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A B S T R A C T

Everyday causal reports appear to be based on a blend of perceptual and cognitive processes. Causality can
sometimes be perceived automatically through low-level visual processing of stimuli, but it can also be inferred
on the basis of an intuitive understanding of the physical mechanism that underlies an observable event. We
investigated how visual impressions of launching and the intuitive physics of collisions contribute to the for-
mation of explicit causal responses. In Experiment 1, participants observed collisions between realistic objects
differing in apparent material and hence implied mass, whereas in Experiment 2, participants observed collisions
between abstract, non-material objects. The results of Experiment 1 showed that ratings of causality were mainly
driven by the intuitive physics of collisions, whereas the results of Experiment 2 provide some support to the
hypothesis that ratings of causality were mainly driven by visual impressions of launching. These results suggest
that stimulus factors and experimental design factors− such as the realism of the stimuli and the variation in the
implied mass of the colliding objects − may determine the relative contributions of perceptual and post-per-
ceptual cognitive processes to explicit causal responses. A revised version of the impetus transmission heuristic
provides a satisfactory explanation for these results, whereas the hypothesis that causal responses and intuitive
physics are based on the internalization of physical laws does not.

1. Introduction

In one of Michotte's (1963) seminal experiments on the perception
of causality, observers were presented with two small, horizontally
aligned squares; at a point in time one square (A) started moving to-
wards the other (B). When A made contact with B, B started moving
with the same velocity as A, whilst A came to a halt (see Fig. 1). The
vast majority of observers described this scene by saying that A
“launched” or “kicked” B—that is, that the motion of A had caused the
motion of B. This phenomenon was called the launching effect. Through
a series of ingenious experimental demonstrations, Michotte (1963)
showed that the launching effect is a genuinely visual phenomenon,
because the necessary and sufficient conditions for its occurrence all
relate to the perceptual properties of the scene. That is, the effect occurs
when the perceived scene satisfies certain requirements; for example,
two distinct objects must be present and their motions must exhibit
perceptual continuity. In contrast, Michotte showed that the launching
phenomenon was not related to either observer's knowledge of collisions
or the degree of consistency between the simulated collisions and the
physical laws of collisions: observers reported visual impressions of
launching even when relationships between the physical motions of A

and B were inconsistent with physical laws of collisions. More recently,
Michotte's Gestalt-theoretic account of the perception of causality has
been reinterpreted in terms of modularity. In other words, the launching
effect is conceived of as the result of a visual module which is im-
pervious to learning, past experience, and high-level cognitive pro-
cesses (Leslie & Keeble, 1987; Scholl & Tremoulet, 2000; cf. Rips,
2011).

Michotte's ideas contrast markedly with the empiricist approach to
causal relations. The empiricist philosopher David Hume argued
(Hume, 1977) that causality cannot be directly perceived and that
subjective impressions of causality stem from acquired knowledge
about the relationship between separate motions that are characterized
by spatiotemporal contiguity. Shortly after the publication of Michotte's
work, the empiricist account of perceived causality was supported by
research emphasizing the roles of learning (Brown & Miles, 1969;
Gruber, Fink, & Damm, 1957; Powesland, 1959) and individual dif-
ferences (Beasley, 1968; Boyle, 1960; Gemelli & Cappellini, 1959) in
the perception of causality. Although the value of Michotte's studies is
widely acknowledged in contemporary vision research (see Wagemans,
van Lier, & Scholl, 2006), there is as yet no consensus on the relative
contributions of low-level visual processes and learning and past
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experience to perceived causality (see Hubbard, 2013a, 2013b). This
lack of consensus is partly due to a methodological problem. Most re-
search in this domain has been conducted using explicit measures, for
example by asking participants to rate the extent to which the motion of
B appears to be caused by the motion of A. However, in the words of
Choi and Scholl (2006, p. 93) “explicit reports are always sensitive in
principle to extra-perceptual factors, and one of the most serious con-
cerns is that verbal reports reflect not only what subjects are seeing but
also their higher-level interpretations and judgments.” In other words,
learning and past experience might be relevant to explicit reports of
causality – and hence to the explicit post-perceptual processing of the
stimuli – rather than to perceived causality per se.

In order to bypass the seemingly inescapable problem of the con-
tribution of explicit post-perceptual processing to explicit reports of
causality, researchers have recently focused on implicit measures of
causal perception. For instance, it has been shown that perception of
the launching effect implies a distortion of the perceived distance be-
tween A and B (Buehner & Humphreys, 2010; Scholl & Nakayama,
2004) and a modification of the perceived trajectory of the apparent
motion of A (Kim, Feldman, & Singh, 2013). Moors, Wagemans, and de-
Wit (2017) showed that visual stimuli that normally elicit a launching
effect enter awareness faster than similar stimuli that do not elicit a
causal impression. Rolfs, Dambacher, and Cavanagh (2013) showed
that the launching effect was subject to specific retinotopic visual
adaptation. These studies highlighted behavioral consequences of the
visual perception of launching that emerge despite the lack of explicit
reference to causality in the experimental instructions, and so they
suggest that causal perception stems from automatic, low-level visual
processing of Michottean collisions (i.e., collisions like that depicted in
Fig. 1).1 Further support for this claim has been provided by neuro-
physiological and neuroimaging studies showing that distinct brain
regions are involved in causal perception and causal reasoning
(Fonlupt, 2003; Roser, Fugelsang, Dunbar, Corballis, & Gazzaniga,
2005; cf. Straube & Chatterjee, 2010).

1.1. A connection between causal reports and impetus transmission?

Implicit measures allow researchers to explore genuine visual im-
pressions of causality independently from the influence of explicit post-
perceptual causal reasoning. Nevertheless, everyday causal reports ap-
pear to be based on a blend of perceptual and cognitive processes
(Schlottmann, 2000, 2001; Schlottmann & Anderson, 1993). Our ex-
plicit responses about the possible existence of a causal relationship
between two events are likely to be driven not only by our immediate
visual impressions, but also by what we know about the events. Ac-
cording to physicalist models of causal cognition, causal inferences are
based on analogies with the physical world; in other words, events are
believed to be causally related if there is a plausible physical mechanism
to explain such a relationship (Bullock, Gelman, & Baillargeon, 1982;
Schlottmann, 1999; Schultz, Fisher, Pratt, & Rulf, 1986; Wolff, 2007).
In this context, the term “mechanism” refers to people's intuitive un-
derstanding of a physical event, which may not correspond with the
relevant physical laws (e.g., diSessa, 1993; McCloskey, 1983). The

property transmission hypothesis (White, 2009a) reflects a physicalist
account of causal cognition: causal inferences are drawn when some
property is implicitly or explicitly believed to be transmitted from one
object to another. In the case of interactions between physical objects, a
cause-effect relationship is inferred from the transmission of some
physical quantity (e.g., velocity, energy, force) from the agent object (or
cause object) to the patient object (or effect object).

Research in the field of intuitive physics has shown that people
understand interactions between physical objects – including collisions
– in terms of transmission of impetus (Clement, 1982; diSessa, 1993;
Halloun & Hestenes, 1985; McCloskey, 1983). For instance, people in-
tuitively understand a Michottean collision such as that depicted in
Fig. 1 as an agent (i.e., object A) transmitting impetus to a patient (i.e.,
object B), which resists the transmission of impetus to a certain degree
(Hubbard, 2013c; Hubbard & Ruppel, 2002; White, 2009a). As a con-
sequence, A is perceived to exert a force on B, whereas B is perceived to
exert a small or null force on A (White, 2007, 2009b). Incidentally, this
is at odds with the symmetry of forces implied by Newton's Third Law,
which states that the force that A exerts on B is equal and opposite to
the force that B exerts on A. Hubbard (2013c, p. 642) speculated that
“perhaps observers experience impressions of causality when viewing
launching effect displays not because they directly perceive causality,
but because behavior of the mover [object A] and target [object B] in
launching effect displays match an impetus heuristic used when pre-
dicting outcomes of collision events” (see also Hubbard & Ruppel,
2002). This hypothesis appears to dismiss the possibility of direct visual
impressions of causality, but to do so would be at odds with recent
findings supporting the existence of such low-level visual impressions
(e.g., Buehner & Humphreys, 2010; Kim et al., 2013; Moors et al., 2017;
Rolfs et al., 2013; Scholl & Nakayama, 2004). A hypothesis compatible
with these recent findings is that visual impressions of launching are
impervious to the impetus transmission heuristic because they result
from a visual module (Leslie & Keeble, 1987; Scholl & Tremoulet, 2000;
see also Firestone & Scholl, 2016); however, explicit reports of causality
would be primarily driven by high-level interpretations of the stimuli
based on the impetus transmission heuristic, rather than by visual im-
pressions of launching. The hypothesis that we set out to test in this
study is that explicit reports of causality are primarily driven by peo-
ple's intuitive understanding of the physics of collision, rather than by
genuine visual impressions. This is consistent with the idea that explicit
causal responses are based more on an intuitive understanding of the
physical situation (i.e., on high-level cognitive processes) than on low-
level perceptual cues (Schlottmann, 2000, 2001).

