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The associative learning account of how infants identify human motion rests on the
assumption that this knowledge is derived from statistical regularities seen in the world.
Yet, no catalog exists of what visual input infants receive of human motion, and of causal
and self-propelled motion in particular. In this manuscript, we demonstrate that the fre-
quency with which causal agency and self-propelled motion appear in the visual environ-
ment predicts infants’ understanding of these motions. In an observational study, an infant
wearing a head-mounted camera saw people act as agents in causal events three times
more often than he saw people engaged in self-propelled motion. Subsequent experiments
with the habituation paradigm revealed that infants begin to generalize self-propulsion to
agents in causal events between 10 and 14 months of age. However, infants cannot gener-
alize causal agency to a self-propelled object at 14 or 18 months unless the object exhibits
additional cues to animacy. The results are discussed within a domain-general framework
of learning about human action.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Motion is a powerful predictor of what things are. Con-
sider walking in the woods and coming across a slithering
object in the grass; even without seeing the coloring, tex-
ture, or facial features of the object, most people would
identify it as a snake on the basis of its characteristic mo-
tion. Indeed, one of the most telling ways that animals
and people differ from inanimate objects is the motions
in which they engage. For example, people and animals,
but not inanimate objects, frequently change directions
to reach goals, move along irregular paths, and speed up
to reach a target location. Because motion is such a crucial
factor that differentiates animates (e.g., animals and peo-
ple) from inanimate objects, it has been proposed that
the ability to link animates with the motions that they pro-
duce forms the basis of how infants learn to distinguish
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these two basic categories of entities (Mandler, 1992;
Rakison & Poulin-Dubois, 2001).

Two motion properties that are frequently cited as crit-
ical to early concepts of animacy are causal agency, or an en-
tity’s ability to contact other objects and change their
physical states, and self-propulsion, or an entity’s capacity
to begin motion unaided and without the application of
external force (e.g., Gelman, 1990; Gelman & Spelke,
1981; Mandler, 1992; Rakison & Poulin-Dubois, 2001;
Spelke, Phillips, & Woodward, 1995). These motions are of-
ten discussed concurrently because they are complemen-
tary to each other in that causal agents typically act upon
objects that are not self-propelled (Kotovsky & Baillargeon,
2000; Luo, Kaufman, & Baillargeon, 2009). In support of this
view, there is evidence that infants begin to recognize cau-
sal and self-propelled motion in the first year after birth
(Cicchino & Rakison, 2008; Leslie & Keeble, 1987; Oakes,
1994). Infants also expect people, but not inanimate ob-
jects, to engage in these motions. For example, very young
infants anticipate that human hands, but not trains or
blocks, cause other objects to move (Leslie, 1984; Saxe,
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Tenenbaum, & Carey, 2005; Saxe, Tzelnic, & Carey, 2007). At
the end of the first year after birth, infants similarly predict
that entire human figures, but not balls, robots, or novel
inanimate objects will begin to move without prior contact
from another entity (Kosugi, Ishida, & Fujita, 2003; Poulin-
Dubois, Lepage, & Ferland, 1996; Spelke et al., 1995).

In this manuscript, we evaluated the frequency of visual
input that infants receive with respect to causality and
self-propulsion. Based on these findings, we then tested
predictions of how infants should generalize between
self-propulsion and causality. By adopting this approach
- that is, examining how infants’ environments predict
their knowledge - we could assess whether domain-gen-
eral or domain-specific mechanisms provide a better ac-
count of infants’ learning about objects’ motion properties.

2. Theoretical perspectives

A variety of domain-specific theories have sought to ex-
plain how infants develop an understanding that people and
animals tend to be causal agents and self-propelled. Several
theorists have proposed that infants possess an innately
specified module responsible for perceiving self-propelled
motion and attributing animate properties to self-propelled
objects. Specifically, Premack (1990) argued that infants
automatically ascribe intentionality to the motion of self-
propelled objects (for similar ideas see also Baron-Cohen
(1995) and Bassili (1976)). In a comparable but more de-
tailed account, Leslie (1994, 1995) proposed that infants
have modular systems that process properties of objects
that he calls Agents; such properties include the ability to
move from an internal source of energy, act on goals, and
understand the minds of others. Note that “Agent” in this
case is not equivalent to the term “causal agent” that we
use elsewhere in this paper; in fact, Leslie (1995) specifically
stated that an object’s role as an agent in a causal event does
not provide sufficient information to allow its designation
as an Agent. In Leslie’s (1994, 1995) view, a self-propelled
object is classified as an Agent through this modular system,
and thus infants bestow upon self-propelled objects the
animate-typical properties listed above.

Other theorists impart infants with innately specified
knowledge or mechanisms that pertain to their under-
standing of animates and their motions. Spelke (2003);
Spelke & Kinzler, 2007; Spelke et al., 1995) proposed that
infants have several core knowledge systems, or structures
of innate knowledge, in evolutionarily significant domains.
One core knowledge system deals with the properties of
physical objects, and a second represents agents (e.g., ani-
mates and intentional objects) and their actions (see also
Kuhlmeier, Bloom, & Wynn, 2004). Because infants possess
separate systems of reasoning for animate and inanimate
objects, they understand that constraints on motion that
apply to physical objects may not hold true for people
and animals. In a different vein, Mandler (1992, 2000,
(2003) asserted that infants develop knowledge about the
motions of animates and inanimates through a process
called perceptualanalysis, which generates image schemasor
conceptual representations of the spatial structure of mo-
tion events. According to this view, then, infants in the first

year after birth form rich concepts for animates and inan-
imates that include information about their appearance as
well as their motion capabilities.

