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mirror based on the movement of the corresponding object or, vice versa, predict the movement of the material
object based on the movement of its reflection. We used simple movements in the experiments: movements in a
straight line at various angles with respect to the mirror. Despite the simplicity of the task, some of the partici-
pants made incorrect predictions in a percentage of cases ranging from 0% to 54%, depending on the angle.

Keywords:

Mirrors Asymmetries between the two directions of prediction emerged, in particular in terms of types of error. Results
Reflection confirmed a cognitive difference between deriving the reflected (virtual) world from the “real” (material) world
Naive optics and vice versa. In particular the expectation that something will be opposite in a mirror is more salient when peo-
Viewpoint ple imagine how a reflection will be with respect to the material world rather than when they imagine how the ma-
Identity terial world will be with respect to a reflection.

Opposition © 2015 Elsevier B.V. All rights reserved.
1. Introduction same when people are asked to predict one feature of a material object

based on its reflection or, vice versa, predict one feature of a reflection
based on its material counterpart? From an optical and geometrical
point of view the transformation is symmetrical and the question
might sound silly. But studies on naive physics (e.g. McCloskey, 1983a,
1983b; McCloskey, Washburn, & Felch, 1983; McCloskey, Caramazza,
& Green, 1980) and naive optics (e.g. Croucher, Bertamini, & Hecht,
2002; Lawson & Bertamini, 2006; Bianchi & Savardi, 2012) have clearly
demonstrated that people do not necessarily reason in terms of the
physical or optical laws which they were exposed to at school (and
which in many cases they only recall as explicit knowledge) when
they make predictions about the trajectory or speed of moving objects
or about how reflections in mirrors behave. They base their prediction
on what they imagine and imagining slightly different scenarios alters
their prediction. A paper which epitomizes this is Yates et al. (1988)
which shows how people radically change their prediction concerning
the trajectory of a moving object in situations when small changes to
the imagined scenario are suggested even if the scenarios are all subject
to the same physical laws. Therefore, any differences discovered be-
tween predictions about movement in a reflection based on the imag-
ined movement of the corresponding material object and, conversely,
predictions about the movement of a material object based on its reflec-
“+ Comrespondi tion would help us to understand how people think of mirrors from a
ponding author.

E-mail addresses: ivana.bianchi@unimc.it (1. Bianchi), m.bertamini@liverpool.ac.uk cognitive point of view rather than in merely optical-geometrical
(M. Bertamini), ugo.savardi@univr.it (U. Savardi). terms. In the present paper we describe two experiments involving

“...there's the room you can see through the glass — that's just the

same as our drawing room, only the things go the other way.”

[Lewis Carroll (Through the Looking Glass and What Alice Found There,
1871, p. 8)]

Mirror reflections are common phenomena in modern environ-
ments and the fascinating history of mirrors has been the subject of a
number of popular books (Melchior-Bonnet, 2001; Pendergrast,
2003). We interact with mirrors on a daily basis, for instance when driv-
ing, in a gym or a dance class, or in the morning before leaving home
when we glance in the mirror to see if we look alright. Interacting
with mirrors requires some understanding of the correspondence be-
tween what we see in a mirror and the object that exists outside the
mirror, but this understanding may be implicit or explicit. Some studies
have documented the reasoning that people go through regarding the
correspondence between material objects and reflections (see next sec-
tion), but an issue that has not been systematically investigated is
whether this correspondence is symmetrical or not: is the answer the
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predictions of simple movements and analyse the results. In the first ex-
periment we used a paper and pencil task, and in the second a real-life
setting.

1.1. Predicting the correspondence between an object and its reflection

Memory for layouts is generally very good in humans (Simons,
1996). The layout of a scene is matched by the layout of a reflected
scene. Various studies have directly or indirectly addressed the issue
of how people understand this relationship, but they have never taken
into consideration whether the perception of this relationship is identi-
cal in both directions, i.e. from a reflection to the material world or vice
versa.

1.1.1. Correspondence of size

People are accurate when they make judgments about the size of a
material object starting from the corresponding reflection (Bianchi,
Savardi, & Bertamini, 2008; Higashiyama, 2004; Higashiyama,
Shimono, & Zaitsu, 2005; Jones & Bertamini, 2007). The situation is
very different when judging the size of an image on the surface of a mir-
ror: predictions of the size of the reflection of one's own head, of another
person's head, or the size of a simple figure are, for example, biased
(Bertamini & Parks, 2005; Lawson & Bertamini, 2006; Lawson,
Bertamini, & Liu, 2007). However, in this study we will not consider
the information on the mirror surface and focus instead on the link be-
tween material and virtual objects.

1.1.2. Correspondence of location

Another aspect concerns the correspondence between the position
occupied in space by an object or body and that of its reflection. It has
been shown that people are reasonably accurate when they judge the
orthogonal distance of an object from a flat mirror surface basing their
assessment on its reflection (Higashiyama & Shimono, 2004). However,
when lateral positions are involved they are less accurate. For example,
20%-40% of adults expect a person entering a room and moving parallel
to a mirror surface to see their reflection appear at the far edge rather
than the near edge of the mirror (Bertamini, Spooner, & Hecht, 2003).
Similar errors are found with movements at various angles of incidence
with respect to the mirror (Savardi, Bianchi, & Bertamini, 2010). More-
over, many adults expect to see what seems to be a slight expansion of
the space directly in front of the mirror in a reflection, independent of
the observer's viewpoint (Bertamini, Lawson, Jones, & Winters, 2010;
Bianchi & Savardi, 2012; see also Croucher et al., 2002). This also holds
for depicted scenes (Bertamini, Latto, & Spooner, 2003).