We tested the hypothesis in two distinct stimulus conditions: in
Experiment 1, we presented participants with simulated collisions in-
volving depictions of realistic spheres differing in implied masses,
whereas in Experiment 2, we presented participants with simulated
collisions involving depictions of non-material spheres. We speculated
that explicit reports of causality could be primarily driven by people's
intuitive understanding of the physics of collision when the stimuli are
sufficiently similar to real life physical collisions (Experiment 1), be-
cause this is the domain to which intuitive physics of collisions nor-
mally applies. We also speculated that, when the stimuli lack the ma-
terial properties of real life objects as in Experiment 2, participants'
responses could be driven by a different source of information, namely
visual impressions of launching.

The intuitive understanding of collisions and the explicit reports of
causality are two distinct constructs that should be measured

Fig. 1. Three frames of a Michottean collision. The letters A
and B and arrows were added to indicate which objects are
moving in the three stages of the collision event.

1 Within the frame of the “representational momentum” paradigm, Hubbard suggested
that the remembered vanishing location of B also constitutes an indirect measure of
perceptual causality (see Hubbard, 2013c; Hubbard & Ruppel, 2002). This claim, how-
ever, has been called into question by Choi and Scholl (2006).
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separately. Consistently with previous studies (Kaiser & Proffitt, 1987;
Sanborn, Mansinghka, & Griffiths, 2013; Schlottmann & Anderson,
1993; Vicovaro & Burigana, 2014, 2016), we measured participants'
intuitive understanding of collisions by means of naturalness ratings,
that is by asking them to rate the apparent naturalness of simulated
collisions. In the light of the results of previous studies in the field of
intuitive physics, naturalness ratings are expected to reflect the impetus
transmission heuristic (but see Section 1.2 below). We measured ex-
plicit causal reports by means of ratings of causality, that is, by asking
participants to indicate to what extent the motion of B appeared to be
caused by the collision with A (see also Hubbard & Ruppel, 2013;
Sanborn et al., 2013; Schlottmann & Anderson, 1993). If explicit causal
reports are also driven by the impetus transmission heuristic – as sug-
gested above – then naturalness and causality ratings should be strongly
correlated, that is, they should vary with the same variables in a similar
way. The more consistent with impetus transmission a collision appears
to be, the more ‘natural’ it should appear to be and the more the motion
of B should be rated as caused by the collision with A. A competing
hypothesis is that explicit causal reports are primarily driven by gen-
uine visual impressions of launching. As emphasized by Michotte
(1963), the launching effect is independent of the observer's knowledge
about collisions (see also Scholl & Tremoulet, 2000), and thus it should
be independent of the impetus transmission heuristic. If explicit causal
reports are driven by the launching effect, then there is no reason to
expect that ratings of naturalness and causality will be positively as-
sociated, since it is assumed that only the former are driven by the
impetus transmission heuristic.

Chapter 5 of Michotte's book (1963) argued that the launching ef-
fect is not influenced by properties of the colliding objects, such as their
shape, color and dimensions. In Experiment 27, Michotte showed that
the launching effect occurs even when A and B are shadows projected
onto a screen, whilst in Experiment 28 he showed that the effect occurs
when A is a real wooden sphere and B is a bright circle projected onto a
screen. Michotte (1963) concluded that one of the keys to the launching
effect is the presence of two phenomenally distinct objects, irrespective
of their features. This provides strong support for the hypothesis that
the launching effect is a genuine visual phenomenon, because it shows
that the effect depends only on the low-level kinematic properties of the
stimuli and is unaffected by stimulus properties that are presumed to be
processed at a higher cognitive level – such as the implied mass of the
colliding objects.2 In contrast, dynamic properties of the colliding ob-
jects play a critical role in the impetus transmission heuristic, as people
believe that impetus and resistance increase with mass (Halloun &
Hestenes, 1985). For a fixed pre-collision velocity of A, the larger the
mass of A, the greater the impetus which is believed to be transmitted
from A to B, and the larger the mass of B, the greater B's resistance to
impetus transmission is believed to be. The crucial point is that if ex-
plicit causal reports of Michottean collisions are based on visual per-
ception of the launching effect, then causality ratings should be in-
dependent of the implied masses of A and B. If, however, explicit causal
reports are based on the impetus transmission heuristic, then the im-
plied masses of A and B should exert approximately the same influence
on ratings of causality and on ratings of naturalness. In Experiment 1
we tested these predictions by directly comparing naturalness and
causality ratings for Michottean collisions between simulated colliding
objects differing in implied mass.

1.2. A revision of the impetus transmission heuristic

According to the impetus transmission heuristic, an agent transmits
impetus to a patient, the patient resists this to some extent and, most
importantly, the patient does not transmit any impetus to the agent
(diSessa, 1993; McCloskey, 1983; White, 2009a). In Michottean colli-
sions, the role of agent is assigned to the object that moves first (i.e., A),
whereas the role of patient is assigned to the initially stationary object
(i.e., B). The force that A is perceived to exert on B is larger than the
force that B is perceived to exert on A, which is inconsistent with
Newton's Third Law, but consistent with impetus transmission heuristic
(White, 2007, 2009b). However, some deviations from the predictions
of the impetus transmission heuristic have also been reported. Hubbard
and Ruppel (2013) presented participants with various kinematic pat-
terns of colliding objects, including a case in which object A appeared
to shatter on impact with B, which remained stationary after the col-
lision. This gives the impression of a relatively light or fragile object
that is smashed when it collides with a very massive object, for example
a glass bottle shattering when it hits a rock. This shattering-type sti-
mulus produced higher ratings of force and of causality for the patient
(i.e., B) than for the agent (i.e., A), showing that – inconsistently with
the original impetus transmission heuristic – people may sometimes
believe that the patient can exert a large amount of force on the agent.
Similarly in some of our everyday life experiences - for instance, when
we punch a wall, jump on a rubber mattress or drop a superball on the
floor - the patient does not simply ‘resist’ impetus transmission, it also
appears to impart a force to the agent. In other words, force can be
transmitted from patient to agent as well as from agent to patient. The
force that the agent appears to transmit to the patient can be attributed
to impetus, whereas the force that the patient appears to transmit to the
agent can be attributed to a ‘reaction’ of the patient to impetus trans-
mission. We call this revised impetus heuristic the ‘bidirectional force
transmission heuristic’ (BFTH). As compared with the impetus trans-
mission heuristic, the BFTH does share the general assumption that
people's intuitive understanding of physics mostly relies on heuristic
processes, rather than on internalized physical laws (cf. Sanborn et al.,
2013; see Section 4.2 for a discussion). However, the BFTH suggests
that people's intuitive understanding of collisions is more consistent
with Newton's Third Law than what it has been suggested in previous
accounts of the impetus transmission heuristic (Clement, 1982; diSessa,
1993; Halloun & Hestenes, 1985; Hubbard, 2013c; Hubbard & Ruppel,
2002; McCloskey, 1983; White, 2009a).