In contrast to these domain-specific accounts, theorists
that espouse a domain-general view argue that infants
learn about identities and properties of the objects that ap-
pear in causal and self-propelled events through their
experiences with specific kinds of entities that engage in
these motions. More explicitly, proponents of the associa-
tive learning view maintain that infants use learning mech-
anisms that operate across all domains of knowledge to
encode statistical regularities in their environments, and
that infants’ concepts encompass representations of these
statistical regularities (Jones & Smith, 1993; Madole &
Oakes, 1999; Quinn & Eimas, 1997, 2000; Rakison &
Lupyan, 2008). The associative learning view provides an
account for how infants come to know the identities of
both self-propelled objects and causal agents; in contrast,
the majority of domain-specific theories presented here
only focus on one motion type (Leslie, 1994, 1995;
Premack, 1990). Furthermore, because associative learning
utilizes one domain-general process, its proponents argue
that it encompasses a more parsimonious view of develop-
ment than do theories in which different domain-specific
systems process distinct types of information (Quinn &
Eimas, 2000; Rakison & Lupyan, 2008). This account is
described in the following section.

3. Statistical learning and the nature of the input

The associative learning account of conceptual develop-
ment relies on two assumptions: one, that infants can com-
pute statistical regularities from visual input; two, that the
visual input infants receive contains statistical regularities
that are consistent with their demonstrated knowledge.
Considerable evidence exists in support of this first assump-
tion, as a number of experiments have determined that in-
fants robustly encode visual associations after short
training periods in the lab (Fiser & Aslin, 2002; Kirkham,
Slemmer, & Johnson, 2002; Kirkham, Slemmer, Richardson,
& Johnson, 2007; Lekowicz, 2008). Yet, evidence in support
of the second assumption is sparse. Baldwin and colleagues
(Baldwin, Baird, Saylor, & Clark, 2001; Saylor, Baldwin, Baird,
& LaBounty, 2007) proposed that infants can learn the struc-
ture of human action through associative learning - which
would presumably include information about causal and
self-propelled motions — and have demonstrated that adults
quickly learn statistical information embedded in human ac-
tion sequences in the lab (Baldwin, Andersson, Saffran, &
Meyer, 2008). However, it is unknown if infants can compute
such statistics and, more crucially, if they do in fact receive
structured visual input about human actions in the world
that is reflected in their knowledge of the domain.

The first goal of the studies presented in this manu-
script was to determine what visual input infants receive
regarding causal agency and self-propulsion in the real
world. Because infants associate both causal agency and
self-propelled motion with people but not inanimate ob-
jects, one obvious prediction compatible with the associa-
tive learning view is that infants observe mostly people -
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but rarely inanimate objects - engaging in these motions.
We further hypothesize, however, that infants observe
more instances of people acting as agents in causal events
than instances of people engaging in self-propelled motion.
This is because we assume that infant’s rarely observe the
onset of self-propelled motions-although they may often
see people moving across their field of vision-and will far
more often observe the moment of contact that defines a
causal event. Both of these hypotheses about the distribu-
tional properties of visual events in the infant’s world pre-
dict, according to the associative learning view, that
infants’ developing representations of the cues that give
rise to knowledge of animacy will be graded, or stronger
or weaker, depending on the amount of real-world experi-
ence an individual has with these cues. The possibility that
concepts are graded based on amount of experience has
been implemented in a connectionist model pertaining to
infants’ understanding of occluded objects (Munakata,
McClelland, Johnson, & Siegler, 1997). Similarly, individual
differences in environmental exposure to male and female
faces, as well as to cats, affects representational strength
for these concepts in infancy (Kovack-Lesh, Horst, & Oakes,
2008; Quinn, Yahr, Kuhn, Slater, & Pascalis, 2002; Ramsey,
Langlois, & Marti, 2005).

The second goal of the present studies was to gather fur-
ther empirical evidence for infants’ ability to use causal
agency or self-propulsion in their interpretation of motion
events. Based on our hypothesis that self-propulsion is
more prevalent in events involving people than inanimate
objects, we predicted that infants would infer that self-pro-
pulsion is a cue for animacy in events involving ambiguous
objects. Previous studies suggest that infants and children
do not expect novel self-propelled objects to possess char-
acteristics indicative of animacy, such as the ability to en-
gage in goal-directed action or biological properties
(Csibra, Gergely, Bird, Koés, & Brockbank, 1999; Mahajan,
Woodward, & Ridgeway, 2008; Opfer, 2002; Shimizu &
Johnson, 2004). There is also evidence that children and
adults do not always judge novel self-propelled objects to
be animate (Gelman, Durgin, & Kaufman, 1995; Poulin-Du-
bois & Héroux, 1994; Richards & Siegler, 1986). Moreover,
infants learn about causal agents and their features at an
earlier age than they do for self-propelled objects and their
features. For example, infants are able to recognize causal
motion before they can recognize self-propelled motion
(Cicchino & Rakison, 2008; Oakes, 1994), and they expect
causal agents to have features indicative of animacy (e.g.,
moving parts) at a younger age than when they expect
the same of self-propelled objects (Rakison, 2005, 2006).
Taken together, these findings suggest that infants may
have a stronger representation of causal agents, and espe-
cially of causal agents as animates, than they do of self-pro-
pelled objects primarily because they see more instances of
causal agency, and particularly people acting as agents in
causal events, than they see instances of self-propulsion.