1.1.3. Correspondence of orientation

For decades psychologists have been discussing how reflections dis-
play a reversal of the left-right orientation (Corballis, 2000; Gardner,
1964; Gregory, 1987, 1996; Haig, 1993; Ittelson, 1993; Ittelson,
Mowafy, & Magid, 1991; Morris, 1993; Navon, 1987; Tabata & Okuda,
2000; Takano, 1998). Recently, it has been demonstrated experimen-
tally that this reversal - defined in terms of the intrinsic frame of refer-
ence of an object or body - is not the only reversal characterizing the
structure of reflections and neither is it the reversal which adult ob-
servers notice first: what they notice and describe is the opposite orien-
tation of reflections along the axis which is orthogonal to the mirror
with respect to an allocentric frame of reference (Bianchi & Savardi,
2008; Savardi et al., 2010). It is also important to remember how mir-
rors are used in everyday life and in particular in relation to faces. People
generally see their own face from a frontal view. As a consequence, self-
recognition has been found to be superior for full-frontal views as com-
pared to other viewing angles, but this pattern does not extend to the
recognition of other people's faces (Laeng & Rouw, 2001; Troje &
Kersten, 1999).

These three types of correspondence and people's expectations
concerning them are also often used in depicted scenes or manipulated

in artworks that make use of mirrors, as exemplified by Bertamini, Latto
et al. (2003); Hockney (2006) and Savardi and Bianchi (2014).

1.2. Psychological models of the correspondence between material and
reflected objects

In terms of optics, there is a simple principle underlying reflections
in a planar mirror. The ray of light forms incidence and reflection angles
that are equal and coplanar, and the distances of the corresponding
points along these rays are also equal. However, cognitive scientists
have shown that even when adults have explicit knowledge of this
law, they do not use it to predict the behaviour of reflections. This was
revealed when participants in an experiment were asked to predict
when a person walking parallel to a mirror hanging on a wall would
start seeing his/her reflection or the reflection of another object
(Croucher et al., 2002). The same occurred when, in another experi-
ment, the participants were requested to predict the extension and
angle of a mirror's field of view, given various positions of the observer
(Bianchi & Savardi, 2012). Beyond these two studies, which directly
tested whether people possess an explicit knowledge of the physical
rule of reflection even if they do not use it, one can in general maintain
that all the errors reported in the literature on naive optics are indirect
proof that people do not apply the correct physical rule. If people were
applying it, errors would be rare.

Psychologists have tried to understand how naive subjects connect
the reflected world with the material world. Some of the initial hypoth-
eses, which resulted from the debate on the mirror question and the
left-right mirror reversal (e.g. Corballis, 2000; Gregory, 1996; Tabata &
Okuda, 2000; Takano, 1998), called into play viewpoint reversals, repre-
sentational reversals and optic reversals. Recently, on the basis of vari-
ous different types of errors made by adults (including left-right
reversal), two further hypotheses have been put forward. We refer to
these as the “rotational geometry hypothesis” and the “vector geometry
hypothesis”.

1) Rotational geometry: People may think of the virtual world in a mir-
ror in terms of a rotation of the world through the surface of the mir-
ror. This was first suggested by a localization error discovered when
participants in an experiment were asked to predict in which part of
a mirror a person walking parallel to it would see their reflection ap-
pear. Around 20-40% expected it to appear at the farther rather than
the nearer edge (Croucher et al., 2002). This is compatible with the
idea that they expected the virtual world to be rotated 180° with re-
spect to the material world. However, when the participants were
asked to identify the correct reflection from a series of pictures
showing a room and its reflection in a mirror, they were able to
say that the picture where the reflection showed a 180° rotation of
the room was incorrect (Croucher et al,, 2002). In another study par-
ticipants were asked to look at reflections of simple objects and de-
scribe the relationship between the reflection and the object.
Participants almost never described the reflection as being rotated
with respect to the object (Savardi et al., 2010, exps. 4-5). These re-
sults suggest that although some data is compatible with the idea
that people think of reflections in terms of a rotation (Hecht,
Bertamini, & Gamer, 2005) this is not a heuristic that people con-
sciously adopt. The rotational hypothesis has been re-proposed in a
less radical version by Muelenz, Hecht, and Gamer (2010). They
showed that the reconstruction of the virtual world is systematically
rotated counter-clockwise by an average angle of two degrees. How-
ever, as pointed out by the authors, this rotational error accounts for
small quantitative errors of localization but does not explain more
blatant qualitative errors such as those previously mentioned.

2) Vector geometry: These more serious qualitative errors have led re-
searchers to wonder whether the correspondence between material
and reflected worlds is cognitively modelled in terms of identity and
opposition (Bianchi & Savardi, 2008, 2009; Savardi et al., 2010). This
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hypothesis emerged from the results of perceptual tasks that re-
quired adults to describe the reflections of their bodies, other
people's bodies and simple objects and movements in plane mirrors
(in various positions) with respect to the material objects/bodies
(Bianchi & Savardi, 2008, 2009; Savardi et al., 2010, exps. 4-5). Pre-
diction tasks manifesting the generalization of the heuristics which
state that “the mirror does the same” or that “the mirror does the op-
posite” (Savardi et al., 2010, studies 1-3; Bianchi & Savardi, 2012)
also led to similar conclusions. The geometry of reflections in plane
mirrors can be thought of as a lawful combination of two compo-
nents: one, parallel to the mirror and identical, and another orthogo-
nal to the mirror and opposite (see Fig. 1).

