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A B S T R A C T

In Experiment 1, we explored participants' perceptual knowledge of vertical fall by presenting them with vir-
tually simulated polystyrene or wooden spheres falling to the ground from about two meters high. Participants
rated the perceived naturalness of the motion. Besides the implied mass of the sphere, we manipulated the
motion pattern (i.e., uniform acceleration vs. uniform velocity), and the magnitude of acceleration or velocity.
Results show that relatively low values of acceleration or velocity were judged as natural for the polystyrene
sphere, whereas relatively high values of acceleration or velocity were judged as natural for the wooden sphere.
In Experiment 2, the same stimuli of Experiment 1 were used, but the sphere disappeared behind an invisible
occluder at some point of its trajectory. Participants were asked to predict the time-to-contact (TTC) of the
sphere with the ground by pressing a key at the exact time of impact of the lower edge of the sphere with the
floor of the room. Results show that the estimated TTC for the simulated wooden sphere was slightly but con-
sistently smaller than the estimated TTC for the simulated polystyrene sphere. The influence of the implied mass
on participants' responses might be the manifestation of two processes, namely an explicit ‘heavy-fast, light-slow’
heuristic, and/or an implicit, automatic association between mass and falling speed.

1. Introduction

Since gravitational force is a constant presence in our everyday life
experience, one might expect that people should have an accurate
knowledge of how gravity affects the motion of objects. Yet, if it were
so, it wouldn't have taken several centuries from Aristotle's ideas to
Galilei's experimentation to shed light on the physical phenomenon
(see, e.g., Darling, 2006). Research in the field of intuitive physics has
shown that people do not have a good intuitive understanding of the
physics of gravitational motion. Shanon (1976) showed that a sig-
nificant minority of a group of students incorrectly believed that objects
fall at a constant speed rather than with uniform acceleration as pre-
dicted by Newton's theory (see also Champagne, Klopfer, & Anderson,
1980). Additionally, most people believe that heavier objects fall faster
than lighter ones (Champagne et al., 1980; Shanon, 1976). Due to the
presence of air resistance, there is actually a small positive relationship

between the mass of a falling object and its downward acceleration (see
Baurès, Benguigui, Amorim, & Siegler, 2007; Oberle, McBeath,
Madigan, & Sugar, 2005); However, this positive relationship is largely
overestimated by people without formal instruction in Physics
(Vicovaro, 2014). For instance, when two plastic bottles of identical
shape and size – one empty and one filled with water – are dropped
simultaneously from just one meter high, most people believe that the
filled bottle will touch the ground well sooner than the empty bottle.
Actually, the two bottles will arrive to the ground almost simulta-
neously, meaning that their downward accelerations are nearly iden-
tical, since one meter is not enough to appreciate the effect of air re-
sistance.1 The belief in a strong positive relationship between mass and
acceleration is persistent to change, and it is intuitively appealing not
only to laypersons but also to fourth-year physics university students
(Sequeira & Leite, 1991; for a comprehensive review on students' mis-
conceptions about gravity see Kavanagh & Sneider, 2007).
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1 The Italian Jesuit astronomer Giovanni Battista Riccioli (1598–1671) was probably the first one who measured with precision the falling speed of objects differing
in mass, size, and material (Graney, 2012). In one of his experiments, two clay balls of the same size (one of which was twice as heavy as the other) were dropped
simultaneously from about 85m high. The heavier ball touched the ground 0.83 s before the lighter one. On the one hand, this confirms that the greater the mass of
an object, the smaller the reduction in the downward acceleration due to the effect of air resistance, but, on the other hand, it shows that the effects of mass on
downward acceleration are small, even when objects fall from great heights.
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In most of the studies in the field of the intuitive physics of grav-
itational motion, participants were asked to predict (i.e., to reason)
about the unseen motion of a hypothetical object (e.g., Champagne
et al., 1980; Sequeira & Leite, 1991; Vicovaro, 2014). By contrast, re-
latively little is known about people's ability to discriminate between
physically plausible and physically implausible vertical falls if pre-
sented with realistic simulations of the event. Although people may fail
in abstract reasoning tasks, it seems reasonable that they might have
accurate knowledge of a phenomenon at a perceptual level, because the
visual perception of an ongoing physical event would allow them to
draw representations of physically-based, previously experienced
events (Gravano, Zago, & Lacquaniti, 2017). In accordance with this
hypothesis, it has been shown that judgments about physical events are
more consistent with physical laws when participants are presented
with virtually simulated events, as compared to when they are required
to reason about abstract paper-and-pencil problems (e.g., Hecht &
Bertamini, 2000; Kaiser, Proffitt, & Anderson, 1985; Kaiser, Proffitt,
Whelan, & Hecht, 1992). Nevertheless, although realistic simulations of
physical events may trigger stored representations of previously ex-
perienced events, this is not always the case. As studies have occa-
sionally reported, marked discrepancies between physical laws and
participants' judgments of realistic simulations of ongoing physical
events can occur (e.g., Rohrer, 2003; Vicovaro, 2018; Vicovaro, Hoyet,
Burigana, & O'Sullivan, 2014).

The study of subjective judgments of virtually simulated vertical fall
has been limited so far by at least two technical issues. The first one is
that an object that moves vertically downward on a computer screen,
with approximately 1 g=9.81m/s2 of acceleration, remains visible for
a very short time, making it difficult for the observer to evaluate the
‘naturalness’ of the motion. The second one concerns how the manip-
ulation of the implied mass of the falling object actually occurs.

As to the first issue, researchers have attempted various approaches
to increase the duration of the visible motion. For instance, Bozzi
(1959) presented the participants with two-dimensional animations of
objects descending along frictionless inclined planes, rather than pre-
senting them with simulated vertical falls. From a physical viewpoint, a
descent along a frictionless inclined plane is equivalent to a free fall, but
lasts longer – on passing, this is exactly the reason why Galileo per-
formed his experiments on an inclined plane. Bozzi (1959) found that
the motion pattern that was judged as most ‘natural’ by participants
was an accelerated one in the first third of the descent, followed by a
constant velocity motion in the last two thirds of the descent. At a
perceptual level, this would correspond to a constant velocity motion
(see Zago & Lacquaniti, 2005). A nearly opposite pattern of results was
reported by Shanon (1976), who employed edited slow-motion videos
of balls falling vertically downward and found that uniformly ac-
celerated motion was correctly judged as more natural than constant
velocity motion. It is however unclear whether participants' judgements
of such videos can be extended to more realistic scenarios. Twardy and
Bingham (2002) presented the participants with virtual animations
depicting a featureless ball falling with a parabolic trajectory from high
above and that, at the end of the fall, bounced several times upon the
ground. They found that animations that represented gradual increases
in simulated gravity were on average judged as ‘natural’ as animations
that represented Earth's gravity, whereas animations that represented
gradual decreases in simulated gravity were judged less ‘natural’ than
those that represented Earth's gravity. However, participants' natural-
ness judgments in Twardy and Bingham's (2002) study were based on
the kinematic features of the bounces, rather than on the motion pat-
terns from the beginning of the descent to the contact with the ground.

Unfortunately, the generalizability of the results of these previous
studies is hindered by the fact that the involved stimuli did not re-
present realistic falls – as for Bozzi's (1959) and Shanon's (1976) works
– or by the fact that participants' judgements were not based on the
vertical fall of an object – as in the case of Twardy and Bingham's
(2002). In Experiment 1 of the current study, we presented participants

with wall projections of virtually simulated vertical falls, and we asked
them to evaluate the ‘naturalness’ of each fall. The use of wall projec-
tions allowed us to maximize the duration of the simulated falls, while
preserving their realism.

As to the second technical issue, i.e., the manipulation of the im-
plied mass of the falling object, Bozzi (1959) achieved it by means of
different sizes and, intriguingly, found that relatively high (low) velo-
cities were perceived as most ‘natural’ for descents of large-sized (small-
sized) objects.2 Since large-sized objects are typically associated with a
larger mass than smaller-sized ones, this finding might indicate a po-
sitive relationship between an object's implied mass and its perceived
‘natural’ velocity along an inclined plane. However, the well-known
negative relationship between size and perceived velocity (Brown,
1931) implies a confounding between size and perceived velocity in
Bozzi's (1959) study. Specifically, it cannot be excluded that the rela-
tively high velocities that were judged as most ‘natural’ for large-sized
objects were actually the same – at a perceptual level – as the relatively
low velocities that were judged as most ‘natural’ for small-sized ones.
One of the aims of Experiment 1 is to disentangle the contributions of
the falling speed/acceleration and of the implied masses on the judged
naturalness of the falls. We did so by varying the implied mass of the
falling object through manipulations of their simulated materials, ra-
ther than through manipulations of their size.

In Experiment 1 of the current study, we presented participants with
virtually simulated material objects that fell vertically to the ground
from about two meters high. Participants were asked to rate the per-
ceived naturalness of each fall. Three factors were orthogonally ma-
nipulated, namely the implied mass of the falling object (i.e., light or
heavy), the motion pattern (i.e., uniform acceleration vs. uniform ve-
locity), and the magnitude of acceleration/velocity. Hypothetically, if
participants could retrieve some memory-stored representation of pre-
viously experienced phenomena, then simulated falls which are char-
acterized by ≈1 g acceleration should be rated as more natural than
those characterized by physically implausible motions. Moreover, nat-
uralness ratings should be largely independent of the implied mass of
the simulated objects, because mass has but a small influence on the
acceleration of objects falling from about two meters high.

2. Experiment 1

2.1. Participants

Thirty graduate or undergraduate students at the University of
Padova participated in the experiment on a voluntary basis, and re-
ceived €5 for their participation. They were aged from 20 to 34 years
(M=23.67 years, 95% CI [22.4, 25]), 18 were females and 12 were
males. None of them had studied or were studying physics at the
University. They had studied physics at the high school for at most
three years. All participants were naive to the purpose of the experi-
ment, and gave written informed consent according to the Declaration
of Helsinki prior to their inclusion in the experiment. They all had
normal or corrected-to-normal visual acuity.