4. Generalization

The third goal of the experiments in this manuscript
was to elucidate further the nature of how infants repre-

sent causal agency and self-propelled motion by examin-
ing how they generalize between these motions, or infer
that an entity has one property (e.g., causal agency) on
the basis of another property (e.g., self-propulsion). To ad-
dress this goal, we assessed the possibility that the manner
in which infants generalize between these motions is con-
sistent with the frequency with which causal agency and
self-propulsion are seen in the world. The ability to gener-
alize is a fundamental process for making sense of the
world because infants and adults alike must do so to iden-
tify the properties of novel objects and to keep track of the
not readily visible features of familiar ones (Baldwin,
Markman, & Melartin, 1993; Gelman & Markman, 1987;
Rakison & Cicchino, 2009). The ability to generalize less-
obvious properties - such as motion cues—is particularly
critical to developing mature concepts for animate entities
and inanimate objects because animals and people possess
a large number of characteristics that cannot always be
perceived directly but that are very strong predictors of
what they are (Gelman, 2003; Keil, 1989). Because motion
does not require language to be encoded, unlike many
other properties of animates that consist of factual knowl-
edge (e.g., the understanding that people and animals have
blood inside), motion properties are among the first less-
obvious animate properties to which infants can attend
and thus use as the basis of generalization (Rakison, 2003).

The predictions consistent with associative learning
theory and domain-general mechanisms versus modular
and domain-specific mechanisms regarding infants’ gener-
alizations between causal agency and self-propulsion are
outlined in Table 1. If infants’ representations of causal
agency and self-propulsion are indeed graded based on
their differential levels of experience with these motions,
generalization between these properties should be asym-
metric. That is, infants should be able to generalize from
the property for which they have a stronger representation
(i.e., causal agency) to the property for which they have a
weaker representation (i.e., self-propulsion) before they
can generalize in the inverse direction (i.e., from self-pro-
pulsion to causal agency). Asymmetric generalization is
predicted because infants and adults generalize from cate-
gories with which they have developed expertise to a
wider variety of instances than they do from categories
with which they have less experience (e.g., Quinn, 2005;
Shafto & Coley, 2003). For instance, Quinn and Eimas
(1998) found that 3- and 4-month-old infants who were
familiarized to pictures of humans generalized this cate-
gory to non-human animals such as horses, cats, and fish,
but infants familiarized to pictures from a non-human ani-
mal category (i.e., cat or horse) did not generalize this cat-
egory to humans nor non-human animals of a different
kind.

Quinn (2004, 2005) suggested that this asymmetry in
generalization is the result of the expertise that young in-
fants have with humans relative to non-human animals;
when infants develop expertise in a category, they are
more readily able to encode relationships among features
of category members than they are for categories with
which they have less experience. We predicted that in-
fants’ generalizations between causal agency and self-pro-
pelled motion will exhibit a similar asymmetry, with
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Table 1

Summary of theoretical views regarding infants’ generalizations between causal agency and self-propulsion.

Theorist View

What does it say that would affect how Prediction for generalization

infants generalize?

Premack (1990) Innate attribution of
intentionality to self-propelled

objects

Gelman et al. (1995) Skeletal causal principles guide
early learning about objects’
internal or external energy

sources

Baillargeon et al.

(2009), Luo et al. principles guide early learning

Says nothing about causal agents

Same as Gelman: Skeletal causal Infants expect that objects are inert
unless given unambiguous evidence that be inert

No prediction

Autonomous motion alone is not enough No generalization if self-propelled motion is
to attribute animacy

not presented in an informative context

No generalization; infants expect agents to

(2009) about objects’ internal or external they are self-propelled

energy sources

Spelke (2003) Core knowledge of agents and

their actions

Mandler (1992) Specialized process called

Infants have innate knowledge of the
ways in which animates move

Generalization in both directions; knowledge
that animates are agents in causal events and
are self-propelled is embedded in the same
core knowledge system

Infants have rich, conceptual knowledge Generalization in both directions; knowledge

perceptual analysis leads infants of animates and their motion properties that animates are agents in causal events and

to form conceptual
representations of animate
motion

Madole and Oakes
(1999), Quinn and
Eimas (1997),
Rakison and Lupyan
(2008)

Associative learning

Strength of representation for causal
agency and self-propulsion is based on  stronger representation for causal events
the amount of experience infants have  than for self-propelled events, they will

viewing these events

are self-propelled is embedded in same
conceptual representation of animacy

Generalization is asymmetric; if infants have

generalize that agents are self-propelled
before they generalize that self-propelled
objects are agents

infants generalizing more widely from causal agency and
more narrowly from self-propulsion based on their differ-
ing levels of expertise with these motions.