3) When an object is positioned parallel to a mirror or orthogonal to it,
one of the two components is null and the relation is defined by the
other component: i.e. the orientation is identical in the first case
(Fig. 1a) and opposite in the second case (Fig. 1b). When an object
is positioned at an angle (Fig. 1c, d), both components interact and
the result is a mixture of the two. Observers, however, often simplify
these latter more complex conditions and apply the rule that holds
for the simpler conditions (i.e. parallel and orthogonal), expecting
the reflection to behave as shown in Fig. 2. These erroneous patterns
reveal an incorrect generalization of, respectively, the rule that “the
reflection does the same” (i.e. error type II, which means Identity
in both components) which is what one sees when something
moves parallel to a mirror (Fig. 1a), or the rule that “the reflection
does the opposite” (i.e. error type OO, which means Opposition in
both components) which is what one sees when something moves
orthogonally to a mirror (Fig. 1b).

a) b) d] d)

Fig. 1. Diagrams showing the relationship between the orientation of a moving object and
that of its reflection in terms of two vector components: one parallel to the mirror and
with the material movement and the reflection identical (I) and the other orthogonal to
the mirror and with the material movement and its reflection opposite (O). For more de-
tails see the main text.

2. The ability to predict corresponding movements in reflections

We know from the literature that when asked to predict the
reflected movement corresponding to a simple straight motion (at var-
ious angles of incidence with respect to the mirror, from parallel to or-
thogonal), people make systematic mistakes (Savardi et al., 2010,
exps. 1 and 3):

a) the errors relate to three types of incorrect patterns, as shown in
Fig. 2;

b) incorrect responses are more frequent when a paper and pencil task
is used as compared to when the prediction is evoked in a real-life
setting (i.e. when the participants enter a room along pre-defined
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Fig. 2. Correct reflection and the pattern of errors defined according to vector geometry (as
described in Fig. 1). These errors consist of a simplification of the geometry of reflections to
mere identity (error type II: “the reflection does the same”) and mere opposition (error
type 0OO: “the reflection does the opposite”) or involve confusion concerning which com-
ponent is identical and which is opposite (error type OI). In error types Il and OO the re-
flection is usually misplaced: it does not occupy the position it would in reality but is
aligned along the main axis of the figure, as represented in the diagrams in the bottom
row.

trajectories towards or away from a fake mirror);

¢) inthe real-life setting not only does the percentage of error decrease,
but also only one of the two more frequent errors in the paper and
pencil task (i.e. types Il and OO) persists, i.e. the error manifesting
the belief that “the reflection does the opposite” (00).

These are the results from studies where participants were asked to
predict reflections starting from material objects. The two experiments
presented in this paper “reverse” the direction of the prediction since
we wondered whether the previous findings would be confirmed
when predictions were based on the reflection rather than the material
object. We had no specific reason to expect the tasks to be asymmetri-
cal. However, since it has been found that most people respond to
these types of tasks by imagining a scenario rather than by applying
geometrical or optical rules (see the reports of participants in Bianchi
& Savardi, 2012, or Yates et al., 1988; see also Bianchi & Savardi,
2014), symmetry could not be taken for granted. Asymmetrical results
would indicate that there is a cognitive difference between how people
mentally model a reflected world from the corresponding material
world and vice versa. This could lead to new insights into how people
relate to mirrors and provide useful information on spatial modelling
related to material and virtual worlds.

In the first study presented in this paper, naive predictions were
studied by means of paper and pencil tasks. This type of task is common
in the previously cited literature on naive optics and has also, more in
general, frequently been found in literature on naive physics since the
original pioneering works by McCloskey et al. (1980). A handful of stud-
ies have involved asking participants to recognize the correct pattern
rather than making a prediction of their own (e.g. for naive physics:
Bozzi, 1959; McAfee & Proffitt, 1991; Runeson, 1974; for studies
concerning mirrors: Croucher et al,, 2002; Muelenz et al., 2010;
Sareen, Ehinger, & Wolfe, 2014) and people usually perform better in
this type of study. This is evidence that recognizing as compared to
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Fig. 3. The stimuli used in the paper and pencil task (from left to right: 0°, 22°, 67°, 90°).
Instructions: “The drawing represents an aerial view of a mirror (the longer line) and
the movement of an object (indicated by the arrow) reflected in a mirror. You are standing
where the grey circle is. Draw an arrow in front of the mirror indicating the movement
that would give rise to that reflection.”

producing a prediction (regarding a trajectory, a movement or an orien-
tation) involves different cognitive processes. These may be related to
memory, prototypical imagination, implicit knowledge or explicit
knowledge and this is exactly what has stimulated twenty years of re-
search in this area. As a result of this and due to the fact that it enables
us to make direct comparisons with previous literature, we too decided
to use paper and pencil tasks in our first experiment.

3. Experiment 1

The first experiment was designed to match Experiment 1 in Savardi
et al. (2010). Participants were provided with paper diagrams (see
Fig. 3) which were identical in size and appearance to that used in the
original study, but they had been “inverted” with regard to the direction
of the prediction: instead of telling participants that they were looking
at drawings representing the movements of an object and asking
them to predict the movement in the corresponding reflection, they
were told that they were looking at reflections and that they had to pre-
dict how the corresponding material object would move in order to
generate those reflections.