2.2. Apparatus

Participants were individually seated in a dark room with their sa-
gittal plane aligned to the vertical axis of a white vertical wall, at a
distance of 340 cm (Fig. 1). Viewing was binocular; stimuli were gen-
erated with MATLAB and the Psychophysics Toolbox (Brainard, 1997;
Pelli, 1997) and were displayed on the wall using a Canon lv7275

2 Neither Shanon (1976) nor Twardy and Bingham (2002) manipulated the
implied mass of the falling object, although the participants in Twardy and
Bingham's (2002) study were verbally informed about the object's hypothetical
mass.
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projector. The size of the projected screen was 200× 146 cm. The re-
fresh rate was set at 60 Hz. The screen resolution was 1280×1024
pixels. Each pixel subtended ~1.42arcmin. Luminance measured using
a Minolta LS-100 photometer ranged from 0.4 cd/m2 to 78 cd/m2. The
background of the projected screen was black (0.4 cd/m2 in the dar-
kened room).

2.3. Stimuli and design

The target stimulus was a virtual projected sphere of 6.5 cm dia-
meter, measured on the wall, subtending a visual angle of 0.54 deg. The
spheres were created with 3D Studio Max. The simulated material of the
sphere could be either polystyrene or wood (see Fig. 2). Photographic
textures depicting the simulated materials were attached to the spheres'
surfaces, and their reflectances were regulated in order to increase their
realism. The luminances of the polystyrene and of the wooden spheres
were respectively 78 cd/m2 and 37 cd/m2. At the beginning of each
trial, a sphere appeared at the top of the projected screen, with its lower
edge located 220 cm above the ground (136 cm above the lower margin
of the projected screen). The sphere remained stationary for a duration
varying randomly between 0.7 s and 1.3 s and then started falling ver-
tically downward, until it disappeared at the end of the projected screen
(84 cm - 14 deg. from the ground).

The sphere could fall either with uniform acceleration a or with

uniform velocity v. In the former case, the position of the sphere as a
function of time was computed according to the motion equation S
(t)= 0.5at2. The acceleration could attain five possible values ai: 0.5 g,
0.9 g, 1.3 g, 1.7 g, or 2.1 g, where g=9.81m/s2 is the approximated
standard Earth's gravitational acceleration. In order to show a simu-
lated uniformly accelerated motion, an approximate value of 0.9 g ra-
ther than 1 g was considered. Indeed, a rough estimate of the effective
accelerations of real polystyrene and wooden spheres (6.5 cm diameter
size and falling through air from a height of 220 cm) would be, re-
spectively, 0.873 g and 0.988 g if the uniformly accelerated motion
happened in the same time interval of the true motion (see the
Appendix A for further details). The five levels ai of acceleration were
also asymmetrically distributed around 0.9 g to compensate for pre-
vious evidence that observers are less sensitive to increases than to
decreases of simulated gravity (Twardy & Bingham, 2002). As for the
constant velocity case, the position of the sphere as a function of time
was computed using the motion equation S(t)= vt. Five averaged va-
lues vai

were chosen to match the corresponding levels ai of accelera-
tion. Average velocity vi= vai

(p)/2 was obtained from the sphere's ve-
locity vai

(p) with reference to a point p located midway between the
lower margin of the projected screen and the ground of the room (i.e.,
178 cm below the lower edge of the sphere at initial position, and 42 cm
above the ground). We thus obtained the following five levels of v:
2.07m/s, 2.78m/s, 3.31m/s, 3.82m/s, and 4.24m/s. The matching

Fig. 1. A representation of the experimental setting
of Experiments 1 (left) and 2 (right). For illustrative
purposes, we added the arrows in order to indicate
the motion direction of the simulated sphere, and we
added dashed lines to indicate the invisible occluder
of Experiment 2. The lights of the room were off
during the experiment, therefore in the actual ex-
perimental setting the walls were dark.

Fig. 2. A depiction of the simulated wooden (left) and polystyrene (right) spheres.
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between the five levels of acceleration and velocity allowed us to
conceive Motion pattern (uniform acceleration vs. constant velocity)
and Magnitude (five levels) as orthogonal factors. Overall, the partici-
pants were randomly presented with 100 experimental stimuli, re-
sulting from a 2 (Material)× 2 (Motion pattern)× 5 (Magnitude)× 5
(Replication) factorial design.

2.4. Procedure

Written instructions informed the participants that they would have
been presented with a simulated sphere, made of either polystyrene or
wood, which would have started falling vertically downward after few
instants. Participants were asked to imagine that the sphere would have
fallen as if released and not thrown downward. Participants were also
informed that their task was to judge the naturalness of the motion,
using any integer number between 0 and 100, where 0 meant com-
pletely unnatural, and 100 meant completely natural. Instructions fur-
ther specified that the number 100 (0) had to be used only if the motion
of the simulated sphere appeared to be utterly consistent (inconsistent)
with the falling motion of a real sphere of the same size made of the
corresponding material. Instructions also stressed that if the motion
looked neither totally consistent nor totally inconsistent with the real
one, then a number between 0 and 100 had to be used, with larger
numbers for more natural motions. Before starting the experiment,
participants were invited to grasp two real spheres of 6.5 cm diameter,
one made of polystyrene (m=5 g) and one made of wood (m=55 g).
The apparent size of the virtual spheres was regulated so to match that
of the real spheres in order to facilitate the identification of the two.
Finally, participants were first presented with ten randomly selected
stimuli to familiarize with the task, and then they were randomly
presented with the 100 experimental stimuli. Participants responded
verbally, and their responses were recorded by an experimenter who
was hidden from their sight. Naturalness (or plausibility) ratings were
chosen as they are largely used in the field of intuitive physics in order
to explore participants' understanding of virtually simulated physical
events, and they are typically analyzed using ANOVA (e.g., Hecht &
Bertamini, 2000; Sanborn, Mansinghka, & Griffiths, 2013; Schlottmann
& Anderson, 1993; Twardy & Bingham, 2002; Vicovaro, 2018; Vicovaro
& Burigana, 2014, 2016). Although the boundaries of the rating scale
are to a certain extent arbitrary, in the present work a scale between 0
and 100 was chosen with a twofold aim: on the one hand, it provides an
intuitive anchoring with the percentage of how much a motion is per-
ceived as ‘totally unnatural’ and ‘totally natural’; on the other hand,
since the number of experimental stimuli was quite large, a large
number of response alternatives should prevent, at least in principle,
undesirable compression effects on the response scale (e.g., using
identical numbers for stimuli that actually differ in perceived ‘natur-
alness’).

2.5. Results and discussion

Fig. 3 shows the mean naturalness ratings averaged across both
participants and replications. We performed a three-way within-parti-
cipants ANOVA on the naturalness ratings with the factors Material,
Motion pattern, and Magnitude. Naturalness ratings were strongly af-
fected by the material×magnitude interaction (F(4,116)= 28.27,
p < .001, ηG2= 0.17). Specifically, the mean naturalness ratings for
the simulated wooden sphere increased sharply moving from the first to
the second level of the magnitude factor, and then exhibited little
variation across the other levels of the factor. A nearly opposite pattern
emerged for the simulated polystyrene sphere, as the mean naturalness
ratings decreased with the magnitude factor.3 The ANOVA also

revealed a main effect of the motion pattern factor (F(1,29)= 11.03,
p < .005, ηG2= 0.016). Overall, the naturalness ratings for the uni-
formly accelerated motion, averaged across both participants and fac-
tors material and magnitude, were larger than the naturalness ratings
for the constant velocity motion (M=56.35, 95% CI [52, 60.7];
M=51.05, 95% CI [46.5, 55.6], respectively). This main effect was
qualified by a statistically significant motion pattern×magnitude in-
teraction (F(4,116)= 7.8, p < .005, ηG2= 0.015) and also by a sta-
tistically significant three-way interaction (F(4,116)= 7.57, p < .001,
ηG2= 0.008). The latter interaction suggests that, especially for the
wooden simulated sphere, naturalness ratings were larger for the uni-
formly accelerated motion than for the constant velocity one, but only
at the lowest levels of the magnitude factor (see Fig. 3). As for the main
effects of factor material, they were statistically significant (F
(1,29)= 23.03, p < .001, ηG2= 0.095), whereas the main effects of
factor magnitude were not (F(4,116)= 1.68, p= .16, ηG2= 0.026).
Finally, the material×motion pattern interaction was not statistically
significant (F(1,29)= 2.17, p= .15, ηG2= 0.004).

A close inspection of the data showed a negative correlation be-
tween the mean naturalness ratings and their variance (r=−0.71, t
(18)=−4.25, p < .001). This suggests that participants used a re-
stricted range of numbers for the more ‘natural’ motions (e.g., 70–80),
whereas for the ‘unnatural’ ones some participants used the lower end
of the rating scale (e.g., 5–10), while others the middle part of the scale
(e.g., 40–50). The latter result indicates that the concept of ‘unnatural
motion’ is somewhat arbitrary, a point which is worthy of being ex-
plored in future studies. For the purpose of the present study, it was
important to verify that the outcomes of Experiment 1 were not a by-
product of the violation of ANOVA assumptions. In this regard, we first
note that the statistical significance of the main and interaction effects
did not change after the application of the correction methods for the
violation of the sphericity assumption.4 Moreover, a quadratic trans-
formation of the participants' responses was performed (i.e., RT= R2,
where RT is the transformed response and R is the original response),

Fig. 3. The mean naturalness ratings from Experiment 1. The vertical bars re-
present 95% confidence intervals. The thick lines are for uniformly accelerated
motion, whereas the dashed lines are for constant velocity motion. Colour grey
is used for the polystyrene simulated sphere, whereas colour black is used for
the simulated wooden sphere. The five levels of uniform acceleration are re-
presented on the bottom horizontal axis, and the corresponding five levels of
constant velocity are represented on the top horizontal axis.