It is important to note that theorists who espouse do-
main-specific accounts for concept learning would not pre-
dict that infants’ generalizations between causal agency
and self-propulsion would exhibit asymmetry. Premack’s
(1990) modular theory of how infants learn the identities
of self-propelled objects does not include a discussion of
other types of motion, and thus Premack (1990) could
not make any prediction regarding how infants would gen-
eralize between causal and self-propelled motion. Luo et al.
(2009; see also Baillargeon, Wu, Yuan, Li, & Luo, 2009;
Leslie, 1994, 1995), for example, found that by 5 months
of age infants distinguish between inert objects and self-
propelled objects and have distinct expectations for phys-
ical events with these objects. As a result, they claimed
that infants assume an object is not self-propelled unless
they are given unambiguous evidence otherwise. Thus,
infants should not infer that a self-propelled object should
act as an agent or a recipient in a causal event, because
infants would consider both of those objects to be inert.
Similarly, according to this view infants should not infer
that a causal agent is self-propelled, because seeing an
object act as an agent alone is insufficient evidence to
deem that the object is not inert.

Gelman et al. (1995) also proposed that infants have an
innate ability to identify self-propelled motion through a
bias to attend to the source of an object’s motion, which
is similar to Leslie’s (1994, 1995) theoretical perspective.

According to Gelman et al.’s (1995) account, however, mo-
tion is not meaningful unless it is presented in an informa-
tive context. Consequently, although infants attend to
objects’ locus of motion, they would not make inferences
about its other properties based on its motion alone; that
is, infants should not be able to infer than an entity is ani-
mate (and correspondingly that it acts as an agent in causal
events) by seeing it engage in self-propelled motion.

Lastly, Mandler’s (1992) and Spelke’s (2003); Spelke &
Kinzler, 2007) views imply that infants are able to general-
ize at a young age both that causal agents are self-pro-
pelled and that self-propelled objects are causal agents.
In Spelke’s (2003 account, infants reason about animates
and their actions through a core system dedicated to this
domain. Thus, there should be no difference in the age at
which infants can generalize between different motion
properties because this process involves the same innate
system and innately specified concepts. Similarly, Mandler
(1992) maintains that early in life infants have a rich con-
ceptual understanding of animacy that includes informa-
tion about the motions in which animates partake.
Because all animate motions activate the same conceptual
representation of animacy, infants should be able simulta-
neously to generalize that causal agents are self-propelled
and that self-propelled objects are causal agents.

5. The current studies

In this manuscript, we report observational and experi-
mental work that will provide evidence in support of the
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associative learning view of how infants learn the identi-
ties of causal agents and self-propelled objects. Specifi-
cally, we demonstrate that statistical regularities in the
visual input correspond with infants’ pattern of generaliza-
tion between causal agency and self-propulsion. To illumi-
nate the visual input infants receive regarding causal and
self-propelled motion, dynamic images recorded from a
head-mounted camera worn by an infant at 3, 8, and
12 months were analyzed to assess how often the infant
saw people and inanimate objects act as agents in causal
events, serve as recipients in causal events, and engage in
self-propelled motion. Infants’ ability to generalize be-
tween causal agency and self-propelled motion was in turn
measured in a series of four experiments using the habitu-
ation procedure. Infants between 10 and 18 months of age
first saw an object engage in a target motion (e.g., causal
agency) and then were tested with events in which the
same object engaged in a novel motion (e.g., self-propul-
sion). Combining these two methodologies made it possi-
ble to perform one of the first investigations of whether
infants’ demonstrated knowledge in a controlled lab set-
ting is consistent with their real-world visual experiences.

6. Observational study

In this observation study, video footage from a small
camera mounted on an infant’s head was analyzed to de-
velop a preliminary catalog of the frequency with which
causal and self-propelled motion appear in an infant’s
view, and of what kinds of objects and entities appear in
these motion events. This relatively new methodology
has been used by several researchers, primarily in the
lab, to assess the content of infants’ visual input in com-
mon situations (e.g., playing with toys) without the mobil-
ity constraints inherent to using an eye-tracker (Aslin,
2009; Fiser, Aslin, Lathrop, Rothkopf, & Markant, 2006;
Pereira, James, Jones, & Smith, 2008; Schmitow, Stenberg,
von Hofsten, & Gronqvist, 2008; Smith, Yu, & Pereira, in
press; Yoshida & Smith, 2008).

6.1. Method

6.1.1. Apparatus and recording procedure

One male infant wore a small SONY model 480TVL CCD
“bullet” camera embedded in a headband on his forehead
at 3 months, 8 months, and 12 months of age. The camera
was positioned so that the central gaze of the infant was
recorded. This involved minor adjustments of the angle
(horizontal and vertical) and rotation of the video camera
so that the resultant video was directed to a series of
objects located slightly out of the infant’s reach when the
infant was clearly attending to the object. Video from
the camera was sent wirelessly to a Sony digital video
recorder. The sample of video analyzed in this manuscript
was 218.61 min total in length and consisted of 69.15 min
of footage at 3 months, 70.04 min at 8 months, and
79.42 min at 12 months; this final sample was culled
from a larger set of recordings that totaled 469.50 min
(3 months: 138.82 min, 8 months: 189.90 min, 12 months:
140.78 min). The footage was recorded by the Baby Lab at

the University of Rochester (see Aslin, 2009, for other anal-
yses of this video).