The aim of the study was to understand whether the number of er-
rors and the types of error would vary in the two prediction conditions.
We considered only movements towards the mirror (not away from the
mirror) since no significant differences had emerged between the two
conditions in the original study.

3.1. Method

3.1.1. Participants

Sixty undergraduate students (aged 20 to 25; 34 females) took part
in the study. They were undergraduate students doing an introductory
course in General Psychology at the University of Verona (i.e. the sample
of participants was comparable to those who took part in the original
study carried out by Savardi et al.). They were naive with respect to
the specific subject of the study.

3.1.2. Procedure

Each participant was presented with four sheets of paper, in random
order, each showing a schematic drawing as seen from above (an aerial
view) of a mirror with an arrow representing the movement reflected in
the mirror. The movements were all linear movements at angles of 0°
(i.e. parallel), 22°, 67° and 90° (i.e. orthogonal) with respect to the sur-
face of the mirror (see Fig. 3). Participants were asked to draw an arrow
indicating the movement of the material object that would correspond
to the movement in the reflection.’ The instructions were given verbally

! In the original paper where the “reverse” task was used (Savardi et al. 2010), the ar-
rows shown in Fig. 3 were printed on the opposite side with respect to the mirror. They
represented the movement of the material object (not of the reflection as in our case)
and were therefore located in the real space with the observer and not in the virtual space.
The angles of inclination were the same. In the original study, both movements towards
the mirror and away from the mirror were considered. Since no significant differences
emerged between these two conditions, in the present study we considered only move-
ments towards the mirror.

by the experimenter and were also printed at the top of each sheet. Be-
fore they started, the experimenter verified that the participants had
understood the task and asked if they had questions.

3.2. Results

Responses were analysed in terms of the two components described
in Fig. 1, one parallel and the other orthogonal to the mirror. In addition
to correct responses, there were three types of errors, as represented in
Fig. 2:

- Error type OO (parallel component: Opposite; orthogonal compo-
nent: Opposite).

- Error type II (parallel component: Identical; orthogonal component:
Identical)

- Error type OI (parallel component: Opposite; orthogonal compo-
nent: Identical).

Both Error type OO and Error type II are oversimplifications: in one
case the reflection is expected to do the opposite (0O) to the material ob-
ject; in the other case, it is expected to do the same (II) as the material ob-
ject. In Error type OI there is some confusion regarding the identity and
opposition of the two components: they are inverted with respect to
how they should be. Classifications were made by two independent
raters (Cohen's kappa inter-rater agreement = 0.96).

The responses from Experiment 1 (i.e. predictions of the movement of
a material Object based on the reflection, from now on PredictO) were
compared with the data relating to the inverse condition (i.e. predictions
of a movement in a Reflection based on the material movement, from
now on PredictR), i.e. the dataset from Experiment 1 in Savardi et al.
(2010). The overall set of data was analysed with Generalized Mixed Ef-
fect Models (GLMMs). The problem with frequency data is that they may
be correlated (e.g. when a number of predictions are made by the same
participant, as is the case in our study since Angle was studied within sub-
jects) and as a result may violate the independence assumption of both
Chi square and log-linear analyses. Generalized Mixed Effects Models
(GLMMs) are indicated in this case (Bates, Maechler, Bolker, & Walker,
2014a, 2014b) since they allow us to treat various types of dependent
variables, from binomial to scale values. GLMMs were thus used in the
following analyses, with Angle (0°, 22°, 67° and 90°) and Prediction con-
dition (PredictO, PredictR) as fixed effects, and Subject as a random effect.
Various dependent variables were considered, based on the specific re-
search question being addressed.

3.2.1. Correct versus incorrect responses

We first analysed the number of participants who gave correct ver-
sus incorrect (independently of the type of error) answers. As shown
in Table 1, the majority of participants were able to predict the corre-
spondence between the movement of the material object and its reflec-
tion. However the percentage of errors ranged between 13.3% and 51.2%
(this latter in the PredictR condition at 67°). If one considers that the
movements were extremely simple, these percentages are rather high.

To understand whether participants found the two conditions
(PredictO and PredictR) equally difficult and whether for some angles
the prediction was more difficult than for others (as the data in Table 1
suggest), we carried out a first GLMM with correct/incorrect as a binary
dependent variable (a logit link function was used), Angle and Condition
as fixed effects and Subject as a random effect. Both the Angle of inci-
dence (F(3554) = 15.215, p < 0.001) and the Prediction condition were
significant (F(; 554y = 5.000, p = 0.026), while no significant interaction
emerged between the two effects (F(3 554y = 0.598, p = 0.617). Let us
focus on the significant effect of Angle of incidence first: as shown in
Fig. 4 (top row), correct responses were less frequent for intermediate
angles (22° and 67°) and more frequent when the geometry of identity
and opposition is simpler since one of the two components is null, i.e.
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Table 1

Frequencies of correct responses and of the various types of errors for each of the stimuli
presented in the two conditions: prediction of the material object based on the reflection
(PredictO) and prediction of the reflection based on the material object (PredictR). Per-
centages are calculated by row, i.e. over the total number of responses collected for each
of the stimuli (participants were in total 60 in the PredictO condition and 83 in the
PredictR condition).