3 Visual inspection of the graphs for each participant data showed that the
material × magnitude crossover interaction represented in Figure 3 emerged at

(footnote continued)
the individual level for 17 out of 30 participants. The same interaction, ob-
served at the group level, is thus not a by-product of averaging the naturalness
ratings across participants.
4 Although Mauchly's Test showed violations of sphericity for the main effects

of the magnitude factor, as well as for all the interaction effects involving
magnitude, the application of the Greenhouse-Geisser and of the Huynd-Feldt
corrections left the significance levels unchanged.
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which allowed to eliminate the mean-variance correlation (r=0.09, t
(18)= 0.39, p= .70).5 The results of the ANOVA on the transformed
data closely mirror those of the ANOVA on the untransformed data,
which supports the reliability of the results of Experiment 1.6

In order to evaluate the degree of consistency of participants' nat-
uralness ratings with the physics of vertical fall, the ratings for the 0.9 g
motion were compared (separately for the two simulated materials)
with those of all the other combinations of factors motion pattern and
magnitude. Specifically, separate paired-sample t-tests were computed,
after which Hochberg's (1988) sequentially acceptive step-up Bonfer-
roni procedure was applied in order to identify statistically significant
comparisons (see also Keselman, 1994). The results of the 18 t-test (i.e.,
nine tests for each simulated material) are reported in Table 1, in de-
creasing order of p-value. The p-values of statistically significant com-
parisons (according to Hochberg's (1988) criterion) are highlighted in
bold typeface. For the polystyrene sphere, the physically plausible 0.9 g
motion was not rated as significantly more natural than the 0.5 g mo-
tion and the 2.07m/s and 2.78m/s constant velocity motions, whereas
all the other comparisons were statistically significant. The opposite
pattern of results emerged for the simulated wooden sphere. Overall,
the results showed that, especially for the simulated wooden sphere, the
naturalness ratings for the physically plausible 0.9 g motion did not
significantly differ from the naturalness ratings for several of the other
combinations of the motion pattern and magnitude factors.

Thus, the results of Experiment 1 do not provide support to the
hypothesis that participants could draw representations of physically-
based, previously experienced vertical falls. The findings appear instead
to reflect some biased knowledge of vertical fall. Specifically, these
results are consistent with the idea that participants used a ‘heavy-fast,
light-slow’ heuristic, which would explain why relatively low values of
acceleration/velocity were judged to be natural for the simulated
polystyrene sphere, whereas relatively high values of acceleration/ve-
locity were judged to be natural for the simulated wooden sphere.
Moreover, results failed to reveal a clear preference for uniformly ac-
celerated motion over constant velocity motion, as if participants fo-
cused on the relationship between the magnitude and the material
factors, while giving relatively little importance to the actual motion
pattern. With respect to this latter finding, it is worth emphasizing two
points. The first one is that when an object starts moving from rest with
constant velocity (as in the case of the constant velocity motion pattern
of Experiment 1), an illusory acceleration is usually perceived at the
beginning of the motion, while in the remaining part of the trajectory
the object is perceived to move at a constant velocity (Runeson, 1974).
The second point is that it is unlikely that the small contribution of the
motion pattern factor to the naturalness ratings could be due to a
participants' failure in perceiving a difference between constant velo-
city and uniformly accelerated motions. Previous studies showed that,
for an object that moves from point A to point B, acceleration is de-
tected when the object's velocity at point B is at least 25% larger than
the object's velocity at point A (Brower, Brenner, & Smeets, 2002; see

also Werkhoven, Snippe, & Toet, 1992). For all the five levels of uni-
form acceleration of Experiment 1, the object's velocity at the end of its
visible trajectory (i.e., the end of the projected screen) was about 41%
larger than the velocity at the midpoint of the visible trajectory. This
suggests that, for the uniformly accelerated motion, the target was
perceived as accelerating until the end of its visible trajectory, and not
just at the beginning as it would occur in a constant velocity motion.
Therefore, the most likely explanation for the lack of a clear effect of
the motion pattern factor on the judged naturalness of simulated falls, is
that participants actually focused on a ‘heavy-fast, light-slow’ heuristic,
and not that they did not perceive the difference between constant
velocity and uniformly accelerated motion.

As a final note, it is worth emphasizing that assuming a uniform
≈0.9 g acceleration as the physically correct motion, for both the
polystyrene and wooden spheres, is an approximation. The actual mo-
tion has a variable acceleration that decreases with time (see the dis-
cussion in the Appendix A for further details). This time-dependent
decrease of acceleration would be larger for the polystyrene than for the
wooden sphere. Nonetheless, such an approximation is in line with
previous studies in which a uniformly accelerated motion has been
typically considered as an adequate approximation of the ‘physically
correct’ gravitational motion (e.g., Shanon, 1976; Twardy & Bingham,
2002; Zago & Lacquaniti, 2005). In addition, since results show that a
large difference in the motion pattern, such as that implied by constant
velocity and uniform acceleration, actually produced small effects on
the naturalness ratings, it is reasonable to speculate that a subtle dif-
ference like that between uniform acceleration and decreasing accel-
eration would have had a very small impact on the results. Never-
theless, it is a topic worth of further considerations and experiments.

3. Experiment 2

Results of Experiment 1 suggest that judgments of the perceived
naturalness of vertical falls were likely driven by a ‘heavy-fast, light-
slow’ heuristic, rather than by representations of physically-based,
previously experienced vertical falls. A possible interpretation of this
finding is that instructions to judge the ‘naturalness’ of the motion may
have led the participants to reason about the meaning of ‘natural’ or
‘physically plausible’ motion in the case of vertical fall. This may have
activated participants' biased (i.e., heuristic) knowledge of the phe-
nomenon, preventing them from relying on stored representations of
previously experienced vertical falls. Since Experiment 2 aimed at ex-
ploring the intuitive physics of vertical fall at a more implicit level, by
means of a prediction-motion (PM) task, the use of such a heuristic by
participants is expected to be minimized. In a typical PM task, parti-
cipants are presented with a target moving horizontally and then dis-
appearing behind a visible or invisible occluder. Their task is to indicate
(e.g., by pressing a key) when the target would arrive at a given point of
interception (e.g., the end of the occluder; for reviews on PM tasks see
Makin, in press; Tresilian, 1995). In this type of task, the time-to-con-
tact (TTC) is defined as the time between the disappearance of a target's
leading edge behind the occluder, and when it would make contact with
a given point of interception. The difference between the ‘total response
time’ (total response time=TTC+duration of the visible trajectory)
and the ‘physical arrival time’ results in the ‘constant error’.

Differently from the perceptual judgment task of Experiment 1, in
PM tasks participants are not explicitly required to evaluate naturalness
of the motion. Use of PM tasks should therefore minimize the prob-
ability that participants may base their responses on a biased knowl-
edge of physical events, and it should instead maximize the likelihood
that participants rely on stored representations of physically-based,
previously experienced events. For instance, Huber and Krist (2004)
presented participants with simulations of a ball rolling towards the
edge of a horizontal elevated surface. An opaque rectangle was added
next to the edge of the surface, in order to occlude the motion of the ball
after it fell off the surface. Participants in one group were asked to

5 An arcsin transformation was also applied to the participants' responses
( =R R2 arcsin( /100 )T ), since this transformation is often used for de-corre-
lating means and variances in the case of bounded data (see Winer, Brown, &
Michels, 1991, p. 356). However, after such transformation data still showed a
strong mean-variance correlation (r=−0.68, t(18)=−3.97, p < .001).
6 For the transformed data we obtained statistically significant main effects of

the motion pattern factor (F(1,29)= 14.34, p < .001, ηG2= 0.017) and of
material factor (F(1,29)= 24. 3, p < .001, ηG2= 0.06), whereas the main ef-
fects of factor magnitude were not significant (F(4,116)=1.29, p= .28,
ηG2=0.016). The material×magnitude interaction was significant (F
(4,116)=23.11, p < .001, ηG2=0.12), as well as the motion pat-
tern×magnitude interaction (F(4,116)= 3.4, p < .05, ηG2=0.006) and the
three-way interaction (F(4,116)=6.39, p < .001, ηG2=0.007). The mate-
rial×motion pattern interaction was not statistically significant (F
(1,29)= 1.32, p= .26, ηG2=0.002).
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imagine the falling motion of the ball, and to predict the TTC using a
rating scale. Participants in another group were asked to imagine the
falling motion of the ball, and to estimate the TTC of the ball by
pressing a mouse button when they thought that the ball had just ar-
rived to the ground (i.e., a PM task). Results showed that participants'
responses were more consistent with the physics of parabolic motion in
the PM task than in the rating task. This suggests that, differently from
the rating task, the PM task could activate physically-based re-
presentations of parabolic motion (see also Bosco, Delle Monache, &
Lacquaniti, 2012).

As to vertical fall, Zago, Iosa, Maffei, and Lacquaniti (2010) pre-
sented participants with large-size animations showing a square that
fell vertically downward from about two meters high with a given in-
itial velocity, and then disappeared behind an invisible occluder. The
target remained occluded for a relatively short time, ranging from 75 to
271msec. Participants were asked to press a mouse button when the
target would arrive at a visible point of interception located below the
point of target's disappearance. Prior to disappearance, the target could
move with physically-based uniform acceleration (1 g), with constant
velocity (0 g), or with uniform deceleration (−1 g). Results showed that
participants' responses were substantially accurate in the case of 1 g
motion, whereas underestimations of the TTC of the target emerged for
the 0 g and -1 g motions. A plausible interpretation of these results is
that participants implicitly expected the target to move with uniform
1 g acceleration during the invisible part of its trajectory, which pro-
vides support to the hypothesis that participants' performance in this
PM task was driven by an internalized model of gravity (see McIntyre,
Zago, Berthoz, & Lacquaniti, 2001).