According to the BFTH, Michottean collisions may involve ‘back-
wards’ transmission of force from B to A as well as ‘onwards’ trans-
mission of force from A to B. The amount of backwards force trans-
mission should increase with the resistance of B, in other words, the
larger B's resistance, the greater its tendency to transmit a force to A. In
turn, Amay resist this force. The implication is that if B exerts very high
resistance it will remain stationary despite the force transmitted by A,
whereas if A exerts very high resistance it will maintain its pre-collision
motion despite the force transmitted by B. In Experiment 1 of this study,
we held the pre-collision velocity of A constant and manipulated the
implied masses of A and B through manipulations of the material from
which they appeared to be made. The BFTH allows one to make a
number of predictions about this experimental situation and these are
schematized in Fig. 2. For a fixed pre-collision velocity of A, the post-
collision velocity of B should increase with the mass of A (i.e., with the
force transmitted by A) and it should decrease with the mass of B (i.e.,
with the resistance of B to the force transmitted by A). The post-colli-
sion velocity of A should also increase with the mass of A (i.e., with the
resistance of A to the force transmitted by B) and it should decrease
with the mass of B (i.e., with the amount of force transmitted by B). For
instance, when the implied mass of A greatly exceeds the implied mass
of B, collisions should be rated as more natural if A keeps on moving in
the same direction after the collision and if the post-collision velocity of
B is relatively high. Conversely, when the implied mass of B greatly

2 Some authors have put this strong claim into question, suggesting that non-kinematic
properties of the scene that are processed at a cognitive level may affect the visual im-
pression of launching. For instance, Young and Falmier (2008) argued that a predictive
color change of A can be perceived as the cause of the motion of B. However, Choi and
Scholl (2006) argued against this type of top-down effect in the visual perception of
causality, suggesting that the influence of properties of the scene that are processed at a
high cognitive level on explicit causal responses probably reflects causal thinking, rather
than causal perception (see also Firestone & Scholl, 2016).
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exceeds the implied mass of A, collisions should be rated as more nat-
ural if A bounces back from the collision and if the post-collision ve-
locity of B is relatively low. The present account of the BFTH allows us
to make general, qualitative predictions about participants' under-
standing of the effects of implied masses on post-collision velocities,
whereas it does not afford fine-grained quantitative predictions. For
instance, participants are expected to intuitively understand that the
post-collision velocities of A and B increase with increases in the mass
of A and with decreases in the mass of B; however, participants are not
expected to have accurate quantitative knowledge of the range of post-
collision velocities that would be ‘natural’ for a given combination of
implied masses of A and B. In this regard, it is perhaps worth noting
that, like the BFTH, most models and theories that rely on the idea that
people's understanding of physics is based on heuristic processes make
qualitative predictions about participants' responses (e.g., diSessa,
1993; McCloskey, 1983; Schultz et al., 1986; White, 2009a; cf. Sanborn
et al., 2013).

2. Experiment 1

2.1. Participants

Forty psychology students at the University of Padua participated in
the experiment on a voluntary basis. They all had normal or corrected-
to-normal vision and were aged from 19 to 30 years (M=22.95 years,
SD=2.77 years), 28 were women and 12 were men. On average, they
had studied physics at school for 2.88 years (SD=1.60 years). All were
naive to the purposes of the experiment. Prior to the experiment, par-
ticipants read and signed a consent form approved by the local ethics
committee (Department of General Psychology, University of Padua).

2.2. Stimuli and design

The stimuli were presented on a personal computer equipped with a
37.5×30 cm CRT screen and a keyboard. The participants sat about
50 cm from the screen and stimuli were presented against a black
background. At the beginning of each animation a simulated sphere (B)
was presented in the center of the screen; 60ms later another sphere (A)
appeared from the left edge of the screen. The apparent size of both
spheres, computed from the image diameter (2.52 cm), was 8.4 cm3 and
they subtended a visual angle of about 2.88°. The two spheres were
presented in the middle of the screen's y-axis, with their centers aligned
horizontally. Throughout the animation one or both spheres moved
uniformly along the screen's x-axis, without rotation. During the pre-
collision phase, A moved from left to right - towards B - with a velocity
(hereafter uA) of 21.4 cm/s (24.26°/s), whilst B remained stationary.3

During the post-collision phase the post-collision velocity of B (here-
after vB) could take one of four possible values (i.e., 0.5uA, uA, 2uA, or
4uA), whereas the post-collision velocity of A (hereafter vA) could take
one of five possible values (i.e., −2uA, −uA, −0.5uA, 0, 0.5uA). Ne-
gative velocity is motion from right to left, as when A bounces back
from the collision. Each animation lasted 1700ms (the post-collision
phase lasted 800ms). Fig. 3 depicts one of the collision stimuli.

We manipulated the material (polystyrene; wood) from which the
spheres appeared to be made. The spheres were created with 3D Studio
Max. Photographic textures depicting the materials from which they
appeared to be made were attached to the spheres' surfaces, and their
reflectance was regulated in order to increase the resemblance to a real
sphere made from the relevant material (see the below and Fig. 3). The
resulting spheres appeared to be made from a light brown wood or from
an off-white polystyrene. In condition mA < mB A appeared to be made
from polystyrene and B from wood, and vice versa in condition
mA > mB. In condition mA=mB both spheres appeared to be made of
wood. Before and during the experiment participants were allowed to
touch and grasp real spheres made of polystyrene and wood in order to
facilitate identification of the materials from which the virtual spheres
appeared to be made. The masses of the real spheres were 5 g and 55 g
and their diameter was 4.5 cm. The participants viewed 180 experi-
mental stimuli - the product of a 3 (relative implied mass)× 5 (vA)× 4
(vB)× 3 (replication) factorial design.

2.3. Procedure

Participants were randomly divided in two groups of 20 participants
each. One group received the ‘naturalness rating’ instructions, whereas
the other group received the ‘causality rating’ instructions. The re-
sulting groups shared the same gender distribution (six men in both
groups) and had similar mean ages (23.15 years and 22.75 years, re-
spectively). Both groups were informed that they would see a simula-
tion of two colliding spheres, made of polystyrene or wood, and then
given an opportunity to handle the corresponding real spheres. After
that, they were given the appropriate set of written instructions. Both
groups viewed the same set of 180 experimental stimuli as described
above.

The instructions for the naturalness rating group were as follows:
“Your task is to rate the naturalness of each collision using a number
from 0 (completely unnatural) to 100 (completely natural). Completely

Fig. 2. A schema of the predictions of the bidirec-
tional force transmission heuristic (BFTH) for
Experiment 1. Green arrows and symbol ‘+’ stand
for ‘increases with’, red arrows and symbol ‘−’ stand
for ‘decreases with.’ (For interpretation of the refer-
ences to color in this figure legend, the reader is re-
ferred to the web version of this article.)

3 In order to keep the number of stimuli within reasonable limits, in Experiments 1 and

(footnote continued)
2 we presented the participants with stimulus collisions in which the initially moving
object always moved from left to right (see Fig. 3). Although this methodological choice is
common in causal perception studies, it prevented us from testing the possible effects of
the direction of the pre-collision motion on participants' responses. These effects did not
emerge in the few causal perception studies in which the direction variable was sys-
tematically manipulated (e.g., Scholl & Nakayama, 2002; White & Milne, 1997).
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natural (100) means that after the collision both spheres appear to
move in a way that is consistent with the laws of physics and thus the
collision looks very similar to a real collision. Completely unnatural (0)
means that after the collision the two spheres appear to move in a way
that violates the laws of physics and thus the collision looks very dif-
ferent from a real collision. When you are judging the naturalness of
each collision you should use the number 0 only if the collision looks
totally inconsistent with physical laws, and the number 100 only when
the collision looks totally consistent with physical laws. If a collision
looks neither totally consistent nor totally inconsistent with physical
laws you should use a number between 1 and 99. The more natural a
collision looks, the larger the number you should use. You can use any
whole number up to and including 100, for example 20, 52, or 95.”

The instructions for the causal rating group were as follows: “Your
task is to rate the extent to which the movement of the central sphere
(initially stationary) appears to have been caused by the collision with
the left sphere (initially moving). After watching the collision you
should give it a number between 0 and 100, where 0 corresponds to
“the motion of the central sphere was not caused at all by the collision
with the left sphere”, and 100 corresponds to “the motion of the central
sphere was completely caused by the collision with the left sphere”.
When judging the degree to which the left sphere is responsible for the
motion of the central sphere, you should use the number 0 only when
the motion of the central sphere appears to be totally independent of
the collision (not caused by it at all), in other words when the central
sphere appears to have started moving because of some internal force
rather than because of the collision with the left sphere. You should use
the number 100 only when the motion of the central sphere appears to
be solely due to the collision. If the motion of the central sphere looks
neither totally independent of, nor totally due to the collision with the
left sphere you should use a number between 1 and 99. The more the
central sphere's motion appears to have been caused by the collision
with the left sphere, the larger the number you should use. You can use
any whole number up to and including 100, for examples 20, 52, or 95.
Remember that both spheres can move after the collision, and that your
task is to judge the extent to which the motion of the central sphere
appears to have been caused by the collision with the left sphere.”