Condition Stimuli Responses
(defined "
by Angle) Correct Error Error Error Total
Il o)} 00
PredictO 0° 51 0 9 60
85.0% 0.0% 15.0% 100.0%
22° 40 10 4 5 59
67.8% 16.9% 6.8% 8.5% 100.0%
67° 36 11 2 9 58
62.1% 19.0% 3.4% 15.5% 100.0%
90° 52 8 0 60
86.7% 13.3% 0.0% 100.0%
Total 179 29 6 23 237
75.5% 12.2% 2.5% 9.7% 100.0%
PredictR 0° 63 0 19 82
76.8% 0.0% 23.2% 100.0%
22° 49 14 5 12 80
61.3% 17.5% 6.3% 15.0% 100.0%
67° 40 13 3 26 82
48.8% 15.9% 3.7% 31.7% 100.0%
90 72 11 0 83
86.7% 13.3% 0.0% 100.0%
Total 224 38 8 57 327
68.5% 11.6% 2.4% 17.4% 100.0%

at 0° and 90°. In this latter case, correct responses ranged between 76.8%
and 86.7% of the total number of responses. Bear in mind that in a GLMM
model like the one used here (which works on a logit transformation of a
binary variable), an equal proportion of the two categories (correct/incor-
rect) corresponds to a logit value of 0.5, whereas logit values greater than
0.5 indicate, in our case, that correct > incorrect responses and values
lower than 0.5 indicate that correct < incorrect responses. Thus, as
shown in Fig. 4, at 22° and 67° responses were still more frequently

correct than incorrect, but the estimated means were not far from 0.5
(i.e. an equal proportion of correct and incorrect responses). This trend
was common to both prediction conditions (PredictO, PredictR), as the
absence of a significant interaction between Angle and Prediction condi-
tion confirmed. However, as the main effect of Prediction revealed (bot-
tom diagram in Fig. 4), participants generally made more correct
predictions when asked to start from the reflection and predict the mate-
rial movement (PredictO) than vice versa (PredictR).

3.2.2. Types of error

Which specific trajectory was predicted when participants gave in-
correct responses? Some initial descriptive observations can be made
based on the overall percentages shown in Table 1. OI type errors
were not frequent: in both prediction conditions they ranged from 3%
to 7% of the total number of responses. Type II errors ranged from 13%
to 19% in both prediction conditions (PredictO: 13.3%-19.0%; PredictR:
13.3%-17.5%). Type OO errors were overall more frequent when partic-
ipants predicted the reflection starting from the material movement
(PredictR: 15%-31%) than when predicting the material movement
starting from the reflection (PredictO: 8.5%-15.5%). We need to remem-
ber that, in contrast to type Ol errors that manifest a confusion between
which component is opposite and which is identical in the reflection,
error types Il and OO display a reduction in the geometry of the reflec-
tion to only one of the two components: error type Il demonstrates
the expectation that a mirror will do the same - which is true for move-
ments which are parallel to the mirror or at 0° - and error type OO dem-
onstrates the expectation that a mirror will do the opposite — which is
true for movements which are orthogonal to the mirror or at 90°. In nei-
ther of these cases (error types Il and O0) do people expect a reflection
to behave in the same way and in the opposite way. Therefore, the fre-
quencies of the three types of errors suggest that the most frequent er-
rors involve simplified predictions, i.e. that the mirror will do the same
(error type II) or the opposite (error type 00). This is in agreement with
what Savardi et al. (2010) found. The same goes for the trend relating to
error type OO which becomes more frequent as the direction of the
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Fig. 4. The significant effects of Angle of incidence (top row) and Prediction condition (bottom row) as resulting from the GLMMs on the frequency of correct versus incorrect responses in
Experiment 1. Bars represent a 95% confidence interval. The top right diagram shows the contrasts between angles which turned out to be significant (represented by continuous lines with

corresponding statistics) and which did not (represented by dashed lines).
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movement gets closer to 90° (i.e. where the movement in the reflection
and that of the material object are in effect opposite).

We focused on the two more frequent categories of incorrect re-
sponses (i.e. error types Il and OO) and we wondered whether these
two types of errors affected the two prediction conditions in different
ways. Since it is statistically appropriate to parameterize a multinomial
model as a series of binomial contrasts (Allison, 1984; Dobson & Barnett,
2008), we carried out a second GLMM on the frequency of the two cat-
egories of response (error type Il and error type O0), with Subject as a
random effect and Angle and Prediction condition as fixed effects (and
using a binomial logit link function).

A significant effect of the Prediction condition emerged (F;143) =
8.290, p < 0.005): error type OO was significantly more frequent when
participants were given the material movement and asked to predict
the reflected movement (PredictR), than in the inverse condition
(PredictO), t = 3.047, p = 0.003. Fig. 5 represents this main effect. Bear-
ing in mind that a logit value of 0.5 indicates an equal proportion of the
two categories of the binary variable (i.e. error type OO = error type II)
and that error type Il is used as a reference category, Fig. 5 not only
shows that error type OO was more frequent in PredictR than in
PredictO, but also that when participants were asked to predict the re-
flection (PredictR), error type OO was more frequent than error type II
(the mean of the effect is 0.686, i.e.>0.5). Conversely, when participants
were asked to predict the material movement starting from the reflec-
tion (PredictO), error type OO was less frequent than type II (the
mean of the effect is 0.348, i.e. <0.5).
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Fig. 5. The significant effect of the Prediction condition which resulted from the GLMM on
the frequency of error type OO and error type Il in Experiment 1. Bars represent a 95% con-
fidence interval.