The results obtained by Zago et al. (2010) suggest that internal re-
presentations of vertical fall – as revealed by PM tasks – might be
substantially more accurate than participants' responses in abstract
reasoning or naturalness ratings tasks. In Experiment 2, we presented
the participants with the same stimuli of Experiment 1, except that at
some point of the descent the simulated sphere disappeared behind an
invisible occluder. The task of the participants was to press a key when
they thought that the sphere had just touched the floor of the room (see
Fig. 1). If participants possessed an internalized model of gravity, they
should implicitly expect the target to move with uniform ≈1 g accel-
eration during the occluded part of its trajectory. Thus the following
patterns should be observed: Firstly, estimated TTC should be sub-
stantially accurate for a 0.9 g acceleration; Secondly, TTC should be
underestimated (overestimated) when the physical arrival time is larger
(smaller) than the one implied by a uniform ≈1 g acceleration. That is,
it should be underestimated in the cases of 0.5 g acceleration and of

2.07m/s constant velocity, and overestimated in the cases of 1.3 g,
1.7 g, 2.1 g accelerations and of 3.31m/s, 3.82m/s, 4.24m/s constant
velocities. In sum, if participants implicitly expected the target to move
with uniform ≈1 g acceleration during the occluded part of its trajec-
tory, then constant error (total response time - physical arrival time)
should increase with the magnitude factor.

A relevant feature of the PM task of Experiment 2 is that, by em-
ploying simulated wooden and polystyrene spheres, it was possible to
investigate the influence of the target's implied mass on TTC estima-
tions – a topic that has remained largely unexplored in literature on PM
tasks due to the use of targets characterized by featureless two-di-
mensional shapes. If the estimated TTC for a simulated wooden sphere
were smaller than that of a simulated polystyrene sphere, this would
support the hypothesis that participants' implicit or explicit knowledge
of the relationship between an object's mass and its falling speed might
affect TTC estimations. Indeed, Tresilian (1995) highlighted the pos-
sible influence of cognitive factors on TTC estimation. In addition, the
results obtained by Makin, Stewart, and Poliakoff (2009) provide fur-
ther support to the hypothesis that participants' knowledge of the ‘ty-
pical’ velocity of a target may affect the target's estimated TTC.

3.1. Participants

Participants were the same as those of Experiment 1. The order of
the experiments was counterbalanced across participants.

3.2. Apparatus

The apparatus was the same as in Experiment 1.

3.3. Stimuli and design

The experimental setting was the same as in Experiment 1, except
that the simulated sphere disappeared behind an invisible rectangle
occluder at some point of its trajectory. The occluder covered the last
98.5 cm (16.48 deg) or the last 170.5 cm (28.15 deg) of the sphere's
trajectory from the starting point of the descent to the floor of the room,
corresponding to 44.8% and 77.5% of the trajectory, respectively. The
participants were randomly presented with 200 experimental stimuli,
resulting from a 2 (Material)× 2 (Motion pattern)× 2 (Occluder
length)× 5 (Magnitude)× 5 (Replication) factorial design. For the
uniformly accelerated motion, the physical arrival times for the five
levels of the magnitude factor were respectively 946, 705, 586, 513,
and 462msec, whereas for the constant velocity motion, the physical

Table 1
The results of paired-sample t-tests comparing the naturalness ratings for the physically plausible 0.9 g motion
with the naturalness ratings for the other combinations of magnitude and motion pattern, separately for
polystyrene (left) and wood (right). Statistically significant results are highlighted in bold typeface.

Polystyrene                                                                               Wood

0.9g vs. t(29) = p =

1.7g 0.085368 .93

2.1g -0.10118 .92
3.82m/s 0.26252 .80
4.24m/s 0.63845 .53
1.3g -0.73951 .47
3.31m/s 1.1254 .27
2.78m/s 3.4838 .0016
0.5g 6.7242 2.32 × 10-7

2.07m/s 6.9372 1.26 × 10-7

0.9g vs. t(29) = p =

2.78m/s 0.179 .86

2.07m/s 0.805 .43

0.5g -1.886 .069

3.31m/s 2.750 .01

1.3g 3.045 .005

1.7g 3.210 .0032

3.82m/s 3.262 .0029

4.24m/s 3.597 .0012

2.1g 3.902 .0005
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arrival times were respectively 1059, 789, 663, 575, and 517msec. The
duration of the visible part of the trajectory and that of the TTC varied
across combinations of levels of factors motion pattern, occluder length,
and magnitude. The TTC ranged from 216msec (uniformly accelerated
2.1 g motion, short occluder) to 824msec (constant velocity 2.07m/s
motion, long occluder).

3.4. Procedure

The written instructions were the same as those in Experiment 1,
except that the participants were told that, at some point of the descent,
the sphere would have passed behind an invisible occluder, and that
their task was to judge the time to contact between the lower edge of the
sphere and the floor of the room. They were instructed to press
“SPACE” on a PS/2 BenQ i100 keyboard at the exact time of impact of
the lower edge of the sphere with the floor of the room (see also Note
9). The keyboard was leaning on the participants' knees. Apart from
this, the experimental procedure was the same as in Experiment 1.

3.5. Results and discussion

Fig. 4 shows the constant error (CE), that is, the difference between
the ‘total response time’ (estimated TTC+duration of the visible tra-
jectory) and the ‘physical arrival time’, averaged across both partici-
pants and replications. Positive CEs suggest that total response times
were consistently higher than the corresponding physical arrival times,
meaning that participants systematically overestimate the TTC of the
simulated sphere with the floor of the room. In Fig. 5 we represent the
estimated TTC (total response time ̶ duration of the visible trajectory),
averaged across both participants and replications. We performed a
four-way within-participants ANOVA on CE with the factors Material,
Motion pattern, Occluder length and Magnitude.7 All main effects were
statistically significant: F(1,29)= 18.09, p < .001, ηG2= 0.013 for the

material factor, F(1,29)= 64.13, p < .001, ηG2= 0.178 for the motion
pattern factor, F(1,29)= 11.46, p < .005, ηG2= 0.045 for the occluder
length factor, and F(4,116)= 38.75, p < .001, ηG2= 0.240 for the
magnitude factor. Except for a small three-way material×motion
pattern× occluder length interaction (F(1,29)= 4.88, p= .035,
ηG2= 0.002), none of the interactions involving the material factor
were statistically significant. Indeed, we obtained F(1,29)= 0.61,
p= .44, ηG2= 0.0001 for the material×motion pattern interaction, F
(1,29)= 0.73, p= .40, ηG2= 0.0003 for the material× occluder
length interaction, F(4,116)= 0.15, p= .96, ηG2= 0.0002 for the ma-
terial×magnitude interaction, F(4,116)= 0.98, p= .42, ηG2= 0.002
for the material× occluder length×magnitude interaction, F
(4,116)= 0.37, p= .83, ηG2= 0.001 for the material×motion pat-
tern×magnitude interaction, and F(4,116)= 0.86, p= .49,
ηG2= 0.001 for the four-way interaction. There was a strong motion
pattern× occluder length interaction (F(1,29)= 228.7, p < .001,
ηG2= 0.146), and a relatively small occluder length×magnitude in-
teraction (F(4,116)= 3.02, p= .02, ηG2= 0.007). Neither the motion
pattern×magnitude interaction nor the occluder length×motion
pattern×magnitude interaction were significant (F(4,116)= 2.36,
p= .057, ηG2= 0.007, and F(4,116)= 2.14, p= .08, ηG2= 0.006, re-
spectively). Lastly, Mauchly's Test showed that the sphericity assump-
tion was violated for the main effects of the magnitude factor and for
the effects of the motion pattern×magnitude interaction, but the ap-
plication of the Greenhouse-Geisser and of the Huyn-Feldt corrections
had no consequences on the significance levels.

The main results of Experiment 2 can be summarized as follows. 1)
For all combinations of the four experimental factors, participants
systematically overestimated the target's TTC. 2) The estimated TTC for
the simulated wooden sphere was slightly but consistently smaller than
the estimated TTC for the simulated polystyrene sphere. On average,
the estimated TTC for the simulated wooden sphere was 29.3msec
smaller than the estimated TTC for the simulated polystyrene sphere
(95% CI[15.8msec, 42.8msec]).8 This finding shows that, for targets

Fig. 4. The mean constant error (total response time – physical arrival time) from Experiment 2 for the short occluder (left panel) and for the long occluder (right
panel). The vertical bars represent the 95% confidence intervals. The thick lines are for uniformly accelerated motion, whereas the dashed lines are for constant
velocity motion. Colour grey is used for the polystyrene simulated sphere, whereas colour black is used for the simulated wooden sphere. The five levels of uniform
acceleration are represented on the bottom horizontal axis, and the corresponding five levels of constant velocity are represented on the top horizontal axis.

7 The objective (i.e., physical) influence of factors magnitude, occluder
length, and motion pattern on the physical arrival time (duration of the visible
trajectory+TTC) is ‘factored out’ from the CE, because CE results from the
difference between estimated and physical arrival times. Therefore, an analysis
on CE allows us to explore the effects of the experimental factors on the esti-
mated TTC, independently of their effects on the physical TTC. By contrast, the
estimated TTC will largely reflect the objective influence of the three experi-
mental factors (material is excluded) on the physical TTC. Specifically, the
physical TTC decreases with the magnitude factor, it is longer for the long than
for the short occluder, and it is longer for constant velocity than for uniform
acceleration.