Participants in both groups were then informed that they could
watch each collision as many times as they wanted by pressing the
spacebar on the keyboard. When they felt ready to respond, then they
should press the return key, type the appropriate number and then press
Return again. After reading the instructions, the participants watched
ten randomly chosen stimuli to familiarize them with the task. It is
worth emphasizing that the participants in the naturalness rating group
were asked to focus on the post-collision motions of both spheres,
which is consistent with studies on the intuitive physics of collisions in
which the post-collision velocities of both A and B were systematically
manipulated (Kaiser & Proffitt, 1987; Vicovaro & Burigana, 2016).
However, the participants in the causality rating group were asked to
focus on the post-collision motion of B, which is consistent with studies
on causal judgments in which, differently from Experiment 1, A is ty-
pically kept stationary during the post-collision phase (e.g., Sanborn
et al., 2013; Schlottmann & Anderson, 1993).

2.4. Results and discussion

Fig. 4 shows the mean naturalness ratings (top panels) and the mean
causality ratings (bottom panels) for each group. Visual inspection of

the figure suggests that the effects of vB (horizontal axis) and vA (se-
parate lines) on both naturalness and causality ratings were strongly
mediated by the relative implied mass of the spheres (separate graphs).

2.4.1. Naturalness ratings
We performed a three-way within-participants ANOVA in natural-

ness ratings with the factors vA, vB, and relative implied mass. There
were main effects of all three factors (vA: F(4,76)= 25.16, p < .001,
ηp

2= 0.57; vB: F(3,57)= 24.2, p < .001, ηp2= 0.56; relative implied
mass: F(2,38)= 40.15, p < .001, ηp

2= 0.68).The two-way interac-
tions (vA× vB; vA×relative implied mass; vB×relative implied mass)
were also statistically significant (F(12,228)= 6.77, p < .001,
ηp

2= 0.26; F(8,152)= 20.82, p < .001, ηp2= 0.52; F(6,114)= 19.32,
p < .001, ηp2= 0.50 respectively). The three-way interaction was also
statistically significant, F(24,456)= 3.712, p < .001, ηp2= 0.20. We
explored the effects of vB and vA on the naturalness ratings, and their
consistency with the BFTH predictions using a series of post hoc Tukey's
HSD tests (with α=0.05) on each level of relative implied mass. For
the sake of simplicity, we explored the effects of vB and vA separately, by
comparing the marginal means of the levels of each factor with each
other.

Condition mA < mB. According to the BFTH, when the mass of B is
large and the mass of A is small – as in the mA < mB condition (top left
panel in Fig. 4) – collisions where the values of vB and vA are relatively
small should be rated most natural, because the BFTH predicts that the
post-collision velocities of both B and A should decrease with the mass
of B and increase with the mass of A (see Fig. 2). Consistent with this
prediction, post hoc tests showed that the naturalness ratings (averaged
over vA) decreased with vB (i.e., vB=0.5uA was rated significantly more
natural than vB= uA, which in turn was rated significantly more natural
than vB=2uA, etc.). In contrast, no statistically significant difference
emerged between the naturalness ratings for the five levels of vA
(averaged over vB), but also consistent with the BFTH predictions, the
mean naturalness ratings were higher for collisions in which vA < 0,
that is, collisions in which A bounced back from the collision.

Condition mA > mB. According to the BFTH, when the mass of A is
large and the mass of B is small – as in the mA > mB condition (top
right panel in Fig. 4) – collisions in which the values of vB and vA are
relatively large should be rated most natural, because the BFTH predicts
that the post-collision velocities of B and A should increase with the
mass of A and decrease with the mass of B (see Fig. 2). Consistent with
this prediction, post hoc tests showed that the naturalness ratings
(averaged over vA) for vB= uA and vB=2uA were significantly higher
than those for vB=0.5uA. The naturalness ratings for vB=2uA were
also significantly higher than those for vB=4uA, and the naturalness
ratings for the pairs vB= uA and vB=2uA, vB= uA and vB=4uA,
vB=0.5uA and vB=4uA were not significantly different one another.
As regards the effects of vA, post hoc tests showed that, consistent with
the BFTH predictions, the naturalness ratings (averaged over vB) for
vA=0.5uA (the highest level of vA) were significantly higher than for
the other levels of vA, whereas the naturalness ratings for vA=−2uA
(the lowest level of vA) were significantly lower than for the other levels
of vA. None of the other differences between the levels of vA reached
statistical significance.

Condition mA=mB. In this condition (top central panel in Fig. 4) we
would expect a pattern of results somewhere in between the results for
conditions mA < mB and mA > mB. Post hoc tests showed that the
naturalness ratings (averaged over vA) for vB=4uA were significantly

Fig. 3. Three frames of a stimulus collision between a si-
mulated wooden sphere (left) and a simulated polystyrene
sphere (right). Arrows were added to indicate which objects
are moving in the three stages of the collision event.
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lower than for the other levels of vB, which did not differ from each
other. Moreover, the naturalness ratings (averaged over vB) for
vA=−2uA were significantly lower than for the other levels of vA, and
those for vA=−0.5uA were significantly higher than those for vA=0.
None of the other differences between the levels of vA reached statistical
significance.

Overall, the results provide support to the hypothesis that partici-
pants intuitively understood that the post-collision velocities of A and B
increased with the mass of A and decreased with the mass of B, which is
consistent with the BFTH predictions. It is however worth noting that,
in each of the three ‘relative implied mass’ conditions, many of the post-
hoc comparisons between the five levels of vA, and many of the post-hoc
comparisons between the four levels of vB, did not reach a statistically
significant level (e.g., in the mA < mB condition, none of the post-hoc
comparisons between the five levels of vA reached a statistically sig-
nificant level). In other words, in each of the three ‘relative implied
mass’ conditions, several levels of vA and vB received similar ratings of
naturalness. This suggests that participants lacked clear-cut quantita-
tive knowledge of the relationship between the specific combinations of
implied masses of the simulated spheres and their post-collision velo-
cities (see also Section 4.2).

2.4.2. Causality ratings
Comparing the top and bottom panels of Fig. 4 reveals a remarkable

similarity between the patterns of the naturalness and causality ratings.
Analysis of the correlations between the mean naturalness ratings and
the mean causality ratings for the 60 combinations of levels of the three
experimental factors yielded r=0.89, indicating that collisions that
were rated natural were also considered to represent a causal re-
lationship between the motions of A and B. This finding provides sup-
port for the hypothesis that causality ratings were driven by partici-
pants' intuitive understanding of the physics of collisions, that is, by the
BFTH, and not by visual perception of the launching effect. We per-
formed a three-way (vA× vB×relative implied mass) within-partici-
pants ANOVA on the causality ratings. There were main effects of all
three factors (vA: F(4,76)= 6.88, p < .001, ηp

2= 0.27; vB: F
(3,57)= 19.2, p < .001, ηp

2= 0.50; relative implied mass: F
(2,38)= 37.97, p < .001, ηp

2= 0.67) and the two-way interactions
(vA× vB, vA×relative implied mass, vB×relative implied mass) were
also statistically significant (F(12,228)= 3.97, p < .001, ηp2= 0.17; F
(8,152)= 6.08, p < .001, ηp

2= 0.24; F(6,114)= 27.01, p < .001,
ηp

2= 0.59, respectively). The three-way interaction was not

statistically significant, F(24,456)= 0.79, p= .746, ηp2= 0.04. As with
the naturalness ratings we conducted a series of post hoc Tukey's HSD
tests (with α=0.05) for each level of relative implied mass, comparing
the marginal means of for all levels of factors vB and vA separately.