4. Experiment 2

The results from Experiment 1 suggest that the two tasks (predict
the reflection and predict the material movement) are not identical
and that some asymmetries emerge, at least when paper and pencil
tasks are used. Previous studies on naive physics and optics have dem-
onstrated that with real-life settings results might significantly change.
But this is not necessarily the rule. For instance, the errors concerning
the field of view of reflections described in the introduction
(Bertamini et al., 2010; Bianchi & Savardi, 2012; Croucher et al., 2002)
also arose in real-life settings. Experiment 2 used locations within a
room instead of a paper and pencil task. Just as in Experiment 1, in Ex-
periment 2 we used linear movements at various angles of incidence
with respect to the mirror and two prediction conditions.

4.1. Method

4.1.1. Participants

Two groups of undergraduate students (ages ranging from 20 to 38)
took part in the experiment. Forty-two (24 females) participated in the
“predict the material movement” condition (PredictO); forty (28 fe-
males) participated in the “predict the reflection” condition (PredictR).

4.1.2. Procedure

A two metre long strip of white adhesive tape was set on the floor of
an empty room. Participants were told to imagine a mirror positioned
vertically along this strip.

4.1.3. Condition PredictO

Four paths were marked on the floor with transparent tape on the
opposite (“reflection”) side of the pretend mirror with respect to the
participant. These paths were at various angles of incidence: 0° (parallel
to the mirror), 90° (orthogonal to the mirror), 22° and 67°. The experi-
menter moved along these paths, one at a time (with the order being
randomized between participants), towards the fake mirror. Partici-
pants were told that the experimenter was playing the role of the reflec-
tion. They were invited to watch the movement being performed and
then do what they believed would be the material movement that
corresponded to what they had just seen. At the beginning of the exper-
iment, and before each movement was performed by the experimenter,
participants were asked to stay to the side of the fake mirror rather than
directly in front of it. This was done so that as part of the task they had to
make a decision about the starting point as well as the trajectory of the
movement they would subsequently make.

4.1.4. Condition PredictR

The procedure was similar to the previous condition except that this
time the strips of adhesive tape indicating the 4 paths were set on the
floor on the same side as the participant. The experimenter invited
each participant to walk along the paths, one at a time, towards the mir-
ror (with the order of the paths again being randomized between par-
ticipants). They were then asked to indicate to the experimenter
playing the role of the reflection how he/she should move in order to
simulate the corresponding movement in the reflection. In order to
avoid conditioning the participant's decision concerning the starting
point of the reflection, at the beginning of the experiment and before
each movement was performed by the subject the experimenter stood
to the side of the pretend mirror.?

4.2. Results

4.2.1. Correct versus incorrect responses

Did the number of correct responses vary based on the Angle of move-
ment and the Prediction condition? To answer this question a GLMM was
used, with correct/incorrect as the binary dependent variable (logit link
function), Angle (0°, 22°, 67°,90°) and Condition (PredictO, PredictR) as
fixed effects, and Subject as a random effect. The analysis revealed a sig-
nificant effect of Angle (F(3315) = 11.469, p < 0.001) but no effect of the
Prediction condition (F(; 315y = 0.211, p = 0.64). Neither was there any
interaction between Angle and Condition (F(3315y = 1.768, p = 0.153).
As shown in Fig. 6, correct responses were particularly frequent at 0°
and 90°, with no significant difference between the two, whereas correct
responses were significantly less frequent at 22° and 67°. This trend was
confirmed both when participants were asked to predict the reflection
(PredictR) and when they were asked to predict the material object
(PredictO), as the absence of interaction between Angle and Condition in-
dicated. The trend is similar to that which emerged in Experiment 1
confirming that predicting is easier (or at least more successful) in the

2 This procedure is a simplification of that used in Savardi et al. (2010).
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Fig. 6. The significant effect of Angle of incidence resulting from the GLMMs on the frequency of correct versus incorrect responses in Experiment 2. Bars represent a 95% confidence in-
terval. The right diagram shows the contrasts between angles which turned out to be significant (represented by continuous lines with corresponding statistics) and those which did not

(represented by dashed lines).

two cases where the geometry of reflection is simplified because it only
involves the identity component (movement parallel to the mirror, or
0°) or the opposition component (movement orthogonal to the mirror,
or 90°). In this real-life setting there were no differences between basing
the prediction on the reflection (PredictO) or on the real movement
(PredictR), at least in terms of the frequency of correct/incorrect re-
sponses. As we will see in a moment, however, asymmetries did emerge
concerning the various types of errors.

A second GLMM was conducted to study whether distribution of
correct and incorrect responses varied between the two experiments
— with correct/incorrect as the binary dependent variable (logit link
function), Angle (0°, 22°, 67°, 90°), Condition (PredictO, PredictR) and
Task (paper, real-life) as fixed effects, and Subject as a random effect.
Only two effects emerged: Angle (F(3g75) = 24.608, p < 0.001), and
Task (F(1,875) = 7.927, p = 0.005). The latter indicates that performance
was better in the real-life condition (Experiment 2). The main effect of
Angle (and the absence of interaction with the other variables) con-
firmed the overall effect which we had already noticed in the separate
analyses for each of the two experiments: there was a higher number
of correct predictions for movements which were parallel or orthogonal
to the mirror (p < 0.001) than for movements at intermediate angles.