8 A standard keyboard has a polling rate of 125 Hz but the random error can
be quite large (e.g., about 30msec). On each trial, the estimated CE corresponds
to the sum of the actual CE and of such random error e, where the latter can be
conceived as a normally distributed variable with unknown mean μe and un-
known variance σe

2. As regards the impact of this random error on the small
29.3msec difference between the CEs for the two simulated spheres, we note
that, by subtracting the mean CEs for the simulated wooden and polystyrene
spheres, we also subtracted the corresponding mean random errors, whose
difference is normally distributed with mean 0. Therefore, the keyboard mean
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moving vertically downward, the target's implied mass may affect TTC
estimates in a PM task. 3) CE decreased with the magnitude factor. Note
that if percentage rather than absolute constant error were represented
on the vertical axis, then the lines in Fig. 4 would be approximately flat,
rather than negatively inclined. In other words, percentage over-
estimation of the TTC remained approximately constant with the
magnitude factor. 4) As shown by the strong motion pattern× occluder
length interaction, the effect of the occluder length factor on estimated
TTC was mediated by the motion pattern factor. Specifically, for the
constant velocity motion, the mean CE for the long occluder, averaged
across participants and across factors material and magnitude was
slightly smaller than the mean CE for the short occluder
(M=254.8msec, 95% CI [166msec, 344msec] and M=305.7msec,
95% CI [228msec, 383msec], respectively; t(29)= 2.63, p= .01,
dz=0.48). By contrast, the opposite pattern of results emerged for the
uniformly accelerated motion, as the mean CE for the long occluder
(M=482.5msec, 95% CI [399msec, 566msec]) was clearly larger
than the mean CE for the short occluder (M=319.1msec, 95% CI
[251msec, 387msec]; t(29)= 9.76, p < .001, dz=1.78).9

Interestingly, none of the main outcomes of Experiment 2 is con-
sistent with the hypothesis that participants' responses were driven by
physically-based representations of vertical fall (i.e., by an internalized
model of gravity). In particular, CE decreased with the magnitude
factor, which is the opposite of what it should have been observed if
participants implicitly expected the target to move with uniform ≈1 g
acceleration during occlusion. The results of Experiment 2 appear in-
stead to be consistent with those obtained in various studies that em-
ployed PM tasks with targets moving in a horizontal direction, which

have reported a systematic overestimation of the TTC mostly (but not
exclusively) for actual TTCs shorter than 1 s (Battaglini, Campana, &
Casco, 2013; Benguigui & Bennett, 2010; Benguigui, Ripoll, &
Broderick, 2003; Bennett & Benguigui, 2013; Jagacinski, Johnson, &
Miller, 1983; Peterken, Brown, & Bowman, 1991; Rosenbaum, 1975;
Yakimoff, Mateeff, Ehrenstein, & Hohnsbein, 1993). For the constant
velocity motion, the CE was slightly larger for the shorter than for the
longer occluder. This result is somewhat inconsistent with the reported
positive relationship between CE and occlusion duration (e.g.
Jagacinski et al., 1983; Rosenbaum, 1975; Yakimoff et al., 1993), but it
is in line with the results reported by Runeson (1975), who also em-
ployed targets that started moving from a static position with constant
velocity. We recall that a target that starts moving from a static position
with constant velocity is perceived to accelerate at the beginning of its
motion (see Runeson, 1974). Consistently with Runeson's (1975) in-
terpretation of the results of his own study, we hypothesize that, only in
the case of the long occluder, the target was still perceived to accelerate
when it disappeared behind the occluder, so that participants may have
extended this illusory acceleration to the whole occluded motion. This
would indeed result in the observed smaller estimated TTC for the
longer occluder. Results of Experiment 2 also showed that, for the
uniformly accelerated motion, estimated TTC was larger for the long
than for the short occluder. This is consistent with the results obtained
in previous PM studies that employed a uniformly accelerated target
moving in a horizontal direction (Benguigui et al., 2003; Bootsma &
Oudejans, 1993; Jagacinski et al., 1983; Rosenbaum, 1975; Runeson,
1975). The large overestimation of the TTC for the uniformly ac-
celerated motion with the long occluder probably reflects the partici-
pants' difficulty to extrapolate the correct acceleration of targets when
only a small part of target's trajectory is visible (e.g., Jagacinski et al.,
1983).

An important outcome of Experiment 2 is that TTC estimates de-
creased with the implied mass of the target, as if participants expected
the simulated wooden sphere to move slightly faster than the simulated
polystyrene sphere in the occluded part of the trajectory. This outcome,
as well as the other main outcomes of Experiment 2, does not appear to
depend on the order in which participants took part in the experiments.
Indeed, a five-way mixed ANOVA carried on CE, with Order as a be-
tween-subject factor and Material, Motion pattern, Occluder length and
Magnitude as within-subject factors, showed that neither the main effect
nor the interactions involving the order factor were statistically sig-
nificant, except for a difficult to interpret order×material×motion
pattern×magnitude interaction (F(4,112)= 3.9, p < .01,
ηG2= 0.003). Most importantly, the effects of the order×material

Fig. 5. The mean estimated TTC from Experiment 2 for the short occluder (left panel) and for the long occluder (right panel). The vertical bars represent the 95%
confidence intervals. The thick lines are for uniformly accelerated motion, whereas the dashed lines are for constant velocity motion. Colour grey is used for the
polystyrene simulated sphere, whereas colour black is used for the simulated wooden sphere. The five levels of uniform acceleration are represented on the bottom
horizontal axis, and the corresponding five levels of constant velocity are represented on the top horizontal axis.

(footnote continued)
random error affecting the mean 29.3msec difference between the CEs for the
two simulated spheres should be approximately equal to 0. Nevertheless,
random error might have had a non-negligible impact on the variability of the
estimated CE measures, which would imply that the actual ηG2 values for the
main and interaction effects of the factors that we manipulated in Experiment 2
could be slightly larger than those reported above.
9 Individual data reflect quite closely the main features of group data visible

in Fig. 4. 1) All 30 participants overestimated the TTC. 2) For 21 participants,
the estimated TTC for the simulated wooden sphere was smaller than the one of
the simulated polystyrene sphere. 3) For 26 participants, the CE decreased with
the magnitude factor. 4) For 22 participants, the mean CE for the long occluder
was smaller than the mean CE for the short occluder in the constant velocity
motion, whereas for the uniformly accelerated motion the opposite held for all
participants.
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interaction were small and not significant (F(1,28)= 0.51, p= .48,
ηG2= 0.0001), a result that contributes to rule out the hypothesis that
the effects of the target's implied mass on estimated TTC could be an
artefact due to the order of the experiments.10

4. General discussion

People without formal instruction in Physics tend to explicitly be-
lieve that heavier objects fall faster than lighter ones (Champagne et al.,
1980; Sequeira & Leite, 1991; Shanon, 1976; Vicovaro, 2014). Contrary
to what could be expected on the base of previous studies that com-
pared explicit and perceptual judgements of physical events (Hecht &
Bertamini, 2000; Kaiser et al., 1985; Kaiser et al., 1992), results of
Experiment 1 showed that participants responded according to a
‘heavy-fast, light-slow’ heuristic, even when presented with ongoing
simulated vertical falls. A result that implies that they could not draw
representations of physically-based, previously experienced vertical
falls. A similar conclusion has recently been reached by Gravano et al.
(2017) in a study on imagined, rather than visually perceived vertical
fall. Moreover, the results of Experiment 1 are in line with the results of
previous studies that showed marked discrepancies between the pre-
dictions from physical laws and participants' judgments of realistic si-
mulations of ongoing physical events (e.g., Rohrer, 2003; Vicovaro,
2018; Vicovaro et al., 2014).

Physics teachers may have a hard time trying to modify students'
idea that heavier objects fall much faster than lighter ones (see
Kavanagh & Sneider, 2007; Sequeira & Leite, 1991). Although experts
in Physics may dismiss this idea as a trivial mistake due to scarce
knowledge of Newtonian mechanics, it is interesting to note that even
brilliant minds such as Aristotle and Medieval scholars were firmly
convinced that the mass of objects has a strong effect on their falling
speed (e.g., Darling, 2006). The results of Experiment 1 highlight the
pervasiveness of the ‘heavy-fast, light-slow’ heuristic, as it appears to
affect not only the explicit but also the perceptual judgements of ver-
tical falls. Understanding the origins of this heuristic would be im-
portant not only to shed light on the processes that stand at the basis of
our representations of the physical world, but also to implement more
effective strategies for the teaching of Physics. Unfortunately, a clear
explanation of the heuristic is still lacking, although some researchers
have speculated that it might originate from perceptual-motor experi-
ence with physical objects (Rohrer, 2003; Vicovaro, 2014). The ratio-
nale underlying this hypothesis starts from the observation that a heavy
object tends to exert a greater downward force than a light object.
Because a force in a given direction is usually a good predictor of a
velocity or an acceleration in the same direction, people may intuitively
believe that an object that exerts a greater downward force than an-
other object would also fall to the ground faster. This tentative ex-
planation of the origins of the ‘heavy-fast, light-slow’ heuristic relates to
the general principle of ‘externalization of body dynamics’, which has
been proposed as a possible explanation of the misconceptions about
projectiles motion (Hecht & Bertamini, 2000).

The results of Experiment 2 showed that the target's implied mass
affected TTC estimations in a PM task, with smaller TTC estimations for
the simulated wooden sphere than for the simulated polystyrene sphere

(average difference= 29.3msec, 95% CI[15.8 msec, 42.8 msec]). This
finding appears to be related to the results obtained by Kozhevnikov
and Hegarty (2001), who showed that the remembered vanishing po-
sition of targets with a large implied mass was slightly displaced in the
direction of gravity as compared to that of targets with a small implied
mass. Although the PM task of Experiment 2 was meant to minimize the
probability that participants could base their responses on a biased
knowledge of vertical fall, a plausible explanation of the effects of im-
plied mass on estimated TTC is that the ‘heavy-fast, light-slow’ heuristic
affected the TTC estimations. This hypothesis would be consistent with
the idea that TTC estimations can be affected by cognitive factors, like
participants' beliefs about the ‘typical’ velocity of a target (see Makin
et al., 2009; Tresilian, 1995). A possible alternative explanation of the
results is that the influence of the target's implied mass on participants'
responses in Experiments 2 reflects an implicit, automatic association
between mass and falling speed, in line with what it was suggested by
Kozhevnikov and Hegarty (2001). In this regard, it is worth noting that,
as it is showed in the Appendix A, due to the effects of air resistance a
real 6.5 cm diameter wooden sphere falling from a height of 220 cm
would actually touch the ground 43msec earlier than a 6.5 cm diameter
polystyrene falling from the same height. A single-sample t-test showed
that the 29.3msec difference between the mean estimated CEs for the
polystyrene and wooden spheres was not significantly different from
43msec (t(29)=−1.99, p= .056, dz=0.36). This suggests that an
implicit association between mass and falling speed that leads to
slightly smaller TTCs for heavier than for lighter objects, and of a
comparable size with respect to the actual physical difference, may
allow participants to comply with the actual behaviour of real objects
that fall in air, thus increasing the accuracy of their responses.