Condition mA > mB. One of the most important launching effect
variables is the ratio between the pre-collision velocity of A and the
post-collision velocity of B. Michotte (1963) showed that a clear im-
pression of launching is usually obtained if the post-collision velocity of
B is less than twice the pre-collision velocity of A, that launching is
perceived about 50% of the time when the post-collision velocity of B is
approximately twice the pre-collision velocity of A, and that launching
is not perceived when the post-collision velocity of B is greater than
twice the pre-collision velocity of A. On this basis the stimuli for Ex-
periment 1 were optimal for visual perception of the launching effect
(i.e., vB=0.5uA and vB= uA), suboptimal (i.e., vB=2uA) or not con-
ducive to it (i.e., vB=4uA). The bottom right panel of Fig. 4 shows a
striking discrepancy between the results of Experiment 1 and Michotte's
findings. Post hoc tests on the causality ratings for the mA > mB con-
dition (averaged over vA) showed that collisions that were suboptimal
or not conducive to visual perception of the launching effect (i.e.,
vB=2uA and vB=4uA) received significantly higher causality ratings
than one of the two groups of collisions that were optimal for percep-
tion of the launching effect (i.e., vB=0.5uA). This is probably because,
in accordance with the BFTH, the participants expected the post-colli-
sion velocity of B to be relatively high when mA > mB (see Fig. 2 and
the top right panel of Fig. 4). Post hoc tests also showed that the
causality ratings for vB= uA were significantly higher than for
vB=0.5uA, and that the causality ratings for vB=2uA were sig-
nificantly higher than for vB=4uA. None of the other differences be-
tween the levels of vB reached statistical significance. Post hoc tests also
showed that the causality ratings (averaged over vB) for vA=−2uA
were significantly lower than for the other levels of vA (except
vA=−uA), and that none of the other differences between the levels of
vA reached statistical significance.

Condition mA < mB. In this condition, the pattern of causality rat-
ings (bottom left panel of Fig. 4) was practically identical to the pattern
of the corresponding naturalness ratings (top left panel). Indeed, post
hoc tests showed that causality ratings (averaged over vA) decreased
with vB (i.e., vB=0.5uA received significantly higher causality ratings
than vB= uA, which in turn received significantly higher causality
ratings than vB=2uA, etc.), and post hoc tests did not reveal any sig-
nificant differences between the causality ratings for the five levels of vA

Fig. 4. The mean rated naturalness (top panels) and the mean rated causality (bottom panels) from Experiment 1 represented as a function of vB (horizontal axis), vA
(separate lines), and relative implied mass (separate panels). The leftmost panels are for condition mA < mB, the central panels are for condition mA=mB, and the
rightmost panels are for condition mA > mB. In all panels, the vertical bars represent the standard errors of the means.
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(averaged over vB), although in descriptive terms the mean causality
ratings were higher for collisions in which A bounced back from the
collision (i.e., vA < 0).

Condition mA=mB. The pattern of causality ratings (bottom central
panel of Fig. 4) was similar to the pattern of the corresponding natur-
alness ratings (top central panel). Indeed, the causality ratings (aver-
aged over vA) for vB=4uA were significantly lower than for the other
levels of vB, and the causality ratings (averaged over vB) for vA=−2uA
were significantly lower than for the other levels of vA. Post hoc tests
also revealed that the causality ratings for vB= uA were significantly
higher than for vB=0.5uA, which is at odds with Michotte's findings
because both types of collision should be optimal for the launching
effect. None of the other differences between the levels of vA or vB
reached statistical significance. Therefore, collisions that were sub-
optimal for the launching effect (i.e., vB=2uA) did not receive sig-
nificantly lower causality ratings than collisions that were optimal for
the launching effect (i.e., vB=0.5uA and vB= uA), which is also at odds
with Michotte's findings.

The effects of vA on causality ratings are worthy of comment. As
Michotte (1963) argued, the post-collision velocity of A has small in-
fluence on the launching effect, provided that it does not exceed the
post-collision velocity of B (otherwise A would be perceived to overtake
B). In particular, Michotte showed that, when the other stimulus con-
ditions were conducive to visual perception of the launching effect, the
phenomenon occurred independently of whether, during the post-col-
lision phase, A kept on moving in the same direction as before the
collision or bounced back.4 If causality ratings were driven by the
launching effect, then vA should have had a negligible effect on them.
The vertical separation of the curves in the bottom panels in Fig. 4 and
the results of the statistical analysis clearly show that this was not the
case. Post hoc tests showed that vA=−2uA received significantly lower
causality ratings than the other levels of vA when mA > mB and when
mA=mB. Conversely, vA=−2uA received the highest mean causality
rating when mA < mB. To our knowledge, this is the first evidence that
the effects of the post-collision velocity of A on causality ratings are
strongly mediated by the relationship between the implied masses of
the colliding objects.

One may note that vA generally had a smaller effect on causality
ratings than on naturalness ratings; this is reflected in the fact that in
Fig. 4 the vertical separation of the curves is smaller in the bottom
panels than the top panels. This finding is hardly surprising, however,
because whilst the naturalness rating group was instructed to base its
ratings on the post-collision motion of both spheres, the causal rating
group was explicitly instructed to base its ratings on the extent to which
the motion of B appeared to be caused by the collision with A. In fact, it
is quite surprising that despite these instructions vA had an effect on
causality ratings (albeit a relatively small one). This indicates that the
causal relationship between the pre-collision motion of A and the post-
collision motion of B was judged to be weaker when the post-collision
motion of A was inconsistent with the BFTH.

3. Experiment 2

The results of Experiment 1 showed that explicit reports of causality
were driven by the BFTH, rather than by visual impressions of
launching. This does not exclude the possibility that some of the stimuli
used in Experiment 1 elicited genuine visual impressions of launching,
but it suggests that explicit reports were overwhelmingly influenced by

the intuitive physics of collisions. One possibility is that the use of the
BFTH was prompted by the perceived realism of the colliding objects,
by the fact that they had definite implied masses, that these implied
masses were systematically manipulated, and that participants could
haptically perceive the masses of corresponding real spheres. Arguably,
the BFTH provides people with representations of real life physical
events that obviously involve real material objects. It can be hypothe-
sized, therefore, that the BFTH plays a role in explicit reports of caus-
ality only when the simulated events are sufficiently similar to real life
physical events, because this is the domain to which the BFTH pre-
sumably applies. In the vast majority of the experiments on the per-
ception of causality, observers have been presented with simulated
collisions between abstract ‘non-material’ shapes which provide no
perceptual or cognitive cues to their implied masses (see Fig. 1). If the
use of the BFTH to arrive at ratings of causality in Experiment 1 was due
to the features of the stimuli and/or of the experimental procedure and
design, then one would predict that the BFTH would not influence
causal reports in relation to collisions between unrealistic, non-material
objects, in which the implied masses of the colliding objects are not
manipulated. In such conditions, individuals might be expected to base
their causality ratings on another source of information, namely visual
impressions of launching.

In Experiment 2, we tested this hypothesis by comparing natural-
ness and causality ratings for simulated collisions between non-material
colliding spheres. Manipulations of the velocities of the colliding ob-
jects were the same as in Experiment 1, but all the spheres had a uni-
form greenish surface and there were no cues to their material or mass,
although their shading was regulated in order to give them a clear 3-D
appearance. If ratings of causality are driven by the launching effect,
then vA should have a small or null effect, because the launching effect
is largely independent of it (see Section 2.4.2). Additionally, partici-
pants should use the upper end of the rating scale for collisions that are
conducive to the launching effect (i.e., vB=0.5uA and vB= uA), the
middle part of the scale for collisions that are suboptimal for the
launching effect (i.e., vB=2uA), and the lower end of the scale for
collisions that are not conducive to the launching effect (i.e., vB=4uA).
It is more difficult to predict naturalness ratings as participants are
explicitly asked to evaluate the physical plausibility of the collision and
there does not appear to be a viable alternative to the BFTH. One
possibility is that participants use the BFTH, making the assumption
that A and B have the same implied mass because they appear identical.
If this is the case, then the naturalness ratings should be similar to those
obtained in the mA=mB condition of Experiment 1 (top central panel
in Fig. 4).