Recordings at each age were made while the infant was
in two to four different locations inside and outside the
home. Included in the final sample was footage taken at
3 months in the home (39.84 min, 57.62% of sample for
that age) and on a shopping trip (29.31 min, 42.38%); at
8 months during a playgroup (21.30 min, 30.41%), at home
while the infant played with toys (29.80 min, 42.55%), and
during a walk to pick up a sibling at school (18.94 min,
27.05%); and at 12 months at home while the infant played
with toys (39.42 min, 49.64%), at home while the infant ate
(10.34 min, 13.02%), during a trip to the library (20.19 min,
25.42%), and during a walk outdoors (9.47 min, 11.92%).
The sample of footage analyzed was chosen semi-ran-
domly from the total available sample so that the percent-
age of video coded from each location at each age was
similar to what was originally recorded.

The number of people other than the infants that ap-
peared in each location ranged from 2 to 86. At 3 months,
when the infant was in the home the infant’s mother and
one lab assistant were with the infant; at 8 and 12 months,
the infant’s mother and two lab assistants were present. In
the majority of the analyzed footage (133.41 min, 61.03%
of sample) only the mother, infant, and lab assistant(s) ap-
peared. The percentage of analyzed footage in which only
the mother and lab assistant(s) were present varied
slightly by age (3 months: 50.22 min, 72.72% of sample
for that age; 8 months: 40.24 min, 57.45%; 12 months:
53.40 min, 67.23%).

6.2. Coding

Videos were analyzed using the program MacSHAPA
(Sanderson et al., 1994), which allowed coding of fre-
quency and duration of motions.

6.2.1. Agent-contact relations

Action in the footage was coded as an agent-contact
relation when a first entity came into contact with a sec-
ond entity and appeared to cause its motion. The beginning
of the motion was recorded at the moment when both the
agent and recipient, whether human or object, were visible
onscreen and engaging in a causal interaction (e.g., not
when only the agent or only the recipient was visible).
The end of a motion was noted either when the causal mo-
tion ceased or when the agent and/or recipient moved out
of the view of the camera. The entirety of the human or ob-
ject did not need to be visible in the frame for the event to
be coded as causal. A frame from the beginning of an
agent-recipient relation event with an infant acting as an
agent is pictured in Fig. 1a; A frame from an agent-recipi-
ent relation event with someone other than the infant act-
ing as an agent is pictured in Fig. 1b.

6.2.2. Self-propelled motion

A frame from the start of a self-propelled event is illus-
trated in Fig. 2. A motion was coded as self-propelled when
an entity began moving on its own (i.e. without an obser-
vable external force propelling it), and the onset of its
autonomous motion was unambiguous (i.e. an entity was
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Fig. 1a. Frame from the beginning of an agent-recipient relation event in
which the infant reaches for a toy.

9
b
Sl

Fig. 1b. Frame from an agent-recipient relation event in which an adult
reaches for a toy.

visible and proceeded from a stationary to moving state).
The beginning of the event was marked when the self-pro-
pelled motion began, and the end was recorded when the
entity ceased moving or exited the view of the camera.
Only movement with a visible autonomous onset was clas-
sified under this category because motion onset is the
defining feature of self-propulsion. To be sure, an entity
that appears to move independently but that does not have
a visible motion onset is not necessarily self-propelled; for
example, a ball that is thrown into view would look as if it
moved autonomously when it was in fact the recipient of
an obscured causal action. It is likely that infants would
learn that all independent human motion is self-propelled
if most of the autonomous motion they view is produced
by humans. Yet, ambiguously starting motion does not in
and of itself provide information regarding motion onset.
The entirety of the object did not need to be in the field
of view for its motion to be self-propelled, as long as its
motion onset was unambiguous; for example, in the self-
propelled event pictured in Fig. 2, the person’s motion
was coded as self-propelled even though only her legs
were visible to the infant.

Only global motion, and not that of parts (e.g., a moving
arm), was classified as self-propelled. It is unclear to a
naive viewer if the local motion of the parts of an entity

-

Fig. 2. Frame from the beginning of a self-propelled event. The arrow
denotes direction of motion.

constitutes self-propulsion because parts are attached to
the body of the entity, which could conceivably cause their
movement. Self-propelled motion has been described the-
oretically as a global motion property that is distinct from
the local motion of parts (Rakison, 2006), and infants’ and
children’s understanding of self-propulsion has almost al-
ways been tested empirically using figures that are glob-
ally self-propelled or by asking children questions that
imply global self-propulsion, such as, “Do you think it
could go up the hill all by itself?” (Massey & Gelman,
1988, p. 311; also Cicchino & Rakison, 2008; Csibra et al.,
1999; Gelman & Gottfried, 1996; Kosugi et al., 2003; Luo
& Baillargeon, 2005; Luo et al, 2009; Mahajan et al.,
2008; Newman, Hermann, Wynn, & Keil, 2008; Opfer,
2002; Poulin-Dubois et al., 1996; Rakison, 2006; Spelke
et al., 1995). Note also that we did not code as self-pro-
pelled those movements that imply an internal source of
energy, such as spontaneous accelerations or changes in
direction. Although some theorists (e.g., Gelman et al.,
1995; Leslie, 1995; Luo et al., 2009) have proposed that
these cues are important in identifying self-propelled mo-
tion, we focused instead on spontaneous onsets of motion
because they, unlike for example changes in direction, are
unambiguous with regard to how an object starts to move.
We further chose to concentrate on simple instances of
motion because infants’ information processing skills im-
prove over developmental time and allow them to process
more complex motion with age. Thus, simple real-life in-
stances of self-propulsion and causal agency may be the
first ones to which infants can attend and learn (e.g., Oakes
& Cohen, 1990).
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6.2.3. Entities in the motion events

The identities of the objects in the motion events - that
is, the causal agent and recipient in the agent-contact rela-
tion events and the moving object in the self-propelled
events - were recorded. Specifically, it was noted if these
objects were people, animals, or inanimate objects. The ba-
by’s own agency was only recorded if both the baby and his
recipient were visible on the camera. We did not code if the
baby engaged in self-propelled motion or was acted upon
as a recipient because in these situations the baby did
not actually see self-propulsion or an agent-contact
relation.