The similarity between the pattern of results that we obtained in the
PM task of Experiment 2, and the pattern of results that is typically
obtained in PM tasks in which the target moves in a horizontal direc-
tion, suggests that comparable cognitive and perceptual process may
underlie participants' responses in the two situations. Models of TTC
estimation in PM tasks can be broadly divided into two categories,
depending on whether they emphasize the role of people's sensitivity to
optical information that specifies TTC (e.g., Benguigui et al., 2003;
Benguigui & Bennett, 2010; Bootsma & Oudejans, 1993), or whether
they emphasize the role of visuo-spatial attention (e.g., Bennett &
Benguigui, 2013; de'Sperati & Deubel, 2006; Jonikaitis, Deubel, &
de'Sperati, 2009; Lyon & Waag, 1995; Makin & Poliakoff, 2011). Ex-
periment 2, however, was not designed to test the contribution of op-
tical variables and visuo-spatial attention to TTC estimation, indeed
both types of models can account for most of the results of Experiment
2. For instance, the large TTC overestimations obtained for uniformly
accelerated targets with the long occluder can either be explained in
terms of participants' sensitivity to first-order perceptual information
(see Benguigui et al., 2003; Bootsma & Oudejans, 1993), or in terms of
the difficulty to extrapolate the motion of accelerated targets (see
Jagacinski et al., 1983). It may also be the case that the lack of sensi-
tivity to optical acceleration had an effect on motion extrapolation,
implying that the observed results are related to both perceptual and
attentional processes. However, neither the sensitivity to optical in-
formation that specifies TTC, nor attentional processes appear to be
able to explain, in a relatively straightforward manner, the influence of
the target's implied mass on estimated TTC. The results of Experiment 2
are difficult to explain without assuming that people's heuristic beliefs
about the motion of objects, or an implicit association between mass
and falling speed, may affect TTC estimation in a PM task.

According to the ‘1 g model’, interceptive actions of objects that fall
vertically downward would be driven by accurate implicit, action-or-
iented knowledge of gravity (McIntyre et al., 2001; Zago, McIntyre,
Senot, & Lacquaniti, 2008; cf. Baurès et al., 2007). Support to the 1 g
model comes from two main observations: Firstly, despite poor explicit
knowledge of vertical fall, people have good action-oriented knowledge
of the phenomenon, as they can usually intercept objects that fall

10 Similarly, the outcomes of Experiment 1 were largely independent of the
Order factor. A four-way mixed ANOVA in naturalness ratings with Order as a
between-subject factor and Material, Motion pattern, and Magnitude as within-
subject factors, showed that neither the main effect nor the interactions in-
volving the order factor were significant, except for an order×mate-
rial×motion pattern interaction (F(1,28)= 10.19, p < .005, ηG2= 0.013)
and the four-way interaction (F(4,112)=4.51, p < .005, ηG2=0.004). The
statistical significance of both interactions appears to be due to a more marked
material×magnitude crossover interaction (for the uniformly accelerated
motion) in the responses of participants who took part in Experiment 2 rather
than Experiment 1 first.
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vertically downward with a fairly high degree of accuracy (see Zago &
Lacquaniti, 2005); Secondly, sensitivity to optical information that
specifies the object's time of arrival at the point of interception (Lee,
Young, Reddish, Lough, & Clayton, 1983), taken alone, cannot account
for the high level of accuracy observed in such interceptive actions,
which suggests that an internalized model of gravity assists interceptive
actions (Lacquaniti & Maioli, 1989; Zago et al., 2008; Zago &
Lacquaniti, 2005). However, there is no agreement among researchers
on the latter point. For instance, according to Baurès et al. (2007) the
results of interceptive actions studies would not support the use of an
accurate internal model of gravity, but they would rather support the
use of optical information coupled with approximate qualitative
knowledge of gravity (cf. Zago et al., 2008). Similarly, the results ob-
tained by Baurès, Benguigui, Amorim, and Hecht (2009) suggest that
the interception of vertically falling real and virtual balls was likely
driven by first-order optical information, rather than by the 1 g model.
Zhao and Warren (2015) reviewed the results of a number of motor
tasks studies, and argued that action is driven by internal representa-
tions of the outer world only when visual information is unavailable or
degraded, whereas in ‘normal’ viewing conditions action would be
driven by visual information. Even assuming that, at least in some
circumstances, the manual interception of vertically falling objects is
driven by an internalized model of gravity, it remains unclear whether
the 1 g model may also drive participants' performance in other types of
tasks. For instance, the results obtained by Gravano et al. (2017) sug-
gest that the 1 g model does not underlie the imagined vertical fall of an
object, and the results of Experiment 1 suggest that the 1 g model did
not drive participants' perceptual judgments of simulated vertical falls.
As regards PM tasks, Zago et al. (2010) found that TTC estimations in a
PM task with short TTCs were driven by the 1 g model, whereas the
results of our Experiment 2 showed that, with longer TTCs, this was not
the case. Besides differences in occlusion periods, our Experiment 2 and
Zago et al.'s (2010) study also differ in several aspects related to the
experimental settings, such as the viewing distance and the type of si-
mulated falling object (i.e., simulated material spheres in the former, a
featureless shape in the latter). Further studies appear to be needed in
order to clarify which of the differences between the two experiments
may be responsible for the observed differences in the patterns of re-
sults, and, more in general, in order to define the extents and the limits

of the 1 g model.
As a final note, it appears that the results of Experiments 1 and 2

raise an interesting observation with respect to our intuitive under-
standing of physical events. That is, that our understanding of physical
phenomena might dramatically differ from the actual phenomena to the
extent that such an understanding might work on a local rather than on
a global level. Indeed, all physical phenomena concerning the motion of
macroscopic objects, can be described within the framework of classical
Lagrangian and Hamiltonian mechanics (see, e.g., Landau & Lifshitz,
1976), in terms of global laws that are comprehensive of all the main
features of the motion. By virtue of the techniques of variational cal-
culus, the equations of motion of macroscopic objects can be obtained
by the so-called principle of least action as the solutions minimizing
some abstract quantity with the dimensions of an energy per time
(Action). Typically, the entire motion comes out as the one that fulfils
the best possible physical conditions given the elements in play,
meaning that it requires the lower amount of energy in time to happen.
Although such an approach works at a physical level – and has been
recently (albeit with very strong limitations) been suggested at a neu-
rophysiological and psychophysical level (Noventa & Vidotto, 2012) – it
might appear that such global behaviour is violated at the perceptual
and behavioural level. In the previous experiments, indeed, there is a
certain degree of evidence that the motion is not processed in its en-
tirety, but that its intuitive understanding is focused on specific features
whose relevance can change depending on the task at hand. For in-
stance, the different motion patterns are not considered in Experiment
1, in spite of the need to judge naturalness, but they are a main factor of
discrimination in Experiment 2, where a prediction is involved. Yet,
these feature selection elements do not preclude that the physical ap-
proach might still apply at the local level. It appears indeed that, al-
though our understanding of the physical events might violate physical
constraints, it still might obey to specific laws.

Author's note

Original materials used to conduct the research will be made available
upon request. Raw data can be downloaded from here: https://osf.io/
z45t2/?view_only=95743205eb5d47619855e836f96d7c9a

Appendix A

Because of air resistance, the acceleration of an object that falls in Earth's atmosphere is smaller than the nominal value of 1 g (i.e.,
g=9.80665≈9.81m/s2), and is not uniform as it decreases with time following the square of the velocity. The decrease in acceleration due to the
presence of air resistance depends on the mass: the heavier the object, the smaller the decrease in acceleration. Indeed, from Newton's laws of motion
(excluding buoyancy effects) one can then derive the relation

=a w F
m

d
(1)

where a, w, andm are respectively the object's acceleration, weight, and mass, and Fd is the force implied by the air drag (see Baurès et al., 2007). The
entity of the drag is however established by Reynolds number which is given by =Re vL , where ρ=1.2047Kg/m3 is the density of air at 20 °C, v is
the velocity of the moving objects, L is a linear dimension (in the case of a sphere its diameter L=0.065m), η=1.8205× 10−5Kg/m ∗ s is the
dynamic viscosity of air. A Reynolds number lower than one means a linear drag effect, which would be the case if v≤2.32× 10−4m/s. This is not
satisfied in the case of 6.5 cm diameter wooden and polystyrene spheres falling from a height of 2.20m. Hence, the spheres are subjected to a drag
effect that is proportional to the square of the velocity. One can then write:

=a t g v t
v

( ) 1 ( ) .
2

2 (2)

This equation means that the effective acceleration a(t) at the instant t of the motion of a real sphere that falls through air from a height of 2.20m
is given as a function of the velocity v(t) and the terminal velocity v∞, that is, the maximum velocity that can be reached when moving through a
physical medium and is defined by the following equation:

=v mg
C A

2
d (3)
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where m is the sphere's mass, ρ is the density of the medium, Cd is the drag coefficient (i.e., 0.47 for a sphere in the range of Reynolds number that we
require), and A is the cross-sectional area of the sphere.