3.1. Participants

Forty psychology students at the University of Padua participated in
the experiment on a voluntary basis. They all had normal or corrected-
to-normal vision and were aged between 19 and 33 years
(M=22.85 years, SD=2.84 years), 26 were women and 14 were men.
On average they had studied physics at school for 2.95 years
(SD=1.36 years). All were naive to the purposes of the experiment.
None of them had participated in Experiment 1. Prior to the experiment
participants read and signed a consent form approved by the local
ethics committee (Department of General Psychology, University of
Padua).

3.2. Stimuli and design

The stimuli and the design were the same as in Experiment 1, except
that the simulated spheres (created with 3D Studio Max) all had a
smooth, 3-D greenish appearance. The participants were presented with
60 experimental stimuli, resulting from a 5 (vA)× 4 (vB)× 3 (replica-
tion) factorial design.

4 An exception to this general rule is when vA= -vB, that is, when A bounces back with
a velocity which is the opposite of the post-collision velocity of B. In this case the visual
system would tend to group the symmetrical post-collision motions of A and B, thus
disrupting the launching effect (Michotte, 1963, Experiment 25). When, during the post-
collision phase, A kept on moving exactly with the same velocity of B, the launching effect
left place to the “entraining” effect (Michotte, 1963, Experiment 2). Like the launching
effect, also the entraining effect gives rise to the impression that A causes the motion of B.
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3.3. Procedure

As in Experiment 1, the participants were randomly divided in two
groups of 20 participants each. One group received the naturalness
rating instructions and the other the causality rating instructions. The
two groups had the same gender distribution (7 men in both groups)
and similar mean ages (22.95 vs. 23.2 years, respectively). Both groups
were presented with the same set of 60 experimental stimuli. The
procedure and the instructions for each group were the same as in
Experiment 1, except that all references to the materials of the spheres
was removed and participants did not handle any real spheres before or
during the experiment.

3.4. Results and discussion

Fig. 5 shows the mean naturalness ratings (left panel) and the mean
causality ratings (right panel) for each group. Visual inspection of the
figure reveals discrepancies between the two types of rating.

3.4.1. Naturalness ratings
We performed a two-way (vA× vB) within-participants ANOVA on

the naturalness ratings. There were main effects of vA and vB (F
(4,76)= 11.91, p < .001, ηp

2= 0.39; F(3,57)= 55.91, p < .001,
ηp

2= 0.75, respectively). The two-way interaction was also statistically
significant, F(12,228)= 5.65, p < .001, ηp2= 0.23.

Comparison of the left panel of Fig. 5 and the top panels in Fig. 4
shows that the naturalness ratings in Experiment 2 were qualitatively
similar to the naturalness ratings for the mA=mB condition in Ex-
periment 1 (simulated wooden spheres). In both cases the ordering of
the mean naturalness ratings (averaged across vA) was vB= uA,
vB=0.5uA, vB=2uA, then vB=4uA. Moreover, in both cases post hoc
Tukey's HSD tests (α=0.05) showed that the naturalness ratings
(averaged across vB) for vA=−2uA were significantly lower than for
the other levels of vA, and that those for vA=−0.5uA were significantly
higher than for vA=0. Of course, this pattern of results is clearly dif-
ferent from those for the mA < mB and mA > mB conditions in Ex-
periment 1. These findings are consistent with the hypothesis that
participants responded according to the BFTH, making the assumption
that A and B had the same mass. A post hoc Tukey's HSD test (α=0.05)
showed that the naturalness ratings (averaged across vA) for vB=4uA
were significantly lower than for the other levels of vB, and that the
naturalness ratings for vB= uA were significantly higher than for
vB=2uA. The naturalness ratings for vB=0.5uA and vB= uA were not
significantly different from each other, as were not those for vB=0.5uA
and vB=2uA.

3.4.2. Causality ratings
There was a high positive correlation between the mean naturalness

ratings and the mean causality ratings (r=0.73), albeit lower than in
Experiment 1. Despite this, further statistical analyses revealed some
noteworthy discrepancies between the naturalness and causality

ratings. We performed a two-way (vA× vB) within-participants ANOVA
on the causality ratings. There was no main effect of vA, F(4,76)= 2.11,
p= .088, ηp

2= 0.09, but there was a main effect of vB, F
(3,57)= 104.3, p < .001, ηp2= 0.85. The two-way interaction was not
statistically significant, F(12,228)= 0.892, p= .556, ηp

2= 0.04. vA
had a clear effect on the naturalness ratings, but a small or null effect on
the causality ratings, and this is reflected in the lack of vertical se-
paration between the curves in the right panel of Fig. 5 and confirmed
by the results of the ANOVA. The lack of an effect of vA is consistent
with the hypothesis that the causality ratings in Experiment 2 were
primarily driven by visual impressions of launching, which are largely
independent of vA (see Section 2.4.2). Note that in the mA=mB con-
dition of Experiment 1 the causality ratings (averaged over vB) for
vA=−2uA were significantly lower than those for the other levels of
(see Section 2.4.2).

The effects of vB were also consistent with the hypothesis that the
causality ratings in Experiment 2 were primarily driven by genuine
visual impressions. High mean causality ratings were obtained for
collisions that were optimal for the launching effect (vB=0.5uA:
M=75.3, SD=22.9; vB= uA: M=69.2, SD=21.5); moderate ratings
(M=43, SD=23.6) were obtained for collisions that were suboptimal
for the launching effect (i.e., vB=2uA); and very low causality ratings
(M=14.47, SD=13.9) were obtained for collisions that were not
conducive to the launching effect (i.e., vB=4uA). A post hoc Tukey's
HSD test (α=0.05) showed that the causality ratings (averaged across
vA) for vB=0.5uA and vB= uA were similar and significantly higher
than those for vB=2uA and vB=4uA, and that causality ratings for
vB=2uA were significantly higher than for vB=4uA. Therefore, colli-
sions in which vB=0.5uA received higher causality ratings than colli-
sions in which vB=2uA, although the former were not judged more
natural than the latter (see Section 3.4.1). Note that, in the mA=mB

condition of Experiment 1, collisions in which vB=0.5uA (i.e., optimal
for the launching effect) did not receive significantly higher causality
ratings than collisions that were suboptimal for the launching effect
(i.e., vB=2uA), and they received significantly lower causality ratings
than collisions in which vB= uA, which were also optimal for the
launching effect. Moreover, differently from Experiment 2, in the
mA=mB condition of Experiment 1 collisions that were suboptimal for
the launching effect still received relatively high causality ratings (e.g.
vB=2uA: M=68, SD=29.2), and collisions that were not conducive
to the launching effect received moderate causality ratings (e.g.
vB=4uA: M=42.7, SD=31.6). To sum up, the causality ratings in
Experiment 2 were more consistent with the predictions from
Michotte's (1963) account of the launching effect than with the natur-
alness ratings in Experiment 2 or with the causality ratings in the
mA=mB condition of Experiment 1. These results provide some support
to the hypothesis that different psychological processes underlie the
causality ratings in Experiments 1 and 2, namely the BFTH in the
former and visual impressions of launching in the latter. However, this
conclusion should be taken with caution, because it relies upon rela-
tively small differences between the naturalness and the causality

Fig. 5. The mean rated naturalness (left) and the mean rated causality (right) from Experiment 2, as a function of vB (horizontal axis) and vA (separate lines). The
vertical bars represent the standard errors of the means.
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ratings in Experiment 2, and relatively small differences between the
causality ratings in Experiment 2 and the causality ratings in the
mA=mB condition of Experiment 1. In the light of these results, we
cannot unambiguously exclude the contribution of the BFTH to explicit
judgments of causality when simulated collisions involve non-material
objects.

4. General discussion

The main findings from Experiments 1 and 2 can be summarized as
follows. If in Experiment 1 the causality ratings were driven by visual
impressions of launching, then collisions in which vB=0.5uA or
vB= uA would have received high causality ratings, collisions in which
vB=2uA would have received moderate causality ratings, and collision
in which vB=4uA would have received low causality ratings.
Moreover, neither the implied masses of the spheres nor the post-col-
lision velocity of A would have affected the causality ratings. None of
these predictions was confirmed by the results. Instead, the similarity
between the causality ratings and the naturalness ratings, and the
consistency between the latter and the BFTH predictions (see Fig. 2),
suggest that causality ratings were actually driven by the BFTH. In
Experiment 2, collisions in which vB=0.5uA or vB= uA received high
causality ratings, collisions in which vB=2uA received moderate
causality ratings, and collision in which vB=4uA received low causality
ratings. Moreover, the post-collision velocity of A exerted a negligible
influence on the causality ratings, and some discrepancies between the
naturalness and the causality ratings were observed. The results provide
some support to the hypothesis that in Experiment 2 the causality rat-
ings were mainly driven by visual impressions of launching, rather than
by the BFTH.

