produced by nature, algorithm, or by the human
hand. Hagerhall, Purcell, and Taylor [46] found that fractal characteristics of landscape silhouette
outlines reliably predict landscape preferences. Fractal characteristics provide a consistent measure
of complexity, and were shown to account for judgments of perceived beauty in visual art [47].
Here, we make the prediction that the “symmetry of things in a thing” in 2D fractal objects plays
a decisive role in our perception of their aesthetic content and thereby influences visual preference
judgments. Given the multiple levels of complexity of fractal objects, trying to address this question
requires starting with simple examples. For this pilot study here, we created a series of basic fractal
mirror trees based on geometric transformations as shown in Figures 2 and 3. In two psychophysical
experiments, one using an aesthetic rating procedure, the other a preference judgment design, we
tested whether the subjective attractiveness of such trees is affected by different degrees of violation of
symmetry, from an almost imperceptible lack of mirror detail to massive asymmetry.
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Figure 3. Fractal geometry and affine geometry share principles of projection in Euclidean space,
as illustrated in this example here. Fractal trees, inspired by nature, may be defined as complex wholes
where every part repeats itself across multiple fractal iterations, producing “symmetry of things in
a thing”. In the 2D fractal mirror-tree shown here, concentric circles and affine projection are the
mathematical basis for describing structural regularities with vertical reflection (mirror) symmetry,
which has been identified as a major determinant of the visual attractiveness of image configurations.

2. Materials and Methods

The experiments were conducted in accordance with the Declaration of Helsinki (1964) and with
the full approval of the corresponding author’s institutional (CNRS) ethics committee. Informed
written consent was obtained from each of the participants. Experimental sessions were organized
following conditions of randomized, trial-by-trial free image viewing using Python for Windows 7 and
a computer with a keyboard and a high resolution monitor. 15 mirror tree images were generated using
a comprehensive vector graphics environment (Adobe Illustrator CC) and computer shape library.

2.1. Subjects

30 observers, ranging in age between 25 and 70 and unaware of the hypotheses of the study,
participated in the experiments. All subjects had normal or corrected-to-normal visual acuity.

2.2. Stimuli

The stimuli for the two experiments were generated on the basis of 15 images of fractal trees
drawn in a vector graphics environment (Adobe illustrator CC) using simple principles of 2D geometry,
as shown here above. Five of these images (Figure 4, top row) were mirror trees with vertical
reflection symmetry and perfect symmetry of things in a thing. Five of them (Figure 4, middle row)
were imperfect mirror trees in the sense that their vertical reflection symmetry excluded one of the
elementary parts, which was not mirrored on the right side of the tree. In the asymmetrical images
(Figure 4, bottom row), elementary shapes “growing” on the branches of the left side of the trees were
not mirrored on the right side. The luminance contrast between figures and backgrounds was constant
in the 15 images (same RGB (200, 200, 200) for all figures, same RGB (20, 20, 20) for all backgrounds).
The approximate angular height of a fractal tree was 2.25◦ (vertical mid-axis), the angular width
1.64◦ (horizontal mid-axis). A trial-loop algorithm written in Python for Windows 7 selected the
images or image pairs in random order, and recorded the individual key board responses from the
experimental trials.
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Figure 4. Fifteen images of fractal mirror trees were designed using some of the principles of
transformation shown in Figures 2 and 3. The first five trees (top) possess perfect “symmetry of
things in a thing” across the vertical axis. In the next set of five (middle), the smallest of fractal details
is missing on the right. The remaining five trees (bottom) are asymmetrical. It is noted that in these
tree structures here, only the symmetrical ones (top) appear perceptually complete.

2.3. Task Instructions

In the aesthetic rating experiment, subjects were instructed to type a number on the keyboard
rating the beauty of each of the fifteen individual images on a subjective psychophysical scale from
0 (zero) for “very ugly” to ten (10) for “very beautiful”. In the preference judgment experiment, subjects
were instructed to indicate whether they spontaneously preferred the left (hit “1”) or the right (hit “2”)
of an image pair. Hitting the response key initiated the next image pair. Half of the subjects started
with the rating experiment, the other half with the preference judgment experiment.

2.4. Procedure

Subjects were seated at a distance of about 90 cm from the screen and looked at the center.
The images were displayed centrally and presented in random order. In the aesthetic rating experiment,
each of the 15 images was presented once to each of the 30 subjects. In the preference judgment
experiment, each image from a group of five was paired with its counterpart from the two other
groups, and spatial position in a pair (left/right) was counterbalanced (Figure 5). This produced
30 image pairs with 20 presentations for each figure type (10 times on the left, and 10 times on the right).
The image pairs were displayed in random order and each pair was displayed twice in an individual
session, yielding 60 preference judgments from each of the 30 subjects.

The intervals between stimulus presentations were under the control of the observer, who initiated
the next image presentation by striking a given response key (“1” for “left”, “2” for “right”) on the
computer keyboard. The individual keyboard responses were coded and automatically written into
text files. These were then imported into SYSTAT 11 software for processing and statistical analysis.

168



Symmetry 2016, 8, 127

Figure 5. 30 image pairs with 20 presentations for figures of a given type (10 times on the left,
and 10 times on the right). The image pairs were displayed in random order, and each pair was
displayed twice in an individual session, yielding 60 preference judgments from each of the 30 subjects.

3. Results

The raw data were analyzed using Systat/Sigmaplot 11 (Systat Software Inc., 2010, San Jose,
CA, USA). One-way analysis of variance (ANOVA) for repeated measures was performed to assess the
statistical significance of differences in means across subjects and figure types: ‘symmetrical’, ‘detail
missing’ and ‘asymmetrical’. In the data from the preference judgment experiment with figure pairs,
a first check of the means showed no effect of secondary variables such as the spatial position (left vs.
right) of figures of a type in a pair (Mleft = 4.92 vs. Mright = 5.07), or the order (first vs. second) in which
a judgment was formed in response to a figure pair (Mfirst = 5.02 vs. Msecond = 4.95).

3.1. Aesthetic Ratings

The results of the ANOVA on average aesthetic ratings for each individual as a function of the
three figure types are given in Table 1. The table summarizes, for each figure type, the sample size (N),
the mean (M), the standard error (SEM), and the F value and its probability limits (p). Effect sizes in
terms of differences between the means (dM), and the corresponding t values and probability limits for
each paired comparison are given. From the results in Table 1 we conclude that symmetrical figures
received a significantly higher average aesthetic rating compared with figures where a small detail
was missing, which received a significantly higher average aesthetic rating than the asymmetrical
figures. A graphic representation of these effects is shown below in Figure 6.
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Table 1. Results from the one-way repeated measures ANOVA on aesthetic ratings for each of the
three figure types: Number of observations (N) per figure type, means (M) and standard errors (SEM),
and the F value with probability limits (p) are given. Effect sizes, t values and the corresponding
probability limits are given at the bottom.