Now, if one considers a free fall in the vacuum, the motion equations are given by v(t)= gt and s(t)= .5gt2. For a fall from a height of 2.20m, the
maximum velocity is given by vM=6.56991m/s, and it is independent of the object mass. The motion happens in a temporal interval of
t=657msec. Interestingly, according to Eq. (3), both the terminal velocity v∞ for the wooden sphere (i.e., 23.97145m/s) and the terminal velocity
v∞ for the polystyrene sphere (i.e., 7.22766m/s) are higher than the maximum velocity reached after a 2.20m fall in the vacuum. This implies that
wooden and polystyrene spheres that fall from a height of 2.20m do not reach their terminal velocity. Because the values of v∞ for the wooden and
polystyrene spheres are different, we can draw an important implication of Eq. (2). The effective gravitational accelerations of both spheres decrease
with time, because v(t)2 increases with time, whereas v∞2 remains constant for a given sphere, but with a different pace. In particular, the wooden
sphere experiences an effective acceleration in the range a(t)∈ [.92g,g], while the polystyrene sphere experiences an effective acceleration in the
range a(t)∈ [.12g,g].

The motion equations for the velocity and the position of the vertical fall comprising the effect of the drag are given by

= ( )v t v gt
v( ) tanh (4)

and

= ( )( )s t v
g log gt

v( ) cosh
2

(5)

By solving Eq. (5) with respect to t for s=2.20m and given the initial condition s(0)= 0 one can derive the time needed for the entire fall to
happen, which is respectively t=674msec for the wooden sphere, and t=717msec for the polystyrene sphere. If one considered these two time
intervals as if the motion were uniformly accelerated, it would require respectively the uniform accelerations a=9.688m/s2 for the wooden sphere
and a=8.567m/s2 for the polystyrene sphere to cover the same vertical distance. Since the corresponding ratios to g are 0.988 and 0.873 a choice of
≈0.9 g was used to approximate the gravitational uniform acceleration for both materials.

References

Battaglini, L., Campana, G., & Casco, C. (2013). Illusory speed is retained in memory
during invisible motion. I-Perception, 4, 180–191. https://doi.org/10.1068/i0562.

Baurès, R., Benguigui, N., Amorim, M. A., & Hecht, H. (2009). Intercepting real and si-
mulated free falling objects: What is the difference? Journal of Neuroscience Methods,
184, 48–53. https://doi.org/10.1016/j.jneumeth.2009.07.022.

Baurès, R., Benguigui, N., Amorim, M. A., & Siegler, I. A. (2007). Intercepting free falling
objects: Better use Occam's razor than internalize Newton's law. Vision Research, 47,
2982–2991. https://doi.org/10.1016/j.visres.2007.07.024.

Benguigui, N., & Bennett, S. J. (2010). Ocular pursuit and the estimation of time-to-
contact with accelerating objects in prediction motion are controlled independently
based on first-order estimates. Experimental Brain Research, 202, 327–339. https://
doi.org/10.1007/s00221-009-2139-0.

Benguigui, N., Ripoll, H., & Broderick, M. P. (2003). Time-to-contact estimation of ac-
celerated stimuli is based on first-order information. Journal of Experimental
Psychology: Human Perception and Performance, 29, 1083–1101. https://doi.org/10.
1037/0096-1523.29.6.1083.

Bennett, S. J., & Benguigui, N. (2013). Is acceleration used for ocular pursuit and spatial
estimation during prediction motion? PLoS One, 8, e63382. https://doi.org/10.1371/
journal.pone.0063382.

Bootsma, R. J., & Oudejans, R. R. D. (1993). Visual information about time-to-collision
between two objects. Journal of Experimental Psychology: Human Perception and
Performance, 19, 1041–1052. https://doi.org/10.1037/0096-1523.19.5.1041.

Bosco, G., Delle Monache, S., & Lacquaniti, F. (2012). Catching what we can't see: Manual
interception of occluded fly-ball trajectories. PLoS One, 7, e49381. https://doi.org/
10.1371/journal.pone.0049381.

Bozzi, P. (1959). Le condizioni del movimento “naturale” lungo i piani inclinati. Rivista di
Psicologia, 53, 337–352.

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 10, 443–446. https://
doi.org/10.1163/156856897X00357.

Brower, A., Brenner, E., & Smeets, J. B. J. (2002). Perception of acceleration with short
presentation times: Can acceleration be used in interception? Perception &
Psychophysics, 64, 1160–1168. https://doi.org/10.3758/BF03194764.

Brown, J. F. (1931). The visual perception of velocity. Psychologische Forschung, 14,
199–232. https://doi.org/10.1007/BF00403873.

Champagne, A. B., Klopfer, L. E., & Anderson, J. H. (1980). Factors influencing the
learning of classical mechanics. American Journal of Physics, 48, 1074–1079. https://
doi.org/10.1119/1.12290.

Darling, D. J. (2006). Gravity's arc: The story of gravity from Aristotle to Einstein and beyond.
Hoboken, NJ: Wiley.

de'Sperati, C., & Deubel, H. (2006). Mental extrapolation of motion modulates respon-
siveness to visual stimuli. Vision Research, 46, 2593–2601. https://doi.org/10.1016/j.
visres.2005.12.019.

Graney, C. M. (2012). Beyond Galileo: a translation of Giovanni Battista Riccioli's ex-
periments regarding falling bodies and “air drag”, as reported in his 1651
Almagestum Novum. Retrieved from: arxiv.org/ftp/arxiv/papers/1205/1205.4663.
pdf.

Gravano, S., Zago, M., & Lacquaniti, F. (2017). Mental imagery of gravitational motion.
Cortex, 95, 172–191. https://doi.org/10.1016/j.cortex.2017.08.005.

Hecht, H., & Bertamini, M. (2000). Understanding projectile acceleration. Journal of

Experimental Psychology: Human Perception and Performance, 26, 730–746. https://doi.
org/10.1037/0096-1523.26.2.730.

Hochberg, Y. (1988). A sharper Bonferroni procedure for multiple tests of significance.
Biometrika, 75, 800–802. https://doi.org/10.2307/2336325.

Huber, S., & Krist, H. (2004). When is the ball going to hit the ground? Duration esti-
mates, eye movements, and mental imagery of object motion. Journal of Experimental
Psychology: Human Perception and Performance, 30, 431–444. https://doi.org/10.
1037/0096-1523.30.3.431.

Jagacinski, R. J., Johnson, W. W., & Miller, R. A. (1983). Quantifying the cognitive tra-
jectories of extrapolated movements. Journal of Experimental Psychology: Human
Perception and Performance, 9, 43–57. https://doi.org/10.1037/0096-1523.9.1.43.

Jonikaitis, D., Deubel, H., & de'Sperati, C. (2009). Time gaps in mental imagery in-
troduced by competing saccadic tasks. Vision Research, 49, 2164–2175. https://doi.
org/10.1016/j.visres.2009.05.021.

Kaiser, M. K., Proffitt, D. R., & Anderson, K. (1985). Judgments of natural and anomalous
trajectories in the presence and absence of motion. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 11, 795–803. https://doi.org/10.1037/0278-7393.
11.1-4.795.

Kaiser, M. K., Proffitt, D. R., Whelan, S. M., & Hecht, H. (1992). Influence of animation on
dynamical judgments. Journal of Experimental Psychology: Human Perception and
Performance, 18, 669–689. https://doi.org/10.1037/0096-1523.18.3.669.

Kavanagh, C., & Sneider, C. (2007). Learning about gravity I. Free fall: A guide for tea-
chers and curriculum developers. Astronomy Education Review, 5, 21–52. https://doi.
org/10.3847/AER2006018.

Keselman, H. J. (1994). Stepwise and simultaneous multiple comparison procedures of
repeated-measures means. Journal of Educational Statistics, 19, 127–162. https://doi.
org/10.3102/10769986019002127.

Kozhevnikov, M., & Hegarty, M. (2001). Impetus beliefs as default heuristics: Dissociation
between explicit and implicit knowledge about motion. Psychonomic Bulletin &
Review, 8, 439–453. https://doi.org/10.3758/BF03196179.

Lacquaniti, F., & Maioli, C. (1989). The role of preparation in tuning anticipatory and
reflex responses during catching. Journal of Neuroscience, 9, 134–148. https://doi.
org/10.1523/JNEUROSCI.09-01-00134.1989.

Landau, L. D., & Lifshitz, E. M. (1976). Mechanics. Course of theoretical physics(3rd ed.).
Vol. 1. Oxford: Butterworth-Heinemann.

Lee, D. N., Young, D. S., Reddish, P. E., Lough, S., & Clayton, T. M. (1983). Visual timing
in hitting an accelerating ball. Quarterly Journal of Experimental Psychology Section A,
35, 333–346. https://doi.org/10.1080/14640748308402138.

Lyon, D. R., & Waag, W. L. (1995). Time-course of visual extrapolation accuracy. Acta
Psychologica, 89, 239–260. https://doi.org/10.1016/0001-6918(95)98945-Z.

Makin, A. D. J. (2019). The common rate control account of prediction motion.
Psychonomic Bulletin & Review.. https://doi.org/10.3758/s13423-017-1403-8 (in
press).

Makin, A. D. J., & Poliakoff, E. (2011). Do common systems control eye movements and
motion extrapolation? Quarterly Journal of Experimental Psychology, 64, 1327–1343.
https://doi.org/10.1080/17470218.2010. 548562.

Makin, A. D. J., Stewart, A. J., & Poliakoff, E. (2009). Typical object velocity influences
motion extrapolation. Experimental Brain Research, 193, 137–142. https://doi.org/10.
1007/s00221-008-1678-0.

McIntyre, J., Zago, M., Berthoz, A., & Lacquaniti, F. (2001). Does the brain model
Newton's laws? Nature Neuroscience, 4, 693–694. https://doi.org/10.1097/
00001756-200112040-00004.