6.2.4. Reliability

A second judge who was blind to the hypotheses of the
experiment coded two videos for each age group (6 total),
which equaled 48.88 min of reliability coding (22.36% of
the total footage coded by the main experimenter). The
second coder judged the frequency and duration of ani-
mate and inanimate motions in the agent contact, recipi-
ent, and self-propelled categories. Overall coder reliability
was high for both frequency, r=.93, and duration of mo-
tion, r = .91. In addition, the mean difference between the
two coders’ scoring was not reliably different, all p’s > .83.

6.3. Results

The main set of analyses examined the frequency with
which the infant viewed people and inanimate objects act-
ing as causal agents, recipients, and self-propelled objects
while wearing the head-mounted camera. (Note that the
infant did not have a pet in the home and did not view
any non-human animals in the coded video footage.)
Throughout this manuscript, frequency will be presented
as instances of motion seen per hour; also, in these analy-
ses, the number of motions and not the participant formed
the basic unit of analysis (for similar analysis approaches
see Corrigan (1994) and Sobel, Li, and Corriveau (2007)).
Frequency data and corresponding duration data across
the age points are reported in Table 2.

The key finding from the head-camera videos is that the
frequency with which the infant viewed people engaged in
agent-contact events was greater than the frequency with
which he saw people engaged in self-propulsion,
X?%(1)=50.1, p <.0001 (ratio of 2.79 human agent-contact

Table 2

Frequency (reported as instances per hour) and duration (reported as
percent of total footage) of the infant’s viewing of people and inanimate
objects engaged in different motion events, aggregated across the three age
points. Note that the infant could have more than one action in his visual
field at once (e.g., two hands reaching for objects concurrently) and that the
sum of the durations of all of these events is included in the above
percentages.

Duration (% of total
footage coded)

Frequency
(instances/h)

People Inanimate People Inanimate
objects objects
Agent-contact 158.64 5.73 9.29 0.16
Self-propelled 54.34 6.03 3.68 0.23

Table 3

Frequency (reported as instances per hour) and duration (reported as
percent of total footage) of the infant’s viewing of people engaged in
different motion events, separated by age.

Frequency Duration (%
(instances/h)  of total
footage coded)

Agent 3 months 348.79 16.84
8 months 620.19 32.80

12 months  818.96 36.32

Self-propelled (all) 3 months 38.18 1.92
8 months 80.52 6.14

12 months 45.33 3.03

Self-propelled 3 months 20.61 0.91
(in home only) 8 months 28.19 2.04
12 months 44.61 3.11

events to every human self-propelled event). Because
duration and frequency data closely mirrored one another,
statistics are only reported for frequency.

The infant viewed people act as agents in causal events
27.7 times more often than inanimate objects act as causal
agents, X%(1) =512.74, p <.0001. This same dominance of
people over inanimate objects was present for self-pro-
pelled motions, X?(1) =37.06, p <.0001, but the ratio was
considerably less than for agent-contacts (9.0 vs. 27.7).
Moreover, the denominator in these ratios (the frequency
of agent-contacts or self-propulsion events for inanimate
objects) did not differ.

The frequency of agentive and self-propulsion events
performed by a person that the infant observed increased
with age, X2(2) = 186.93, p <.0001. The infant viewed more
people in self-propelled events at 8 months than during
the other two age points, X?(2) = 18.8, p <.0001. However,
an inconsistent amount of footage for each age group was
taken outside of the home, and during this footage there
was also a discrepancy in the maximum number of people
viewed (3 months: 56 people, 8 months: 86 people,
12 months: 14 people). Thus, the infant’s viewing of people
in self-propelled events was reanalyzed to include only
footage recorded in the home and when the mother and
lab assistant(s) were the only others present. This new
analysis revealed that the frequency with which the infant
viewed self-propulsion in the home increased with age,
X?%(2)=9.67, p <.01, especially between 8 and 12 months.
Data separated by age can be viewed in Table 3.

6.4. Discussion

This study provides a preliminary catalog of the visual
input infants receive in the real world of causal and self-
propelled motion. The infant wearing the head camera
saw approximately three times as many instances of peo-
ple acting as agents in causal events as of people engaged
in self-propelled motion; additionally, the ratio of motions
that the infant saw performed by people as compared to
inanimate objects was also three times as high for agentive
motions than it was for self-propelled motions. This find-
ing is compatible with the associative learning account of
conceptual development because these frequencies align
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with infants’ knowledge of causality and self-propulsion.
Indeed, empirical evidence indicates that infants do not
associate self-propulsion strongly with animacy (e.g., Csi-
bra et al., 1999; Shimizu & Johnson, 2004), and the current
study demonstrates that people are not often viewed
engaging in self-propelled motion. Baldwin (Baldwin
et al., 2001) and Woodward (Woodward, Sommerville, &
Guajardo, 2001) have suggested that infants view regular-
ities in human action that cohere with patterns in early
motion knowledge, and this is the first study that supports
empirically this claim.