One Way Repeated Measures Analysis of Variance
AESTHETIC RATINGS

Treatment N M SEM

Symmetrical 30 6.347 0.222
Detail missing 30 4.487 0.258
Asymmetrical 30 3.053 0.308

Source of Variation DF F p

Between Subjects 29 - -
Between Treatments 2 64.323 <0.001

Residual 58 - -
Total 89 - -

Comparison dM t p

Symmetrical vs. Asymmetrical 3.293 11.311 <0.001
Symmetrical vs. Detail missing 1.860 6.388 <0.001

Detail missing vs. Asymmetrical 1.433 4.923 <0.001

Figure 6. Average aesthetic ratings on a scale between zero and ten are shown as a function of the
figure type.

3.2. Preference Judgments

The SYSTAT results of the ANOVA on average preference judgments of each individual as a
function of the three figure types are summarized in Table 2. The table shows, for each figure type, the
sample size (N), the mean (M), the standard error (SEM), and the F value and probability limits (p).
Effect sizes in terms of differences between the means (dM), and the corresponding t values and
probability limits for each paired comparison are given.
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Table 2. Results from the one-way ANOVA for repeated measures of preference judgments for each of
the three figure types.

One Way Repeated Measures Analysis of Variance
PREFERENCES

Treatment N M SEM

Symmetrical 30 8.942 0.163
Detail missing 30 4.542 0.094
Asymmetrical 30 1.517 0.145

Source of Variation DF F p

Between Subjects 29 - -
Between Treatments 2 195.399 <0.001

Residual 58 - -
Total 89 - -

Comparison dM t p

Symmetrical vs. Asymmetrical 7.425 31.299 <0.001
Symmetrical vs. Detail missing 4.400 18.547 <0.001

Detail missing vs. Asymmetrical 3.025 12.751 <0.001

From the results in Table 2 we conclude that symmetrical figures were significantly more often
preferred than figures with a detail missing, which were significantly more often preferred than
asymmetrical figures. These observations are fully consistent with the effects on aesthetic ratings
shown in Figure 6.

4. Discussion

As illustrated by examples from the introduction here above, shape sensation and perception
can be related to affine design geometry [15,19,21,22,48,49]. The topology and geometry of fractal
objects is controlled in similar ways, as shown in the fractal mirror trees used as stimuli here. The
findings show that the smallest “fractal” deviation from perfect “symmetry of things in a thing” in
basic mirror trees (any computer shape library can generate them) with vertical reflection symmetry
when no fractals are removed, significantly diminishes subjectively perceived beauty and visual
preference. These results confirm previous observations from aesthetic perception studies using
different two-dimensional configurations [36–41]. Perfectly symmetrical trees also produced the
strongest consensual results, for both subjective aesthetic ratings and visual preferences, while the
ones with a small detail missing and the asymmetrical trees produced more disparate data, indicating
higher uncertainty (i.e., less confidence) in the subjects’ perceptual responses.

In the experiments here, subjects could look at the figures or pairs for as long as they wanted
to make a perceptual decision and no instruction to respond as swiftly as possible were given, as is
often the case in reaction time studies. Reaction times were not measured here. It is to be noted that
aesthetic ratings and preference judgments may be driven by low-level heuristics or by higher order
cognitive processes [50,51]. Measuring reaction times in future studies will be useful to shed light on
how one or the other type of processing may have influenced response strategies. Whenever a figure
was symmetrical here, it was also perceptually complete; whenever it was not, it was perceptually
incomplete. Using simple response heuristics based on this kind of local detail analysis instead of
forming an overall global aesthetic appreciation, for example, would certainly yield faster responses.
A way of disentangling perceptual completeness and symmetry in the stimuli is to include a group
of perceptually incomplete but symmetrical figures, like fractal trees with a local detail missing on
both sides.

In nature, it is difficult to find complete things which do not have at least one axis of mirror or
reflection symmetry. On the other hand, things which are incomplete and at the same time symmetrical
are very hard to find. Our aesthetic preferences are well-primed for symmetrical objects [41], yet results

171



Symmetry 2016, 8, 127

from earlier studies [52] suggest that things may not be that simple when complexity and symmetry are
weighed against each other, and when socio-cultural factors are brought into the equation. Personality
and creativity [30,53,54] have been identified as two such variables. Highly creative individuals may
have a stronger tendency to prefer asymmetrical objects, especially when these exhibit high levels of
complexity, as in the case of fractal objects with multiple rotational symmetries, for example.

Recent work has highlighted that our aesthetic appreciation is essentially dynamic [55,56],
and involves reflexive processes which drive cultural evolution and changes in the Zeitgeist, or what
the French call l’esprit du temps. The human mind has the ability to master perceptual input which
challenges current preferences (otherwise, creative fashion designers would go out of business).
By way of cognitive processes these preferences may be overruled and replaced by new ones. Recent
studies [51] have identified double mechanisms of preference formation. One is reflected by an
immediate and basically conservative perceptual response to what is familiar [57], or deemed the
current aesthetic norm, the other by a slowly strengthening disposition to adopt what is new, unusual,
or challenging. As pointed out earlier [8], symmetry stands for order, asymmetry for disorder.
Their dual subjective appreciation is likely to influence preferences.

Fractal objects offer new perspectives for research on complementary aspects of symmetry and
asymmetry in processes of increasing complexity, including processes of visual perception. Fractals are
different from other geometric figures because of the way in which they scale across multiple iterations,
yielding increasingly complex repetitive structures which are symmetrical by nature. Fractal symmetry
is also referred to as “expanding symmetry” or “evolving symmetry,” especially if replication is exactly
the same at every scale, as in a detailed pattern that repeats itself across multiple fractal iterations.
For the visual scientist, this opens many perspectives as it permits the finely controlled manipulation of
each and every shape detail in a given configuration and thereby allows creating visual stimuli where
variations in complexity and symmetry can be effectively weighed against each other in further studies.

5. Conclusions

The visual attractiveness of 2D fractal design shapes greatly depends on the “symmetry of things
in a thing” in configurations with simple geometry, as shown in this pilot study here on the example of
a few very basic fractal mirror-trees. In simple displays, which are often surprisingly well suited for
probing the most complex perceptual mechanisms [58], the smallest fractal deviation from a perfect
“symmetry of things in a thing” is shown here to have significantly negative effects on subjectively
perceived beauty and preference judgments. These findings are to encourage further studies with more
sophisticated fractal design objects, and an increasingly large number of fractal iterations, producing
more and more complex 2D mirror designs, and shapes with increasing levels of rotational symmetry in
3D. Such design objects are ideally suited for a numerically controlled manipulation of the “symmetry
of things in a thing”, and can be tailored for investigating complex interactions between symmetry
and complexity in their effects on visual sensation and aesthetic perception.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Symmetry is a salient aspect of biological and man-made objects, and has a central
role in perceptual organization. Two studies investigate the role of opposition and identicalness
in shaping adults’ naïve idea of “symmetry”. In study 1, both verbal descriptions of symmetry
(either provided by the participants or selected from among alternatives presented by the
experimenter) and configurations drawn as exemplars of symmetry were studied. In study 2, a pair
comparison task was used. Both studies focus on configurations formed by two symmetrical
shapes (i.e., between-objects symmetry). Three main results emerged. The explicit description
of symmetry provided by participants generally referred to features relating to the relationship
perceived between the two shapes and not to geometrical point-by-point transformations. Despite
the fact that people tended to avoid references to opposition in their verbal definition of symmetry
in study 1, the drawings that they did to represent their prototypical idea of symmetry manifested
opposition as a basic component. This latter result was confirmed when the participants were asked
to select the definition (in study 1) or the configuration (in study 2) that best fitted with their idea of
symmetry. In conclusion, identicalness is an important component in people’s naïve idea of symmetry,
but it does not suffice: opposition complements it.