4.2.2. Types of error
In this section we look at the various types of incorrect predic-
tions made by participants. The data in Table 2, as compared to

Table 2

Frequencies of correct predictions and of the various types of errors in Experiment 2. Per-
centages are calculated by row, i.e. they pertain to the total number of responses collected
for each stimulus.

Condition Stimuli Responses
(defined by Angle) Correct Error II Error OO Total
PredictO 0° 37 5 42
88.1% 11.9% 100.0%
22° 27 3 12 42
64.3% 7.1% 28.6% 100.0%
67° 29 1 12 42
69.0% 2.4% 28.6% 100.0%
90° 38 4 42
90.5% 9.5% 100.0%
Total 131 8 29 168
78.0% 4.8% 17.3% 100.0%
PredictR 0° 37 3 40
92.5% 7.5% 100.0%
22° 24 0 15 39
61.5% 0.0% 38.5% 100.0%
67° 18 0 21 39
46.2% 0.0% 53.8% 100.0%
90° 40 0 40
100.0% 0.0% 100.0%
Total 119 0 39 158
75.3% 0.0% 24.7% 100.0%

those reported in Table 1 (concerning Experiment 1), suggest some
initial considerations. In a real-life setting: i) error type OI disap-
peared and ii) error type Il became less frequent. In the paper and
pencil task (Experiment 1), 13%-17.5% of the total of responses
were error type II, whereas in the real-life setting (Experiment
2) these only amounted to 2.4%-9.5%; iii) error type OO was more ro-
bust and persistent — in the real-life setting (Experiment 2) it repre-
sented 12%-29% of the total number of responses when participants
were asked to predict the material movement based on the reflection
(PredictO). This went up to 54% when participants were asked to
predict the reflection (PredictR).

To better analyse responses, a GLMM was carried out on the fre-
quency of the two types of errors (Il and O0) with Subject as random ef-
fect, Angle and Prediction condition as fixed effects (we used a binomial
logit link function). The analysis confirmed the significant effect of the
Prediction condition (F(1,74) = 4.634, p = 0.035): as in Experiment 1,
error type OO was significantly more frequent when participants were
asked to predict the reflection (PredictR) than when they were asked
to predict the material movement from the reflection (PredictO), t =
2.580, p = 0.012. As Fig. 7 makes clear, not only is there an asymmetry
between the two conditions, but also the estimated means (in logit
values) are greater in both conditions than 0.5 (Meanpredicto)y =
0.783, SE = 0.068; Mean predictr) = 0.971, SE = 0.027), i.e. error type
00 was more frequent than error type IL

A final GLMM was conducted to study the effect of the task (paper
and pencil versus real-life setting) on the distribution of error types Il
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Fig. 7. Significant effect of the Prediction condition that resulted from the GLMMs on the
frequency of error type OO and error type Il in Experiment 2 (see text; error type Il is
the reference category). Bars represent a 95% confidence interval.
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and 0O. Since in the previous analysis only the Prediction condition
(and not the Angle) turned out to affect the distribution of error types
Il and OO, we included in the model only two fixed effects (Prediction
condition and Task) in addition to Subject (as a random effect).> Both
Task (F1.218) = 17.012, p <0.001) and Prediction condition (F; 215) =
11.502, p = 0.001) turned out to be significant (see Fig. 8). Error type
Il was more frequent in the paper and pencil task (Experiment 1) as
compared to the real-life task (Experiment 2), t = 4.125, p <.001, and
when participants were asked to predict the material movement
starting from the reflection (PredictO) rather than vice versa (t =
3391, p<0.001).

5. Final discussion

In the Introduction, we discussed the issue of the correspondence
between material objects/movements and reflections from a physical
point of view but also in terms of how people perceive and understand
this correspondence. As pointed out in the revised literature, people do
not necessarily think of physical phenomena (and, in particular, the be-
haviour of mirror reflections) in terms of optical-geometrical rules: in
most cases they base their predictions on the mental image they have
of the scenario. Hence the fundamental question regards whether it is
the same to move mentally from the material world to the virtual
world as it is to go from the virtual to the material world. The results
of the two studies can be summarised as follows.

5.1. Experiment 1 (paper and pencil task)

a) Performance was better when participants had to predict a move-
ment starting from the reflection (PredictO) rather than predict
the motion in the reflection starting from the material movement
(PredictR). This asymmetry suggests that, even in the most abstract
task, the participants did not approach it by merely drawing “con-
struction lines” and applying a learned rule. If so, it would have
made no difference which base they started from.

b) Despite the fact that the movement was simple, on average 24.5% of
responses were incorrect in the condition that turned out to be the
simplest (PredictO) and 31.5% in the other condition (PredictR).
For oblique movements with respect to the mirror, wrong predic-
tions characterized up to 52% of responses.

¢) The incorrect predictions manifested the use of a simplified geome-
try, i.e. the belief that “the mirror does the same” (error type II) or
“the mirror does the opposite” (error type 0O), rather than a

3 A preliminary comparison of this model and one which also included the interaction
between Prediction condition and Task revealed that the fit of the model did not improve
when the interaction was included. For this reason and following the indication of the
smaller AIC value, the interaction was not included.

confusion between which component does the same and which
does the opposite (error type OI). This is also consistent with the
fact that participants performed significantly better for movements
which were parallel (0°) or orthogonal (90°) to the mirror, that is,
when the movement and its reflection are in effect “the same” (at
0°) and when the movement and its reflection are in effect “oppo-
site” (at 90°).

d) An asymmetry between the two conditions (PredictO and PredictR)
emerged, not only in terms of the number of wrong predictions (as
discussed in point a) but also in terms of the type of error. Error
type OO was more frequent when participants had to predict the re-
flection (PredictR) than to predict the material movement
(PredictO). This suggests that it is specifically when participants
start from a material movement and are asked to determine what
the corresponding reflection would be that they remember that re-
flections reverse something (i.e. “do the opposite”) and apply this
rule. Indeed, error type OO eliminates the component of identity
that a true reflection would exhibit (see Figs. 1 and 2).