It has been demonstrated that infants can learn the rel-
ative frequencies with which objects appear in their envi-
ronments (e.g., Kirkham et al., 2002). Taken a step further,
an associative learning account for early learning about
motion properties is consistent with the notion that the
relative frequency with which people and inanimate ob-
jects are seen engaged in agentive and self-propelled mo-
tion influences infants’ knowledge of these motions. That
is, if a higher proportion of agentive motions than of self-
propelled motions are performed by people, regardless of
the absolute number of times infants view these motions,
infants should have a stronger representation that agency
is a human motion than that self-propulsion is a human
motion. We suggest that the absolute and relative frequen-
cies with which infants see people engaged in these mo-
tions play a role in infants’ understanding of them;
indeed, probability and frequency have both been impli-
cated in human learning (Fiser & Aslin, 2002; Howard,
Howard, Dennis, & Kelly, 2008; Monaghan & Rowson,
2008). In this study, both the relative and absolute fre-
quencies with which agentive and self-propelled motions
were performed by humans indicated that infants’ repre-
sentations of animate agents should be stronger than their
representations of animate self-propelled objects.

That the infant’s viewing of causal agency increased
most sharply between 3 and 8 months is consistent with
the developmental trajectory of infants’ developing knowl-
edge because they begin to identify causal events and
understand that hands act on goals in this age range
(Oakes, 1994; Woodward, 1998). This finding is similarly
in accord with the course of infants’ motor skill develop-
ment, as they begin to produce coordinated reaches to-
wards objects at this time (Bertenthal & Clifton, 1998).
Indeed, it has been proposed that infants’ reaching experi-
ence brings about the ability to recognize the causal and
goal-directed motions of others (Rakison & Krogh, 2010;
Sommerville, Woodward, & Needham, 2005). It is likely
both that infants attend to more agentive events because
they understand their structure due to their own action
experience, and that infants’ increased visual experience
bi-directionally improves their understanding of such
events. An analogous point can be made about the increase
in the infant’s viewing of self-propelled events between 8
and 12 months, as the majority of infants begin to produce
self-propelled motion by crawling and walking between
these ages (Bayley, 1969).

Some limitations of this study should be noted. Because
only one infant was tested, it is impossible to generalize his
visual experiences to all infants. Additionally, at times
multiple people, objects, and events appeared simulta-

neously in the view of the head-mounted camera, and thus
it is difficult to know to what exactly the infant attended in
such scenes. However, this coarse grain of analysis and the
limitations intrinsic to a single-subject design were suit-
able for obtaining a preliminary measure of what kinds
of events appear in an infant’s view. Finally, it is worth not-
ing that one potential criticism of our observational study
is that it involved only one infant and is therefore unrepre-
sentative of the typical viewing experience of infants more
broadly. However, in our view the size of the effects found
in the observational study were so large — and the settings
in multiple contexts so natural - that it is difficult to envis-
age that the infant’s experiences were an anomaly. In other
words, we propose that given the size of the effects gar-
nered from one infant, that our data are representative of
infants’ typical input about agency and self-propulsion.

7. Experiment 1

The following four experiments investigated if the dif-
ferential frequency with which infants see people engaged
in causal agency and self-propulsion accounts for the dis-
parity in their ability to generalize between these motions.
These experiments examined infants’ responses to the mo-
tions of geometric shapes, and not to the motion of people
or animates, in order to examine infants’ representation of
motion without the additional influences of perceptual
animacy cues. In Experiment 1, we examined if, and at
what age, infants understand that an agent in a causal
event should also engage in self-propelled motion. Ten-
and 14-month-old infants were tested. By 10 months of
age infants can recognize causal motion in simple and
complex events (Oakes, 1994; Oakes & Cohen, 1990), and
they can also identify self-propelled motion (Cicchino &
Rakison, 2008); thus, the youngest infants tested in this
study had developed the motion recognition abilities that
are a necessary precursor to motion generalization. Infants
were first habituated to a Michotte-like causal launching
display (Michotte, 1963) in which the agent and recipient
were a different color and shape. In the test trials of the
experiment, infants viewed events that depicted the self-
propelled motion of either the agent or the recipient from
the habituation events. If infants infer that agents in causal
events, and not recipients, are self-propelled, they should
look longer at the test event in which the recipient is
self-propelled than at the event in which the agent is
self-propelled, because the recipient event will run counter
to their expectations. However, if infants cannot generalize
that a causal agent also engages in self-propelled motion,
they should look equally to both types of test events.

7.1. Method

7.1.1. Participants

Participants were 12 10-month-old (mean age 10 months
3 days, range = 9 months 5 days to 10 months 15 days) and
12 14-month-old (mean age 14 months 4 days, range = 13 -
months 24 days to 14 months 14 days) healthy full-term in-
fants. There were 5 males and 7 females at both 10 and
14 months. Data from 11 additional infants were collected
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but excluded from the final sample, due to failure to habitu-
ate (three 10-month-olds and two 14-month-olds), fussiness
(four 14-month-olds), experimenter error (one 10-month-
old) or fatigue indicated by looking at a post-test trial pre-
sented at the end of the experiment for less than 2 s (one
14-month-old). In all studies reported in this paper the par-
ticipants were mostly Caucasian and from middle-class
backgrounds. Infants were recruited through birth lists ob-
tained from a private company and were given a small gift
for their participation.