Keywords: visual symmetry; bilateral symmetry; identicalness; opposition; between-objects
symmetry; mirror-reflected pairs; mirrors

1. Introduction

The perception of symmetry has always been an intriguing subject for psychologists (for a review,
see [1,2]). It has also been studied in relation to aesthetics (e.g., [3–9]) and, in recent times,
to neuroscience [10,11].

Various studies have consistently demonstrated higher sensitivity (from the age of about four
months) for bilateral symmetry around a vertical axis even at very short exposure times [12–15] and in
various sense modalities [16,17]. Some studies have shown that the ability to detect mirror symmetry
around a particular axis depends on the frequencies of various different orientations within a block
of trials (e.g., [14,18]). This implies that the effect of orientation on the detection of symmetry is not
completely determined by a fixed neural architecture in the visual system but can be modulated
by scanning or attentional strategies. These findings do not negate the aforementioned preference
for bilateral symmetry around a vertical axis, they indicate that it may be necessary to adjust the
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hypotheses regarding the causes of the phenomena. Since the structure of the ecological world and
of artifacts is predominantly bilateral around a vertical axis, the preference for this type of symmetry
might depend on exposure.

As noted by Wagemans ([19], p. 346), much of what is known about the effects of several factors
on human detection of symmetry (thanks to decades of experimental work) has been inspired by
phenomenological observation. Regularity, for example, defined as the salience or perceptual strength
of a given pattern, is a classic phenomenological notion (or Gestalt notion) which has inspired a large
number of studies on symmetry (e.g., [20–33]). The study described in this paper starts from a similar
basis with the aim of analyzing whether and to what extent two phenomenological relationships,
namely opposition and identicalness, are salient components of adults’ naïve idea of symmetry.

Identicalness, opposition, similarity and diversity are directly perceived relationships, which are
basic to human perception and categorization [34–42]. Every time we make a comparison between two
stimuli these relationships inevitably emerge. Therefore, a reasonable question for a psychologist to ask
concerns the relationship which is perceived between two shapes recognized as being “symmetrical”
(e.g., Figure 1). This has been referred to as “between-object” symmetry to distinguish it from
“within-object” symmetry, i.e., when a single figure is involved and symmetry exists between its
individual parts [43,44].

Independently of whether we are talking of a within-object symmetry or between-object symmetry,
in geometrical terms symmetry is an isometry, that is, it is a transformation that maps elements to the
same or another metric space such that the distance between the elements in the new metric space
is equal to the distance between the elements in the original metric space (usually assumed to be
bijective). There are four plane isometries: reflection, rotation, translation and glide reflection. Here
we focus on reflection and we will reserve the word symmetry for reflectional symmetry. According to
a standard definition (see Figure 1): “a spatial configuration is symmetrical with respect to a given
plane E if it is carried into itself by reflection in E. Take any line l perpendicular to E and any point p on
l: there exists one and only one point p’ on l which has the same distance from E but lies on the other
side. The point p’ coincides with p only if p is on E. Reflection in E is that mapping of space upon itself,
S: p → p’, that carries the arbitrary point p into its mirror image p’ with respect to E” ([45], pp. 4–5).

Figure 1. The point by point transformation underlying the geometry of mirror symmetry (around
a vertical axis). “Take any line l perpendicular to E and any point p on l ( . . . ). Reflection in E is that
mapping of space upon itself, S: p → p’, that carries the arbitrary point p into its mirror image p’ with
respect to E” ([45], pp. 4–5).

Is this what people have in mind when they think of “symmetry”? In Euclidean geometry and
its applications, any reference to qualitative features which reveal experiential spatial constructs
are eliminated and replaced by abstract entities, definitions and terms. Conversely, the objective of
Experimental Phenomenology (e.g., [46–49]) is to identify, describe and define the properties and
relationships that are salient from the point of view of human direct experiences. The constructs
of “symmetry”, “identicalness” and “opposition” which are used in this paper, as well as those of
“regularity” or “goodness” which have been used in relation to symmetry, are all connected with this
theoretical perspective. In particular, we hypothesize that since bilateral symmetry is modelled on
a mirror reflection and since identicalness and opposition are salient features (as reviewed in Section 2),
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opposition and identicalness should emerge as a salient integral part of people’s perception and mental
representation of “symmetry”. The two studies presented in this paper test this hypothesis.

From Mirrors to Mirror Symmetry

Studies in the field of naïve optics [50] have revealed that when people are asked to determine the
reflected world from the “real world” they do not rely on the optical-geometrical point-by-point rule
(shown in Figure 1) even though they have explicit knowledge of this [50,51]. This is the same as the
evidence found in studies on naïve or intuitive Physics concerning movement. It was discovered that
when adults are asked to make predictions about simple physical phenomena—for example the case of
free falling objects [52–55], the trajectory of objects which have been thrown [56,57] or the orientation
of the surface of liquids in variously inclined containers [58,59]—many observers forget about what
they have learnt in school. Instead they base their responses on prototypical models that they have in
mind [60].

Among the proposals put forward to explain the systematic mistakes that adults make when
asked to predict the behavior of reflections (e.g., [61–64]) one concerns the hypothesis that people
think of reflections in terms of Identity and/or Opposition [65–67]. Most of the errors made [67–69]
are compatible with a generalization of the rule which states that “the reflection does the same”
(see Figure 2c) and/or “the reflection does the opposite” (see Figure 2b), which forms the basis of
the macroscopic geometry of the relationship seen between a “real object” and its reflection ([67]
(studies 4–5), [70]).

Figure 2. Some errors emerged in tasks which required participants to predict the location and direction
of motion in a reflection: (a) when the “real” person moved parallel to a vertical mirror on a wall,
many people expected her reflection to appear at the farther edge of the mirror walking towards the
“real person”; (b,c) when the “real person” moved at an angle towards a mirror, some people expected
the reflection to move along the same trajectory with an opposite orientation (b) or along the same
trajectory but with an identical orientation (c).