M. Vicovaro et al. Acta Psychologica 194 (2019) 51–62

61

https://doi.org/10.1068/i0562
https://doi.org/10.1016/j.jneumeth.2009.07.022
https://doi.org/10.1016/j.visres.2007.07.024
https://doi.org/10.1007/s00221-009-2139-0
https://doi.org/10.1007/s00221-009-2139-0
https://doi.org/10.1037/0096-1523.29.6.1083
https://doi.org/10.1037/0096-1523.29.6.1083
https://doi.org/10.1371/journal.pone.0063382
https://doi.org/10.1371/journal.pone.0063382
https://doi.org/10.1037/0096-1523.19.5.1041
https://doi.org/10.1371/journal.pone.0049381
https://doi.org/10.1371/journal.pone.0049381
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0045
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0045
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1163/156856897X00357
https://doi.org/10.3758/BF03194764
https://doi.org/10.1007/BF00403873
https://doi.org/10.1119/1.12290
https://doi.org/10.1119/1.12290
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0070
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0070
https://doi.org/10.1016/j.visres.2005.12.019
https://doi.org/10.1016/j.visres.2005.12.019
http://arxiv.org/ftp/arxiv/papers/1205/1205.4663.pdf
http://arxiv.org/ftp/arxiv/papers/1205/1205.4663.pdf
https://doi.org/10.1016/j.cortex.2017.08.005
https://doi.org/10.1037/0096-1523.26.2.730
https://doi.org/10.1037/0096-1523.26.2.730
https://doi.org/10.2307/2336325
https://doi.org/10.1037/0096-1523.30.3.431
https://doi.org/10.1037/0096-1523.30.3.431
https://doi.org/10.1037/0096-1523.9.1.43
https://doi.org/10.1016/j.visres.2009.05.021
https://doi.org/10.1016/j.visres.2009.05.021
https://doi.org/10.1037/0278-7393.11.1-4.795
https://doi.org/10.1037/0278-7393.11.1-4.795
https://doi.org/10.1037/0096-1523.18.3.669
https://doi.org/10.3847/AER2006018
https://doi.org/10.3847/AER2006018
https://doi.org/10.3102/10769986019002127
https://doi.org/10.3102/10769986019002127
https://doi.org/10.3758/BF03196179
https://doi.org/10.1523/JNEUROSCI.09-01-00134.1989
https://doi.org/10.1523/JNEUROSCI.09-01-00134.1989
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0145
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0145
https://doi.org/10.1080/14640748308402138
https://doi.org/10.1016/0001-6918(95)98945-Z
https://doi.org/10.3758/s13423-017-1403-8
https://doi.org/10.3758/s13423-017-1403-8
https://doi.org/10.1080/17470218.2010. 548562
https://doi.org/10.1007/s00221-008-1678-0
https://doi.org/10.1007/s00221-008-1678-0
https://doi.org/10.1097/00001756-200112040-00004
https://doi.org/10.1097/00001756-200112040-00004


Noventa, S., & Vidotto, G. (2012). A variational approach to behavioral and neuroelec-
trical laws. Biological Cybernetics, 106(6), 339–358. https://doi.org/10.1007/s00422-
012-0501-y.

Oberle, C. D., McBeath, M. K., Madigan, S. C., & Sugar, T. G. (2005). The Galileo bias: A
naive conceptual belief that influences people's perceptions and performance in a
ball-dropping task. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 31, 643–653. https://doi.org/10.1037/0278-7393.31.4.643.

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics: Transforming
numbers into movies. Spatial Vision, 10, 437–442. https://doi.org/10.1163/
156856897X00366.

Peterken, C., Brown, B., & Bowman, K. (1991). Predicting the future position of a moving
target. Perception, 20, 5–16. https://doi.org/10.1068/p200005.

Rohrer, D. (2003). The natural appearance of unnatural incline speed. Memory &
Cognition, 31, 816–826. https://doi.org/10.3758/BF03196119.

Rosenbaum, D. A. (1975). Perception and extrapolation of velocity and acceleration.
Journal of Experimental Psychology: Human Perception and Performance, 1, 395–403.
https://doi.org/10.1037/0096-1523.1.4.395.

Runeson, S. (1974). Constant velocity – Not perceived as such. Psychological Research, 37,
3–23. https://doi.org/10.1007/BF00309076.

Runeson, S. (1975). Visual prediction of collision with natural and unnatural motion
functions. Perception & Psychophysics, 18, 261–266. https://doi.org/10.3758/
BF03199372.

Sanborn, A. N., Mansinghka, V. K., & Griffiths, T. L. (2013). Reconciling intuitive physics
and Newtonian mechanics for colliding objects. Psychological Review, 120, 411–437.
https://doi.org/10.1037/a0031912.

Schlottmann, A., & Anderson, N. H. (1993). An information integration approach to
phenomenal causality. Memory and Cognition, 21, 785–801. https://doi.org/10.3758/
BF03202746.

Sequeira, M., & Leite, L. (1991). Alternative conceptions and history of science in physics
teacher education. Science Education, 75, 45–56. https://doi.org/10.1002/sce.
3730750105.

Shanon, B. (1976). Aristotelianism, Newtonianism, and the physics of the layman.
Perception, 5, 241–243. https://doi.org/10.1068/p050241.

Tresilian, J. R. (1995). Perceptual and cognitive-processes in time-to-contact estimation –
Analysis of prediction-motion and relative judgment tasks. Perception & Psychophysics,
57, 231–245. https://doi.org/10.3758/BF03206510.

Twardy, C. R., & Bingham, G. P. (2002). Causation, causal perception, and conservation
laws. Perception & Psychophysics, 64, 956–968. https://doi.org/10.3758/
BF03196799.

Vicovaro, M. (2014). Intuitive physics of free fall: An information-integration approach to
the mass-speed belief. Psicológica, 35, 463–477.

Vicovaro, M. (2018). Causal reports: Context-dependent contribution of intuitive physics
and visual impressions of launching. Acta Psychologica, 186, 133–144. https://doi.
org/10.1016/j.actpsy.2018.04.015.

Vicovaro, M., & Burigana, L. (2014). Intuitive understanding of the relation between
velocities and masses in simulated collisions. Visual Cognition, 22, 896–919. https://
doi.org/10.1080/13506285.2014.933940.

Vicovaro, M., & Burigana, L. (2016). Intuitive understanding of the relationship between
the elasticity of objects and kinematic patterns of collisions. Attention, Perception, &
Psychophysics, 78, 618–635. https://doi.org/10.3758/s13414-015-1033-z.

Vicovaro, M., Hoyet, L., Burigana, L., & O'Sullivan, C. (2014). Perceptual evaluation of
motion editing for realistic throwing animations. ACM Transactions on Applied
Perception, 11, 10. https://doi.org/10.1145/2617916.

Werkhoven, P., Snippe, P. H., & Toet, A. (1992). Visual processing of optic acceleration.
Vision Research, 32, 2313–2329. https://doi.org/10.1016/0042-6989(92)90095-Z.

Winer, B. J., Brown, D. R., & Michels, K. M. (1991). Statistical principles in experimental
design (3rd ed.). New York: McGraw-Hill.

Yakimoff, N., Mateeff, S., Ehrenstein, W., & Hohnsbein, J. (1993). Motion extrapolation
performance: A linear model approach. Human Factors, 35, 501–510. https://doi.org/
10.1177/001872089303500307.

Zago, M., Iosa, M., Maffei, V., & Lacquaniti, F. (2010). Extrapolation of vertical target
motion through a brief visual occlusion. Experimental Brain Research, 201, 365–384.
https://doi.org/10.1007/s00221-009-2041-9.

Zago, M., & Lacquaniti, F. (2005). Cognitive, perceptual, and action-oriented re-
presentations of falling objects. Neuropsychologia, 43, 178–188. https://doi.org/10.
1016/j.neuropsychologia.2004.11.005.

Zago, M., McIntyre, J., Senot, P., & Lacquaniti, F. (2008). Internal models and prediction
of visual gravitational motion. Vision Research, 48, 1532–1538. https://doi.org/10.
1016/j.visres.2008.04.005.

Zhao, H., & Warren, W. H. (2015). On-line and model-based approaches to the visual
control of action. Vision Research, 110, 190–202. https://doi.org/10.1016/j.visres.
2014.10.008.

M. Vicovaro et al. Acta Psychologica 194 (2019) 51–62

62

https://doi.org/10.1007/s00422-012-0501-y
https://doi.org/10.1007/s00422-012-0501-y
https://doi.org/10.1037/0278-7393.31.4.643
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1068/p200005
https://doi.org/10.3758/BF03196119
https://doi.org/10.1037/0096-1523.1.4.395
https://doi.org/10.1007/BF00309076
https://doi.org/10.3758/BF03199372
https://doi.org/10.3758/BF03199372
https://doi.org/10.1037/a0031912
https://doi.org/10.3758/BF03202746
https://doi.org/10.3758/BF03202746
https://doi.org/10.1002/sce.3730750105
https://doi.org/10.1002/sce.3730750105
https://doi.org/10.1068/p050241
https://doi.org/10.3758/BF03206510
https://doi.org/10.3758/BF03196799
https://doi.org/10.3758/BF03196799
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0250
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0250
https://doi.org/10.1016/j.actpsy.2018.04.015
https://doi.org/10.1016/j.actpsy.2018.04.015
https://doi.org/10.1080/13506285.2014.933940
https://doi.org/10.1080/13506285.2014.933940
https://doi.org/10.3758/s13414-015-1033-z
https://doi.org/10.1145/2617916
https://doi.org/10.1016/0042-6989(92)90095-Z
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0280
http://refhub.elsevier.com/S0001-6918(18)30353-6/rf0280
https://doi.org/10.1177/001872089303500307
https://doi.org/10.1177/001872089303500307
https://doi.org/10.1007/s00221-009-2041-9
https://doi.org/10.1016/j.neuropsychologia.2004.11.005
https://doi.org/10.1016/j.neuropsychologia.2004.11.005
https://doi.org/10.1016/j.visres.2008.04.005
https://doi.org/10.1016/j.visres.2008.04.005
https://doi.org/10.1016/j.visres.2014.10.008
https://doi.org/10.1016/j.visres.2014.10.008

	Intuitive physics of gravitational motion as shown by perceptual judgment and prediction-motion tasks
	Introduction
	Experiment 1
	Participants
	Apparatus
	Stimuli and design
	Procedure
	Results and discussion

	Experiment 2
	Participants
	Apparatus
	Stimuli and design
	Procedure
	Results and discussion

	General discussion
	Author's note
	mk:H1_16
	References