Recent studies have shown that causality can be automatically
perceived through low-level visual processing of launching stimuli (e.g.,
Buehner & Humphreys, 2010; Kim et al., 2013; Moors et al., 2017; Rolfs
et al., 2013; Scholl & Nakayama, 2004), which provides support to the
hypothesis that visual impressions of launching are the result of a visual
module (Leslie & Keeble, 1987; Scholl & Tremoulet, 2000; see also
Firestone & Scholl, 2016). However there is still debate about the re-
lative contributions of visual impressions and intuitive understanding
of physical interactions between objects to explicit causal responses
(Bullock et al., 1982; Hubbard, 2013c; Schlottmann, 1999, 2000, 2001;
Schultz et al., 1986). These results suggest that this may depend on
contextual information – specifically, on the features of the stimuli and
of the experimental design. When simulated collisions involved depic-
tions of realistic objects differing in implied masses, the motion of Bwas
judged to have been caused by the collision with A if the collision ap-
peared to be physically plausible, that is, consistent with the BFTH. In
contrast, in the case of simulated collisions between non-material ob-
jects, causality ratings appear to be primarily driven by visual im-
pressions of launching. A part from differences in the perceived realism
of the stimuli, differences between the experimental designs and pro-
cedures may also help to explain the different patterns of results. In
Experiment 1, but not Experiment 2, the implied relative mass of the
stimuli was systematically manipulated, and participants were allowed
to touch and grasp real spheres: this may have directed participants'
attention to the relationship between the implied masses and the mo-
tion of the stimuli. One limit of the current experiments is that they do
not allow separation of the contributions of the perceived realism of the
stimuli and of the features of the experimental procedures and designs
to the causality ratings. This issue is perhaps worthy of being explored
in future studies, although it does not undermine the main outcome of
Experiments 1 and 2: context (i.e., features of the stimuli, of the pro-
cedure, and/or of the experimental design) affects the response pattern
in a causality rating task. This suggests that, when deciding whether to
interpret explicit ratings of causality in terms of genuine visual im-
pressions or cognitive processing, the features of the stimuli and the
experimental design should be considered carefully. Participants'

intuitive understanding of the physical situation should always be
considered as a possible explanation of explicit reports of causality,
especially when non-motion properties of the stimuli are systematically
manipulated and when depictions of realistic stimuli are used. For in-
stance, participants' descriptions of relatively complex animations in-
volving objects varying in size, shape and color (e.g., White & Milne,
1997, 1999, 2003), are likely to depend, to a large extent, on cognitive
interpretations of the stimuli that are driven by intuitive physics, rather
than on genuine visual impressions (see also Choi & Scholl, 2006).

4.1. Functional roles of intuitive physics and visual impressions of launching
in causal reports

The collisions of which we have direct experience involve material
objects with varying masses. The results of Experiment 1 suggest that in
such cases causal reports are probably driven more by our intuitive
understanding of the physics of collisions than by visual impressions.
This has an obvious advantage because, if it is true that visual im-
pressions of causality are modular (Leslie & Keeble, 1987; Scholl &
Tremoulet, 2000) then they remain unchanged (or they change little)
throughout life. Instead, intuitive knowledge of physics becomes gra-
dually more accurate during the earlier years of individual development
(Piaget, 1970), and hence so do causal responses based on that intuitive
understanding (Schlottmann, 1999; Schultz et al., 1986). The more we
learn about collisions, the better we can discriminate between physi-
cally plausible and implausible collisions and the more accurately we
can judge whether the motion of one object was caused solely by the
motion of another object, or whether we should seek another cause for
its motion. For instance, imagine that we see a car that, after being
touched on the rear bumper by a bike, starts moving with the same
velocity that the bike had before the collision. In this case, we may have
the visual impressions that the motion of the car was caused by the
impact of the bike, but our intuitive knowledge of the physical situation
suggests that this could not be the case. We would conclude that our
visual impression of causality is deceptive and that the motion of the
car was not related to the contact with the bike (e.g., by chance, the
car's driver started accelerating when the bike touched the car). This
example shows that in everyday life causal responses based on intuitive
physics are generally more reliable than causal responses based on vi-
sual impressions.

Schlottmann (2000, 2001) suggested that visual impressions of
causality have a measurable effect only in laboratory situations, when
they are artificially separated from causal inference. However, from an
evolutionary viewpoint, visual impressions of causality are likely to
have some function. There are at least two domains in which visual
impressions of causality may play a fundamental role in causal under-
standing. First, when information about the mass of the colliding ob-
jects is not available or not readily perceived, as in Experiment 2 of this
study or the case of collisions that are seen from a great distance.
Second, in the earliest stages of development, when intuitive knowl-
edge of physical laws is still poor, visual impressions of causality may
help to give a meaningful cause-effect structure to the world. This hy-
pothesis is supported by converging evidence from developmental and
animal research showing that causal perception precedes causal rea-
soning in terms of ontogenetic and phylogenetic development (e.g.,
Caggiano, Fleischer, Pomper, Giese, & Thier, 2016; Leslie & Keeble,
1987; Mascalzoni, Regolin, & Vallortigara, 2010; Matsuno & Tomonaga,
2017; Newman, Choi, Wynn, & Scholl, 2008). Presuming that the hy-
pothesis that visual impressions of causality are the result of a visual
module is correct (Leslie & Keeble, 1987; Scholl & Tremoulet, 2000; cf.
Rips, 2011), explicit causal reports appear to be driven by the output of
that module only when the stimuli lack properties of real life objects. As
it is shown by the results of Experiment 1, when real or realistic objects
are involved in the stimulus situation, the output of the module is
“overridden” by intuitive knowledge of physics (see also Schlottmann,
2000, 2001). This does not mean that visual impressions of launching
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are weak or absent in the case of collisions involving real or realistic
objects, but that explicit post-perceptual causal reasoning, which is
driven by intuitive knowledge of physics, prevails over genuine visual
impressions.

4.2. Are reports of naturalness and causality based on the internalization of
physical constraints?

According to the original unidirectional version of the impetus
transmission heuristic (diSessa, 1993; Halloun & Hestenes, 1985;
Hubbard & Ruppel, 2013; McCloskey, 1983; White, 2009a), people
understand collisions such as that represented in Fig. 1 as the trans-
mission of impetus from A to B. Object B offers some resistance to the
force imparted by A, but does not transmit any force to A, which re-
presents a clear conflict between the impetus transmission heuristic and
Newton's Third Law. However, the results of this study provide support
for a partial revision of this heuristic, suggesting that people have a
representation of the fact that force can also be transmitted from B to A.
The discrepancy between Newton's Third Law and people's intuitive
understanding of collisions is thus less severe than previously hy-
pothesized. Because the BFTH probably stems from everyday percep-
tual and motor interactions with physical objects one would expect it to
be somewhat consistent with physical laws, as it should allow people to
make reasonably accurate predictions; however, it is necessarily subject
to the limits inherent in our perceptual and cognitive systems. Re-
sponses based on the BFTH are hypothesized to be only partially con-
sistent with the Newtonian laws of collisions. Below we test this hy-
pothesis by evaluating the consistency between participants' responses
in Experiment 1 and the Newtonian laws of collisions.