When people observe simple objects positioned in front of a vertical plane mirror or in motion at
various angles of incidence towards or away from the mirror, descriptions such as “the reflection has
an identical orientation/direction of motion” or “the reflection has an opposites orientation/direction
of motion as compared to that of the real object” are judged to be accurate (see [67] studies 4–5).
Similarly, when naïve observers see their own image in a plane mirror (or another person’s image),
they report that they perceive the orientation of the reflection to be opposite with respect to the real
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body [70]. The fact that our left arm in the reflection is our right arm is a visual characteristic which
we notice, especially when we are encouraged to focus on the lateralization of our body. However,
we also immediately notice that we are facing in one direction (e.g., north) while the reflection is
facing the opposite direction (i.e., south) and when we walk towards the mirror, the person in the
reflection moves in the opposite direction (i.e., representing opposition on the sagittal axis). When the
mirror is on the wall to the side of an observer, the reflection has an identical sagittal and gravitational
orientation with respect to the real person but is opposite in terms of the coronal axis; if the person
then moves laterally to his/her right (e.g., eastwards), the reflection moves in the opposite direction
(i.e., to the left and westwards). If the observer then positions him/herself on top of a mirror lying on
the floor, he/she again perceives the reflection as having an opposite orientation along the gravitational
axes (as the reflection is upside-down). In all of these conditions, the orientation of the reflection is
consistently described as “opposite” (rather than “identical”, “similar”, or “different”) in a percentage
of cases ranging between 80% and 100% of the participants, depending on the position of the mirror
(see [70], Figure 3). This concurs with the fact that participants in mirror tasks describe their reflection
as “identical” to themselves when looking at their reflection in a mirror set vertically in front of them or
to their side, or as “opposite” or “similar” to themselves when looking at their reflection in a mirror set
horizontally under their feet [70]. These findings are in agreement with studies carried out with various
types of visual stimuli which show that transforming the orientation of something into its opposite
orientation guarantees an overall perception of clear contrast and clear invariance at the same time,
and these seem to be the two conditions which are necessary for the relationship between two things or
events to be specifically recognized as contrary/opposite, rather than generically different [34,35,71].

In this study, we posed the question of whether the fact that reflections are phenomenally
associated with the recognition of identity and opposition (as mentioned above) can be generalized to
the naïve idea of symmetry, which adults have in mind. If so, the configurations that people consider to
be good examples of a “symmetrical configuration” should reveal not only identity but also opposition.
In other words, they should look more like those shown on the right side in Figure 3 than those shown
on the left.

Figure 3. Mirror symmetry applied to configurations that have different symmetrical structures.
On the left: shapes which are symmetrical along the axis parallel to the mirror minimize the perception
of contrariety (which remains relative only to the position of the shapes, i.e., one to the left and the other
to the right of the mirror axis) and maximize perception of identicalness. On the right: shapes which
are symmetrical only with respect to the axis which is orthogonal to the mirror axis but which are
asymmetrical with respect to the axis parallel to the mirror axis make the opposite orientation easier to
see (for farther explanations, see text).

The configurations displayed in Figure 3 are, from a geometrical point of view, equally valid
examples of reflections around a vertical axis. However, the configurations on the left look identical and
the only recognizable element of opposition concerns the localization of the two shapes with respect
to the mirror axis. Conversely, the configurations on the right show opposition as they show shapes
which are oppositely oriented. If visible opposition, in addition to visible identity, is an important
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component of people’s naïve idea of symmetry, then these configurations would not be equally good
and we should expect those on the right to be better examples.

2. Study 1

The aim of this study was to ascertain how important the role of identicalness and opposition is in
the explicit idea (i.e., verbal description) and implicit idea (i.e., mental representation or “prototypical
mental image” in Yates et al.’s terms [60]) that naïve subjects have of symmetry. The former was
assessed by asking participants to verbally describe the features characterizing two symmetrical shapes
(the 1st question in the experiment) and at the end of the session, requesting them to choose which
description out of three fit in best with their idea of symmetry (the 4th question). The implicit idea of
symmetry was tested by assessing the drawings done by the participants as examples of their idea of
symmetry (the 2nd and 3rd questions).

Since we were interested in understanding the relational aspects which characterize two
symmetrical figures and to prevent the participants from simply drawing stereotypical images of
symmetry such as a butterfly or a human face, we asked them to draw configurations consisting of
two shapes which were symmetrical to each other.

We expected explicit and implicit descriptions to be related, but not necessarily to coincide.
For example, participants might omit explicit references to opposition in their verbal description in
response to question 1, but then draw configurations that manifest the opposite orientation of two
figures (as those represented on the right in Figure 3) or, conversely, give verbal descriptions referring
to the opposition component and then draw configurations that do not display opposition (such as the
configurations on the left in Figure 3). Since we hypothesize that opposition is a structural implicit
component of symmetry, we anticipated that the former expectation would be more likely to occur.

The drawings were analyzed according to a series of features of interest for the purposes of this
study. These concerned, first of all, the shape of the figures forming the configuration (i.e., were they
symmetrical or asymmetrical?) and the orientation of the two shapes with respect to the mirror axis.
The reason why these features are important will become evident in Figure 4. The Figure represents
various examples of symmetrical configurations around a vertical mirror axis, black circles in the first
row, isosceles triangles in the second row and isosceles triangles with a piece missing in the third row.
The difference between these concerns: (i) the structure of the shapes forming the configuration in terms
of whether they are symmetrical or asymmetrical and the orientation of the shapes with respect to the
mirror axis (0◦, 20◦, or 90◦). The structure of the shapes (symmetry or lack of symmetry) is defined
by two internal axes which are orthogonal to each other, represented by dashed lines in Figure 4.
The orientation of the shapes with respect to the mirror axis is determined by three different angles:
in the first column (0◦), the shapes are positioned so that one of the internal axes is parallel and the
other is orthogonal to the mirror axis; in the second column, the shapes have been rotated by 20◦ with
respect to the original position and in the third column, they have been rotated by 90◦ with respect to
the original position.

If the shapes forming the configuration are symmetrical with respect to both of their internal axes
(Sym in Figure 4), it is impossible for the two shapes to be oppositely oriented, whatever their position
with respect to the mirror axis is. Conversely, if the shapes are symmetrical with respect to one axis
but asymmetrical with respect to the other axis (Asym 1 in Figure 4), it is only when the shapes are
positioned so that their internal axis of symmetry is parallel to the mirror axis (i.e., Asym 1 at 0◦ in
Figure 4) that the two shapes look identical to each other. In all other positions, the two shapes display
an opposite orientation and this becomes particularly salient when the internal axis of symmetry is
orthogonal to the mirror axis (i.e., Asym 1 at 90◦ in Figure 4). If the shapes are asymmetrical with
respect to both of their internal axes (Asym 2 in Figure 4), it is impossible for them to be organized in
such a way that they look identical and do not display an opposite orientation.

In order to determine whether opposition was visually evident or masked in the participants’
drawings, it was therefore critical to analyze the shapes in terms of whether they were Sym, Asym
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1 or Asym 2 and, in the case of shapes with one internal axis of symmetry (i.e., Asym 1), to analyze
how the participants positioned them with respect to the mirror axis, i.e., whether the internal axis of
symmetry was parallel to the mirror axis, as in the 0◦ column in Figure 4, or orthogonal to the mirror
axis, as in the 90◦ column in Figure 4.

Figure 4. The differences in perceptual impact of rotating the black shapes (original position: 0◦) by,
respectively, 20◦ and 90◦ angles with respect to the “mirror axis” (the solid vertical line). The dashed
lines indicate the two internal orthogonal symmetry axes. The shapes in the first row (Sym) are
symmetrical with respect to both their internal axes (indicated by small dashes); the shapes in the
second row (Asym 1) are symmetrical with respect to one axis (small dashes) and asymmetrical with
respect to the other axis (large dashes) and the shapes in the third row (Asym 2) are asymmetrical with
respect to both internal axes (large dashes). For a further explanation, see the text.