This latter asymmetry concerning the type of error is a robust finding
which also emerged also in a real-life setting (see points g and h).

5.2. Experiment 2 (real-life setting)

e) Participants made fewer mistakes in the real-life condition as com-
pared to the paper and pencil task. However, there were incorrect
predictions in an average of 22%-25% of cases.

f) Performance was similar in both directions. Participants did not find

it more difficult when they were asked to predict the reflection

based on the material movement as compared to when they were
asked to predict the material movement based on the reflection. In
this sense there was no asymmetry in terms of the number of correct
responses, but an asymmetry still remained in terms of the types of

errors made (see points g and h).

In the real-life condition, error type OO became even more frequent

than in the paper and pencil task, while the other two types of errors

never (error type OI) or rarely (error type II) occurred.

h) As in Experiment 1, error type OO was more frequent when people
were asked to predict the reflection based on the material move-
ment (PredictR) than in the reverse condition (PredictO).

-

g

With respect to the three elements of correspondence mentioned in
the introduction, i.e. correspondence of size, correspondence of location
and correspondence of orientation, our findings add new information
concerning the last element (correspondence of orientation). They
strengthen the hypothesis that people think of the correspondence
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between virtual and material worlds in terms of a vector geometry
based on two heuristics: “the reflection does the same” and “the reflec-
tion does the opposite” (described in Section 1.2). The results of our ex-
periments demonstrate the robustness of the latter in particular. This
applies not only to paper and pencil tasks, but also to real-life simula-
tions. This is consistent with (and thus consolidates) a previous finding
in the experiment discussed in Savardi et al. (2010) which involved one
of the two prediction conditions in the present study, that is, predicting
the corresponding reflection based on a material movement (PredictR).
However, in the present study we focused on the match with the in-
verse prediction condition (i.e. PredictO) in order to understand the
heuristics and the limits of their application better. The differences
which emerged between the incidence of error type OO and error
type II in the two tasks (PredictO, PredictR) in both Experiment 1 and
Experiment 2 suggest that the way in which people think of reflections
is not independent of the starting point (the “real world” or the “virtual
world”). The expectation that the reflection of something will be oppo-
site is particularly salient when people imagine how a reflection would be
with respect to the real world rather than when they imagine how the
real world would be with respect to a reflection. In other words, people
tend to expect reflections to be opposite to the real world rather than
vice versa. And indeed people sometimes expect the real world to be
identical to the reflection (error type II), whereas they less frequently
expect a reflection to be identical to the real world.

The results of our study constitute evidence of a cognitive asymme-
try between reflections and their counterparts. This adds to Sareen et al.
(2014) concerning the reality/unreality of reflections and their corre-
sponding material objects. Their experiment involved a free-viewing la-
belling task with pictures showing ecological indoor scenes including a
mirror. The results showed that people label reflected objects less fre-
quently than their material counterparts. They also used a change-
detection task and found that the disappearance of an object in a mirror
was less easily detected than the disappearance of an object elsewhere
in the room. It has been said that this is evidence that people treat the
parts of images that represent reflections as somewhat less “real” than
the parts that represent material objects/spaces (Sareen et al., 2014).

The asymmetry which emerged from our study has more to do with
the geometry underlying the processes involved when the virtual world
is mentally derived from the material one and vice versa. We hope that
these findings will contribute towards future models regarding spatial
reasoning about material objects or movements and their reflections.
In particular our results specifically demonstrate that the components
of identity and opposition which typically characterize how humans
think of the relationship between material objects/movements and
their reflection have different weights.

The movements considered in our experiments were very simple,
straightforward movements. Despite this, errors emerged even in the
real-life condition. Percentages of incorrect predictions were low
(around 10%) for orthogonal and parallel movements, but higher for in-
termediate angles where they varied between 31% and 54%. We might
wonder about the implications of all this when we use mirrors in situa-
tions where we have to control actions based on visual information. For
instance when driving, the use of rear mirrors or mirrors placed at junc-
tions and crossroads presupposes the capacity to predict where and in
which direction a car is moving based on the movement seen in the re-
flection. The errors that emerged in the experiments presented in this
paper suggest that it is worth studying people's ability to use mirrors
in all situations when driving not only when making distance judg-
ments (the latter has been addressed for example by Hahnel & Hecht,
2012; Hecht & Brauer, 2007; Higashiyama, Yokoyama, & Shimono,
2001 and Higashiyama & Shimono, 2004). The effect of training may
be another important factor to consider. One might expect people to
be very good at predicting movements based on a reflection in a mirror
in familiar everyday situations such as driving (even though they make
errors in more abstract lab tasks). However, neither rear view mirrors
nor the mirrors at junctions and crossroads are flat. In this case,

predictions become even more complex than those studied in this
paper since predicting where a car is and how is it moving requires
one to take into additional consideration the curvature of the mirror
surface. And driving is only one example of an everyday activity which
relies on an ability to use reflections to predict the real directions of
motion.
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