The following equations specify the post-collision velocities of the
spheres (vA and vB) as a function of the pre-collision velocity of A (uA),
of their masses (mA and mB), and what is referred to as the coefficient of
restitution (C):

= − +v u m Cm m m( )/( ),A A A B A B (1)

= + +v u m Cm m m( )/( ).B A A A A B (2)

Newtonian mechanics implies that 0≤ C≤ 1. According to Eq. (1),
vA increases with mA and decreases with mB. Moreover, assuming C=1,
Eq. (1) implies that vA > 0 when mA > mB, which implies that A keeps
on moving in the same direction as before the collision if its mass ex-
ceeds that of B. The same equation implies that A bounces back from
the collision when mA < mB. Overall, the results of Experiment 1 are
qualitatively consistent with these predictions, as when mA > mB the
highest mean ratings of naturalness and causality were obtained for
vA=0.5uA (the highest level of vA), whereas when mA < mB the
highest mean ratings of naturalness and causality were obtained for
vA=−2uA (the lowest level of vA). However, Eq. (1) imposes some
strict quantitative constraints on the values of vA. For instance, if mB is
infinitely larger than mA, then vA=−uA, which means that A cannot
bounce back with a velocity exceeding the absolute value of −uA.
However, Experiment 1 showed that in the mA < mB condition
vA=−2uA received the highest mean naturalness and causality ratings;
in other words collisions with impossible values of uA were judged to be
the most natural. According to Eq. (2), vB increases with mA and de-
creases with mB, which is consistent with the fact that vB=2uA received
the highest mean ratings of naturalness and causality when mA > mB,
whereas vB=0.5uA received the highest mean ratings of naturalness
and causality when mA < mB. However, Eq. (2) implies that vB can
never exceed 2uA, as vB=2uA when mA is infinitely larger than mB. The
results of Experiment 1 showed that in the mA > mB condition
vB=4uA received moderate mean ratings of naturalness (range
40.7–57.35, excluding vA=−2uA) and causality (range 55.5–65.85,
excluding vA=−2uA), which suggests that participants were some-
what insensitive to the violation of the quantitative constraints imposed
by Eq. (2).

In Experiment 1, participants were allowed to touch and grasp real
polystyrene and wooden spheres weighing 5 g and 55 g, respectively.
Substituting these mass values in Eq. (1) we can obtain ‘plausible’ vA
values, that is values of vA that solve Eq. (1) for possible values of
parameter C (which may vary between 0 and 1). In the mA < mB

condition, mA=5 g and mB=55 g imply plausible vA values comprised
between −0.83uA and 0.08uA, because vA=0.08uA when C=0, and
vA=−0.83uA when C=1. The results showed that naturalness and
causality ratings (averaged over vB) for implausible vA values (i.e.,
vA=−2uA and vA=0.5uA) were not significantly lower than those for
plausible (or nearly plausible) vA values (i.e., vA=−uA, vA=−0.5uA,
vA=0). In the mA=mB condition, mA=55 g and mB=55 g imply
plausible vA values ranging between 0 and 0.5uA. The results showed
that naturalness and causality ratings (averaged over vB) for the im-
plausible vA=−2uA were significantly lower than those for the other
levels of vA. However, the results also showed that naturalness and
causality ratings (averaged over vB) for the implausible vA=−uA and
vA=−0.5uA were not significantly lower than those for the plausible
vA=0 and vA=0.5uA. Actually, the results showed that the im-
plausible vA=−0.5uA was rated significantly more natural than the
plausible vA=0. In the mA > mB condition, mA=55 g and mB=5 g
imply plausible vA values comprised between 0.83uA and 0.92uA.
Therefore, the five levels of vA were all implausible in this condition.
Moderate or high mean ratings of naturalness and causality (averaged
over vB) were nonetheless obtained for vA=−0.5uA, vA=0, and
vA=0.5uA (see the top right and bottom right panels in Fig. 4).

By substituting the mass values in Eq. (2), we can also obtain
‘plausible’ vB values. In the mA < mB condition, plausible vB values
were comprised between 0.083uA and 0.17uA, because vA=0.083uA
when C=0, and vA=0.17uA when C=1. Therefore the four levels of
vB were all implausible in this condition. The results showed that
vB=0.5uA received moderate mean ratings of naturalness and causality
(see the top left and bottom left panels in Fig. 4), and that the natur-
alness and causality ratings (averaged over vA) decreased with vB. In the
mA=mB condition, plausible vB values ranged between 0.5uA and uA.
The results showed that naturalness and causality ratings (averaged
over vA) for the implausible vB=4uA were significantly lower than
those for the other levels of vB. The naturalness ratings (averaged over
vA) for the implausible vB=2uA were not significantly lower than those
for the plausible vB= uA and vB=0.5uA. The causality ratings (aver-
aged over vA) for the plausible vB= uA were significantly higher than
those for the also plausible vB=0.5uA, but not significantly higher than
those for the implausible vB=2uA. Lastly, in the mA > mB condition,
plausible vB values ranged between 0.92uA and 1.83uA. Naturalness and
causality ratings (averaged over vA) for the plausible vB= uA and the
nearly plausible vB=2uA were significantly higher than those for the
implausible vB=0.5uA. However, the naturalness and causality ratings
(averaged over vA) for the implausible vB=4uA were not significantly
lower than those for the plausible vB= uA.5

To sum up, the results of Experiment 1 are consistent with the hy-
pothesis that participants' judgments of naturalness and causality were
based on a heuristic process. Although they were qualitatively con-
sistent with the Newtonian equations of collisions, they also violated
the quantitative constraints imposed by such equations in several ways.

5 In order to evaluate the degree of consistency between participants' responses and
physical laws of collisions, in Eqs. (1) and (2) we substituted the mass values of the
spheres made of polystyrene and wooden that participants could touch and grasp at the
beginning of Experiment 1. It can be argued, however, that remembered (i.e., subjective)
mass values might be smaller than the corresponding physical values, because re-
membered magnitudes are usually smaller than both perceived and physical magnitudes.
However, because vA and vB depend on the ratio between mA and mB (see Eqs. (1) and
(2)), if memory had the same relative effect on the remembered mass values of both
objects, then memory effects would not have any impact on computed physically plau-
sible values of vA and vB. These values would not vary substantially even if the effects of
memory on the mass of A were slightly different from the effects of memory on the mass
of B.
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Sanborn et al. (2013) suggested that intuitive physics and causal reports
are based on the internalization of physical laws. They presented par-
ticipants with Michottean collisions between non-material squares and
manipulated several variables: the delay between the collision and the
start of movement of B, the spatial gap between A and B, and the ratio
between the pre-collision velocity of A and the post-collision velocity of
B (object A was always stationary during the post-collision phase). As in
our study, half the participants were asked to evaluate the naturalness
of the collision, whereas the other half were asked to evaluate the ex-
tent to which the motion of B appeared to be caused by the collision
with A. The results showed substantial similarity between naturalness
and causality ratings. The participants' responses in both tasks were
well fitted by a Bayesian model referred to as the ‘noisy Newton model’.
The core of the model was a combination of the constraints imposed by
Newtonian mechanics on the post-collision behavior of colliding ob-
jects, and uncertainty about the stimulus variables. The good fit of the
model to the data supported the hypothesis that responses in both tasks
were driven by internalized Newtonian principles. One undisputable
merit of the model is that it made specific quantitative predictions
about the effects of the manipulation of the experimental factors on
participants' responses.

Because Eqs. (1) and (2) constitute the core of the noisy Newton
model, this model predicts a relatively high degree of consistency be-
tween both equations and participants' ratings of naturalness and
causality. In other words, the model would predict an effect of the
manipulation of the implied masses of A and B on judgments of nat-
uralness and causality, although Sanborn et al. (2013) did not test this
prediction. The results of the current Experiment 1 suggest that parti-
cipants' responses were only qualitatively consistent with the predic-
tions from Eqs. (1) and (2), as they violated the quantitative constraints
imposed by such equations in several ways. Likewise, in a recent study
on the intuitive physics of collisions, Vicovaro and Burigana (2016)
showed that participants intuitively understood that collisions between
relatively elastic objects (e.g., tennis balls) implied a higher coefficient
of restitution (i.e., parameter C in Eqs. (1) and (2)) than collisions be-
tween relatively inelastic objects (e.g., terracotta spheres). However,
the results also showed that participants were relatively insensitive to
violations of the Newtonian principle of energy conservation. Together
with the results of that study, the results of the current Experiment 1 are
more consistent with the idea that people's intuitive understanding of
physical events is based on heuristic processes (see also diSessa, 1993;
Gilden & Proffitt, 1994; Hecht, 2001; McCloskey, 1983) than with the
idea that it is based on the internalization of physical constraints
(Sanborn et al., 2013).
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