We also took into consideration, in the case of shapes that clearly pointed in a particular direction,
whether there was a preference for divergent or convergent patterns. Furthermore, we explored
whether the mirror axis of the prototypical configurations that the participants had in mind was more
frequently oriented vertically. If so, we further investigated how robust this aspect was in terms of
whether it was invariant in both drawings.

2.1. Materials and Method

2.1.1. Participants

109 undergraduate students of Psychology and Education at the University of Verona, Italy
(mean age 21.2; 74 females; 35 males). The study was approved by the Ethics Committee of the
University of Verona as the local ethics committee responsible and was conducted in accordance with
the Declaration of Helsinki (revised 2008). All participants gave their written informed consent in
accordance with the local ethics committee requirements.

2.1.2. Materials

A 5 page booklet with each page containing a different request:

(1) How would you define the relationship between two symmetrical shapes?
(2) Draw a clear example of your idea of two symmetrical shapes.
(3) Draw another clear example (radically different from the first two) of your idea of two symmetrical shapes.
(4) Which of the following three definitions best describes your idea of symmetry?
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(a) Two identical shapes
(b) Two opposite shapes
(c) Two identical and opposite shapes

The order of the four questions was the same for all participants; the order of the three definitions
in question four was randomized between participants.

2.1.3. Procedure

The experiment was conducted at the beginning of a class on a topic which was totally unrelated
to the issue. Participants were seated 6 seats apart in order to prevent them from influencing each
other. Each participant received a booklet. They were told to start from the first page and move to
the next one only after having completed the previous page. There were no time limits. All of the
participants took less than 10 min to complete the task.

2.1.4. Statistical Analysis

Responses were analyzed using Generalized Mixed effect Models (GLMM) [72]. All of the
variables analyzed in Study 1 are categorical variables. Responses were coded binomially (i.e., in terms
of use or non-use of each level of the categorical variable), and binomial family GLMMs (with logit
link function) were then conducted on the frequency of use of each level of the categorical variable
(i.e., proportion of use over non-use). Mixed effect models allowed us to deal with the variability
between participants as a Random effect. In cases involving significant main effects or interactions,
post-hoc tests using the Bonferroni correction were conducted and estimates were made of both the
non-standardized size of the effect (i.e., EST, which indicates the log odd ratio) and the standardized
size of the effect (i.e., Cohen’s index d; see [73–75]).

All analyses were carried out using the statistical software program R 3.3.1, with the “lme4”,
“car”, “lsmeans”, and “effects” packages. We performed Mixed Model ANOVA Tables (Type 3 tests)
via likelihood ratio tests implemented in the “afex” package.

2.1.5. Results

In this section, we will focus first on the verbal descriptions of symmetry given by the participants
in answer to question 1 and chosen in question 4; then we will analyze the drawings showing examples
of the idea of symmetry (questions 2 and 3). Lastly, we will assess any association between the verbal
descriptions in questions 1 and 4 and the drawings.

(I) Verbal descriptions of symmetry

The definitions produced by the participants in response to question 1 were classified into different
categories based on their content. The categories were defined by the experimenters after an initial
inspection of the responses. The classification was then conducted by two independent judges based
on these categories (with almost perfect agreement, Cohen’s κ index = 0.92). Four responses were
excluded from the analyses since they were either missing or tautological. The categories are listed in
Table 1, together with some examples of descriptions and the frequency of each category. Less than
3% of the descriptions given by the participants referred to a point-by-point transformation such that
shown in Figure 1 (see category a in Table 1). All the other responses referred to features relating to the
relationship perceived between the two shapes.

A GLMM (binomial family) tested whether some types of description were more frequently
given and this turned out to be the case (χ2

(7, 105) = 77.189, p < 0.0001, see top graph in Figure 5).
As post-hoc tests revealed, responses referring exclusively to the sameness of the two symmetrical
shapes (either in general, or specifying that they were the same in terms of shape and/or size—see
examples of the descriptions under the category b in Table 1) were significantly more frequent than all
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of the other response categories except for those responses which made exclusive and explicit reference
to a specular configuration (i.e., category c in Table 1; EST = 9.074, SE = 0.309, z-ratio = 2.934, p = 0.093).

The findings were as follows:

(a) Exclusive references to Sameness were significantly more frequent than references to both
Sameness and Opposition (categories b versus f in Table 1: EST = 1.292, SE = 0.334, z-ratio = 3.863,
p = 0.003, d = 0.376);

(b) The two most frequent types of description (i.e., categories b and c in Table 1), which together
amount to 61% of the total number of responses, do not explicitly refer to opposition;

(c) Only one response (i.e., less than 1%) mentioned the opposition component exclusively
(category e in Table 1: “Two symmetrical shapes are two opposite shapes”);

(d) Overall Opposition, in one way or another (i.e., categories e, f, and g in Table 1) was mentioned
in only 20 out of the 105 descriptions collected (i.e., 19.04%).

These results suggest that the perception of opposition was not prominent in the verbal definitions.

Figure 5. Effect plot of the proportional use of each of the various response categories for question 1
(top graph) or chosen from among the three alternatives in question 4 (bottom graph). Proportions
are reported on a logit link scale (as computed by the GLMMs described in the main text). Error bars
represent a 95% confidence interval.

A different picture emerged in the case of responses to question 4, for which participants were
asked to choose which out of the three descriptions (“Two identical shapes”, “Two opposite shapes” and
“Two identical and opposite shapes”) best fitted their idea of symmetry (χ2

(2, 109) = 48.769, p < 0.0001;
see bottom graph in Figure 5). “Identical and Opposite” was more frequently chosen as compared
to exclusive references to Opposition (EST = 4.564, SE = 0.741, z-ratio = 6.159, p < 0.0001, d = 0.601)
but “Identical and Opposite” was also more frequently chosen as compared to exclusive references to
Identicalness (EST = 1.250, SE = 0.284, z-ratio = 4.398, p < 0.001, d = 0.429).
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Table 1. The categories used to classify the definitions of symmetry produced by the participants in
study 1 (in response to question 1). Examples of each type of description and the frequency of each
category are presented.

Types of Descriptions Examples Counts (and %)

a. Geometrical [Shapes with corresponding points at the same
distance from the axis of symmetry] 3 (2.9%)

b. Same
[Identical shapes] [Perfectly overlapping shapes]
[Identical, coincident shapes] [shapes of the same
form] [Shapes of the same form and size]

42 (40.0%)

c. Mirror [Specular shapes] [Reflected shapes] 22 (21.0%)

d. Same + Mirror
[Shapes with same form and size, specular to each
other] [Similar shapes, as if reflected in a mirror]
[Specular/shapes with the same characteristics]

11 (10.5%)

e. Opposite [Two opposite shapes] 1 (1.0%)

f. Same + Opposite

[Identical shapes, but with one reversed with respect
to the other] [Same but contrary shapes] [Same and
opposite shapes] [Shapes with the same features but
which are inverted left to right]

16 (15.2%)

g. Same + Opposite + Mirror
[Reflected shapes: identical but reversed] [Specular
shapes: identical but inverted] [Equal and opposite
shapes, as if reflected in a mirror]

3 (2.9%)

h. Other [Two shapes, one near the other] [Shapes which are
parallel to each other] 7 (6.7%)

Total 105

Missing (missing responses or tautological responses) 4

(II) Prototypical representations

The following analyses was conducted on 76 of the first drawings and 75 of the second drawings
(some of them are shown in Figure 6). The other drawings were not considered either because they
showed only one shape and not two as requested or because they were incorrect (i.e., they did not
display symmetry). The latter was the case for 6 (i.e., 5.5%) of the drawings done as a first representation
and 8 (i.e., 7%) of the drawings done as a second representation.

For all the variables considered in the following analyses, the assessment of the drawings
was conducted by two independent judges, with inter-rater agreement ranging from very good
(Cohen’s κ = 0.84) to excellent (Cohen’s κ = 0.94).

Figure 6. Some of the drawings done by the participants as examples of their idea of symmetry (in
response to questions 2 or 3).

Mirror axis: vertical, horizontal or oblique? A GLMM was performed to analyze the orientation of
the mirror axis in relation to the two drawings (first and second). A main effect of Orientation of the
mirror axis emerged (χ2

(2, 86) = 123.448, p < 0.0001). As shown in Figure 7 (top graph), participants
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more frequently drew configurations displaying a Vertical mirror axis than a Horizontal mirror
axis (EST = −3.855, SE = 0.392; z-ratio = −9.843, p < 0.0001, d = −1.061), which in turn was more
frequently used than an Oblique mirror axis (EST = 1.835, SE = 0.685, z-ratio = 2.678, p = 0.022,
d = 0.288). As shown in the central graph in Figure 7 (which shows the interaction between Drawing
and Orientation: χ2

(2, 87) = 14.677, p = 0.0006), this distribution held for both the first and the second
drawings. However, configurations displaying a horizontal mirror axis tended to be drawn more
frequently in the second drawing as compared to the first (EST = −1.666, SE = 0.592; z-ratio = −2.816,
p = 0.07, d = 0.274).

A combined analysis of the two drawings done by each participant was performed to determine
whether the participants had used vertical axes in both drawings, horizontal axes in both drawings or
had opted for a mixed solution. This allowed us to assess how robust the idea of a specific orientation of
the mirror axis was in the participants’ minds. A combined GLMM was conducted on the mirror axes
in Drawings 1 and 2 and the results are represented in the bottom graph in Figure 7 (χ2

(4, 56) = 57.357,
p < 0.0001). As confirmed by the post-hoc tests, the most frequent orientation was vertical in both the
first and second drawings (EST = 3.152, SE = 0.58, z-ratio = 5.352, p < 0.0001, d = 0.715) despite the fact
that participants had been explicitly told in the instructions that the second drawing should present
a radically different example of symmetry to the first drawing.

Orientation of the Configuration Mirror Axis
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Figure 7. Effect plots of the Orientation of the mirror axis in the configurations drawn by participants.
Top graph: Main effect of mirror axis Orientation. Central graph: interaction between mirror axis
Orientation and Drawing. Bottom graph: Main effect of a combined analysis of the two drawings done
by each participant. In all plots, error bars represent a 95% confidence interval.

Symmetrical or asymmetrical shapes? The shapes in the drawings were classified according to
whether they were symmetrical around both their vertical and horizontal axes (see the configurations
in the top row in Figures 4 and 6), asymmetrical with respect to both the vertical and horizontal axes
(see the configurations in the third row in Figure 4 and in the third and fourth rows in Figure 6) or
symmetrical around one axis and asymmetrical with respect to the other (see the configurations in
the second row in Figures 4 and 6). As explained in the introduction of the study, when commenting
on Figure 4, the symmetry/asymmetry of the shape is relevant since opposition emerges only with
shapes which are asymmetrical with respect to at least one axis.

A GLMM was conducted to analyze the shapes in the two drawings according to the level of
Symmetry/Asymmetry they displayed. The main effect of Symmetry/Asymmetry was confirmed
(χ2

(2, 86) = 17.758, p < 0.0001), with no interaction with Drawing (χ2
(2, 86) = 2.412, p = 0.299). As shown

in Figure 8, the drawings were based on asymmetrical shapes in the majority of cases: asymmetrical
shapes (either Asym 1 or Asym 2) constituted around 75% of the total, including both the first and
second exemplars. Perfectly symmetrical shapes, i.e., shapes that minimized the opposition component,
accounted for less than 25% of the configurations.

Post hoc tests revealed that participants had a preference for shapes which were symmetrical
around one axis and asymmetrical around the other axis (i.e., Asym 1 in Figures 4 and 8). This was
more frequent than either perfectly symmetrical figures (EST = 1.113, SE = 0.264, z-ratio = 4.208,
p < 0.0001, d = 0.453) or figures which were asymmetrical with respect to both the horizontal and
vertical axes (EST = 0.600, SE = 0.248, z-ratio = 2.414, p < 0.05, d = 0.260).

How were the shapes which were symmetrical around one axis (i.e., Asym 1) oriented with respect to the
mirror axis? We analyzed the positioning of the shapes when they were symmetrical with respect to one
axis and asymmetrical with respect to the other axis (i.e., Asym 1, see the configurations in the second
row in Figures 4 and 6). We studied whether the opposite orientation of the shapes was manifested
(i.e., with the symmetrical axis orthogonal to the mirror axis) or absent (i.e., with the symmetrical axis
parallel to the mirror).

We performed another GLMM on the Orientation of the shapes (both the first and second
Drawing) with respect to the Mirror axis (Parallel or Orthogonal). A main effect of Orientation
emerged (χ2

(1, 57) = 38.572, p < 0.0001). As shown in Figure 9, participants more frequently positioned
the shapes with their internal axis of symmetry orthogonal with respect to the mirror axis rather than
parallel to it (EST = 3.434, SE = 0.516, z-ratio = 6.657, p < 0.0001, d = 0.882). This means that they chose
a configuration that made the opposite orientation of the two shapes evident.
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Figure 8. Effect plot of the use of symmetrical and asymmetrical shapes in the drawings done by
the participants to exemplify their idea of a “symmetrical configuration” (Asym 2 = asymmetrical
with respect to both the vertical and horizontal axes; Asym 1 = symmetrical around one axis and
asymmetrical with respect to the other; Sym = symmetrical with respect to both the vertical and
horizontal axes). Error bars represent a 95% confidence interval.

Figure 9. Effect plot of the Orientation (Orthogonal or Parallel) of the internal axis of symmetry
of the shapes drawn by participants with respect to the mirror axis. Two examples of orthogonal
configurations are shown on the left and one example of parallel configuration is shown on the right.
Error bars represent a 95% confidence interval.

A further GLMM was conducted to ascertain whether, in cases in which the two shapes pointed
in a direction which was orthogonal to the mirror, the participants more frequently drew two shapes
pointing away from the mirror axis (i.e., a divergent configuration) or two shapes pointing towards
the mirror axis (i.e., a convergent configuration). No significant effect of Convergent/Divergent
Orientation emerged, either as a main effect (χ2

(1, 43) = 1.490, p < 0.222), or interacting with Drawing,
(χ2

(1, 43) = 0.043, p = 0.835).
(III) Associations between verbal and iconic descriptions

We wondered whether there was an association between the descriptions given in answer to
question 1 or selected from among alternatives in question 4 and the drawings. In particular, we wished
to determine whether definitions which made reference exclusively to identicalness were associated
with drawings showing shapes that maximized identicalness and minimized opposition (i.e., perfectly
symmetrical shapes, i.e., Sym) and, conversely, definitions that mentioned an opposition component
were associated with drawings showing asymmetrical shapes (i.e., Asym 1 and Asym 2).

We created a new three level variable labelled Iconic Pair to further classify the shapes in the
drawings: (1) both shapes symmetrical (i.e., Sym); (2) both shapes asymmetrical (i.e., Asym 1 or Asym
2) and (3) mixed, i.e., one symmetrical (i.e., Sym) and the other asymmetrical (i.e., Asym 1 or Asym 2).
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A first GLMM was carried out to determine whether there was any association between Iconic
Pair levels and the responses to question 1 which had been re-coded according to three Categories:
responses referring exclusively to identicalness (i.e., category b in Table 1); responses referring explicitly
to Opposition (i.e., categories e + f + g in Table 1) and responses generically referring to a specular
configuration, without mentioning opposition (categories c and d in Table 1). The interaction between
the response categories in question 1 and the three Iconic Pair levels turned out to be significant
(χ2

(4, 57) = 9.353, p = 0.05). A second GLMM was then carried out to assess any association between the
Iconic Pair levels and the responses to question 4 (Identical; Identical and Opposite; Opposite). In this
case, too, the interaction between the responses to question 4 and the Iconic Pair levels turned out to
be significant (χ2

(4, 57) = 27.312, p < 0.0001).
We used mosaic plots to represent the association between the two variables [76–78]. A mosaic

plot represents the observed frequencies of a contingency table by means of the size of the tiles;
the interaction between variables by means of the asymmetrical non-alignment of the tiles and the
significance of the difference between observed and expected frequencies according to a specific model
(in our case a log-linear model of independence between variables) by means of the color of the tiles.
The color of the tiles corresponds to Pearson residuals and the bars to the right of each mosaic show
which color corresponds to residuals greater than the cut-off points |2| (corresponding to α = 0.05).

As shown in Figure 10, in the mosaic plot on the left, the responses to question 1 that mentioned
only identicalness were more frequently associated with iconic representations that used symmetrical
shapes (either in both the 1st and the 2nd drawings or in one of the two). Similarly, as shown in the
mosaic plot on the right, those responses to question 4 that mentioned only identicalness were less
frequently associated with iconic representations that used asymmetrical shapes in both the 1st and
the 2nd drawings. Conversely an association emerged between using asymmetrical shapes in both
the first and second drawings and selecting Identical and Opposite as the most fitting description in
question 4.

Figure 10. Mosaic plot showing the association between the three Iconic Pair levels relating to the
shapes drawn by participants as exemplar configurations (in terms of symmetry/asymmetry) and the
responses to question 1 (mosaic on the left) and question 4 (mosaic on the right).

3. Study 2

Study 2 was designed to further test (by means of a comparison task) the hypothesis that the
phenomenal evidence of symmetry is more aligned with a perception of opposition in addition to
identicalness, as compared to identicalness alone. Participants were asked to choose which of the
two matched configurations better represented their idea of symmetry.
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Various types of configurations and pair comparisons were presented in order to prevent
participants from responding strategically (demand characteristics). In some cases, there were two
configurations, both of which only showed evidence of identicalness; in other cases there were
configurations that both showed evidence of identicalness and opposition and in another case the
match was between a configuration which only showed identicalness and a configuration which
showed both identicalness and opposition. The latter case was critical as it enabled us to test our
hypothesis. If identicalness and opposition are the two salient components underlying the perception of
symmetry, then the pairs showing opposition should be chosen over those showing only identicalness.

3.1. Materials and Method

3.1.1. Participants

70 undergraduate students of Psychology and Education at the University of Verona, Italy
(mean age 23.8; 45 females; 25 males).

3.1.2. Materials

A 36-page booklet with each page containing two different configurations each consisting of
a pair of shapes (the order of the pairs was randomized between participants and the order of the
two configurations forming each pair was counterbalanced). Eight of the 36 pairs presented were
catch trials and these consisted of a symmetrical configuration and a non-symmetrical configuration.
They were introduced to check participants’ understanding of the task, but were then excluded from
data analysis. The other pairs are shown in Figure 11.

Figure 11. The configurations used in the pair comparison task in study 2. The pairs inside the red
borders are those instantiating a match between a configuration which shows only identicalness and
another which shows both identicalness and opposition. The pairs inside the blue border are formed
of two configurations both of which show identicalness and opposition. The configurations which
are not inside a border are the pairs which are formed of two configurations, both of which only
show identicalness.
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3.1.3. Procedure

The experiment was conducted at the beginning of a class on a topic which was totally unrelated
to the issue. Participants were seated 6 seats apart to prevent them from influencing each other.
Each participant received a booklet. They were asked to choose which of two matched configurations
they considered the best fit to their idea of a “symmetrical configuration”. They were told to start from
the first page and move to the next one only after having completed the previous page. There were no
time limits. All of the participants took less than 10 min to complete the task.

3.1.4. Statistical Analysis

The responses were analyzed using the Thurston Case V scaling (package “psych” [79]) and
Generalized Mixed effect Models (GLMM).

3.1.5. Results

Figure 12 shows the scaling of the configurations based on a paired comparison model
(goodness of fit of the model = 0.98). The results of the scaling are in clear agreement with the
hypothesis; the configurations showing identicalness and opposition were generally preferred as
representatives of symmetry as compared to configurations showing only identicalness.

Figure 12. Scaling of the configurations used in the pair comparison task (based on the Thurston
Case V scaling).

Two further analyses were conducted on two subsets of the original data in order to analyze
whether the perception of symmetry was preferentially associated with divergent configurations
or convergent configurations or whether there was no difference between the two. A first GLMM
(binomial family, with Participants and Stimulus pair as Random effects) was performed on the subset
of stimuli with red borders in Figure 10 which consist of a configuration showing identicalness and
another showing identicalness and opposition in a convergent pattern (i.e., AE, AG, BE, BG, CE, CG,
DE, DG in Figure 10) as compared to a configuration showing identicalness and another showing
identicalness and opposition in a divergent pattern (i.e., AF, AH, BF, BH, CF, CH, DF, DH in Figure 10).
No significant difference emerged (χ2

(1, 70) = 1.861, p = 0.172). It should be noted that participants were
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not directly asked to choose between a convergent configuration versus a divergent configuration
but between a pattern showing identicalness and a pattern showing opposition (either divergent
or convergent).

Conversely, when the participants were presented with the subset of stimuli in the blue border
in Figure 10 (i.e., EF, EH, FG, GH) they were asked to make a forced choice between a divergent
configuration and a convergent configuration. The GLMM performed on the responses to this set of
stimuli revealed a significant effect of Orientation (χ2

(1, 70) = 7.422, p = 0.006). Convergent patterns were
selected more frequently than divergent patterns (EST = 0.536; SE = 0.197; z-ratio = 2.724; p = 0.006;
d = 0.326).

4. Discussion

The study aimed to investigate adults’ naïve implicit and explicit idea of symmetry by means of
various tasks. We started by studying the verbal definitions of “symmetrical configuration” provided
by the participants. They rarely (3%) referred to the type of transformation that is usually presented as
an example of symmetry in geometry textbooks, i.e., a point-by-point correspondence (see Figure 1)
or a rotation around an axis of symmetry. It should be noted that demonstrating that two symmetrical
objects correspond by rotating one object on a 3D dimension around the axis of symmetry in order
to make it match the other, is a shortcut that works specifically for geometry on a plane. We cannot
exclude the possibility that the participants (n = 12/105) who explicitly mentioned a coincidence
between the two figures in response to question 1 were thinking in terms of this type of rotational
transformation. However, since they did not explicitly state this, it cannot be taken for granted that
this was the case.

The participants usually described symmetry in terms of an overall relationship of identicalness
(cited in around 68% of the responses, see Table 1, b + d + f + g) or a mirror reflection (cited in around
35% of the total number of responses, see Table 1, c + d + g). Opposition was mentioned in less
than 20% of the total number of responses (see Table 1, e + f + g). These findings indicate that the
relationship which is perceptually evident between two shapes is a salient aspect of adults’ idea of
symmetry (and that people refer to this rather than to geometry), but opposition seems not to be
a salient aspect per se. One could argue that the participants in our study who mentioned the mirror
structure in response to question 1 might have been thinking precisely of the oppositional component
which characterizes mirror reflections. Again, this is not something that we can take for granted.
What is clear is that, when in question 4, Study 1, the participants were asked to select which of
three definitions represented the best description of symmetry, only 1/3 of them chose the reference
to mere identicalness. The majority (2/3) preferred “identical and opposite” as the most fitting
definition. This last finding is also in line with the results of the analyses of the drawings done by the
participants which in the majority of cases (around 80%) used asymmetrical shapes rather than perfectly
symmetrical shapes, i.e., their drawings clearly showed a reversed orientation of the two shapes around
a mirror axis rather than configurations that masked this oppositional component. When the shapes
had one internal axis of symmetry, the opposition element was evident, i.e., the participants had
positioned the “Asym 1” shapes so that their internal axis of symmetry was orthogonal to the mirror
axis, rather than parallel to the mirror axis which would have made their identicalness more evident.
There was also a strong preference for symmetry around a vertical axis. This result confirms a finding
which has been discussed at length in previous literature (see the introduction) and provides evidence
that this preference can be extended not only to the visual detection of symmetry or to aesthetic
preferences but also to the prototypical representation of symmetry that people have in mind.

In study 2, participants were presented with images and were asked to select the one which fit in
better with their idea of symmetry. Again, a strong preference for configurations showing opposition
emerged. However, it is not clear whether the participants’ perception of symmetry tended more
towards convergent or divergent patterns, as defined by the orientation of the shapes, i.e., whether they
pointed towards or away from the mirror axis. There were no indications of this in the configurations
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drawn in study 1 and only a partial preference for convergent configurations emerged in study 2
from an analysis of the pair comparisons which showed a direct match between convergent and
divergent patterns.

In conclusion, the studies presented in this paper support the conclusion that identicalness is
an important component in people’s naïve idea of symmetry, but it does not suffice: opposition
complements it.

Potential Impact and Limitations of the Study

Both of the studies presented in this paper focus on configurations formed of two shapes with
symmetry defining the relationship between them, rather than on configurations formed of one shape
in which the symmetry is determined by the relationship between individual parts of the shape.
We know from previous literature that symmetry is not detected in exactly the same way when it is
a “within-object” relationship as compared to a “between-objects” relationship [43,44,80]. We also
know that this distinction is not simply related to whether one shape/object or more shapes/objects
are involved since, for instance, in band patterns, grouping establishes phenomenal motifs that parse
the band in sub-unities thus transforming what, locally defined, are between-objects relationships
into within-object relationships [81]. Our decision to concentrate on a specific type of configuration
(formed of two shapes) was motivated by our interest in exploring symmetry as a specific visual
relationship between two objects. This was the specific aim of the research and the generalizability of
the results discussed here are of course limited to this area.

Despite this, the results of this research provide new evidence regarding the existence of
a qualitative aspect which is inherent to the structure of what people think of as “symmetrical”
and that it makes sense, therefore, to consider the issue of how well a configuration represents
“symmetry”. This is not related to its geometrical definition or to aesthetic considerations but rather
regards structural aspects related to the perceived relationship between two shapes. From a geometrical
point of view, there are various different types of symmetry (e.g., central, bilateral etc.) and there may
be various symmetrical axes but this does not make the property of “being symmetrical” qualitatively
gradable. On the other hand, studies on aesthetic judgments of symmetry can assess and measure
to what extent people appreciate a particular shape or configuration (e.g., [82–85]) and this goes to
show that symmetrical patterns can be graded from a qualitative point of view based on the observer’s
assessment of pleasantness. The studies presented in this paper, however, take a different approach.
They show that a configuration may be perceived as being a better or worse exemplar of symmetry
on the basis of some relational features which are evident, namely, opposition and identicalness.
Our findings add to previous results which have shown, for instance, that the perception of symmetry
is sensitive to aspects such as changes in the spatial arrangement of motifs, even when these alterations
do not modify their formal classification [86].

One might raise the issue of whether the participants in study 2 chose images that made both
identicalness and opposition evident since they were more salient (i.e., less redundant) and therefore
attracted their attention. This would be interesting to investigate in the future. Since salience is
closely linked to perceptual organization (e.g., [48]) and salient stimuli tend to be associated with
beauty (e.g., [87]), one might also raise the question of whether the participants selected configurations
which showed both identicalness and opposition because those were more aesthetically pleasing.
However, we have no reason to believe that they had understood that the task involved indicating
a preference. In effect, this issue is more promising when considered in the light of whether these
“prototypical features” influence judgments of beauty and pleasantness. For example, it might be
interesting to test whether judgments of beauty are associated with a specific balance between
opposition and identicalness or with extreme evidence of one of these two elements or whether
they are totally independent from these relational aspects.

Lastly, another issue concerns the potential influence of literacy. It has been shown that the
spontaneous inclination to identify an image as the same, regardless of its left-right orientation
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(a phenomenon known as “mirror invariance” or “mirror generalization”), is inhibited by literacy.
While mirror generalization is spontaneously found in infants (for a review, see [88]), in a same-different
task involving mirror-reflected pairs, literate adults familiar with the Latin alphabet found it difficult
to answer “same” to mirror-reversed stimuli than illiterate adults [89–91]. This has been explained
in terms of the acquisition of a written system that incorporates mirrored letters (e.g., b and d),
in the sense that this enhances sensitivity in the discrimination of lateral mirror-images (see also [92]).
The participants in our study were all adults familiar with the Latin alphabet. A cross-cultural study
in order to verify whether the sensitivity to contrasts in orientation which is a characteristic of the
idea of symmetry according to our study is related to literacy or is a more general phenomenon may
be worthwhile.
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