7.1.2. Stimuli

The pre-test, habituation and test stimuli were com-
puter-animated movies created with Macromedia Director
8.0 and shown on a 14 x 24 in. LCD screen at a viewing dis-
tance of 24 in. To acclimatize infants to the task, before the
main experiment began participants were shown a pre-
test event in which an animated mouse bounced across a
stage depicted on the LCD display. This pre-test event
lasted for 8 s. During the habituation phase of the study,
infants viewed simple Michottian causal launching events
in which either an orange square or green octagon entered
from off-screen and hit a different simple geometric shape
(also either an orange square or green octagon, whichever
was not the first object onscreen), setting it immediately
into motion. Note that the onset of motion of the first ob-
ject onscreen was ambiguous; that is, since it entered from
off-screen it could conceivably be either caused-to-move
or self-propelled. Each causal launching event lasted 6 s.
A schematic of this event is illustrated in Fig. 3a.

The moving objects in this study were depicted as geo-
metric shapes so that infants would not be given cues to
the identities of the objects other than their motion (e.g.,
no perceptual identity cues such as eyes). To maximize in-
fants’ attention to the screen, the orange square had a blue

A Before contact Contact

heart in its center and the green octagon had a yellow sun
in its center. These extra features made the objects more
interesting but did not signal that the objects were ani-
mate or inanimate. Objects were 4.5 in. tall and 3.75 in.
wide, and they moved at a speed of 6 in. per second across
a brown stage and against a light purple background.

In the test phase, infants viewed two different types of
events that depicted the self-propelled motion of a single
object that was previously seen during habituation. In
the consistent test event, the agent in the causal launching
seen during habituation (e.g., the first object moving onsc-
reen in the causal launching event) was motionless in the
center of the screen. After a pause of 1.5s, the orange
square or green octagon moved off-screen to either the
right or the left as during habituation. This event type is re-
ferred to as the consistent test event because if infants gen-
eralize that an agent in a causal event should also be self-
propelled, they should expect that the object in these test
events (the causal agent from habituation) would be self-
propelled.

In the inconsistent test trial, infants saw an event that
was identical to the consistent test event except that the
recipient from the causal launching event shown during
habituation was shown in motion. This event was called
inconsistent because it should violate infants’ expectations
if they generalize that an agent in a causal event, but not
a recipient, is self-propelled. The test events are illustrated
in Fig. 3b and c.

The total length of each test event was 6s, which is
identical to the length of each habituation event. Note that
the self-propelled object in the test event began movement
from the center of the stage, which was the starting point
for the recipient in the causal launching events shown in
habituation. In addition, the distance traveled by the self-
propelled object was identical to the distance traveled by
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Fig. 3. Schematic of habituation event (
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), consistent test event (B), and inconsistent test event (C) shown to infants in Experiment 1.
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both the causal agent and recipient in the habituation
events.

7.1.3. Procedure and design

Each infant sat on their parent’s lap facing the computer
monitor. Parents were instructed not to interact with in-
fants verbally or otherwise, to not fixate on the computer
screen, and to otherwise remain neutral. A habituation
procedure with a subject-controlled criterion was used.
In the habituation phase of the experiment, infants were
presented with the stimulus set described in the Stimuli
section. During the habituation phase of the experiment,
a trial ended if the infant looked away from the screen
for 1 s or if 30 s had passed (five presentations of the habit-
uation event, or three presentations of the pre-test event).

Infants were first shown the pre-test event and then the
habituation events. Different presentations of the causal
launching events shown in habituation began on the left
side of the screen or on the right side of the screen, in a
semi-random order for each infant. The identities of the
objects in the habituation event (e.g., if the agent was an
orange square or a green octagon), and the direction of mo-
tion in the first habituation event, were counterbalanced
across infants. Each participant viewed only one type of
object act as an agent and a different object act as a recipi-
ent throughout the habituation phase, so that if an infant
saw the orange square act upon the green octagon in the
first habituation event, the infant saw this same agent-re-
cipient pairing throughout habituation.

The habituation phase ended, and the test phase began,
after 16 trials had passed or after infants’ looking times
reached a specified criterion. To reach criterion, an infant’s
looking times on a block of three consecutive trials had to
be less than 50% of their total looking times on the first
four trials. Infants who did not reach criterion within 16
trials were not included in the final analysis. Infants
viewed each type of test event twice in block form, so that
they first saw a pair of consistent-inconsistent test events
before viewing each event type for a second time.

The test trials continued until the infant looked away
for 1s or for a maximum of 60 s (10 presentations of the
events). The test trials were longer than the habituation
trials because pilot testing indicated that many infants
looked at the test events for the maximum duration when
they were shorter in length. Type of test trial presented
first (consistent or inconsistent) and direction of motion
in the test trials were counterbalanced across infants. The
order of the test trial type was identical in both blocks.

7.1.4. Apparatus

Infants were tested individually in a quiet laboratory
room. Events were presented on a 14 in. x 24 in. computer
monitor that was approximately 24 in. from the infant’s
face. A full-length black curtain hung behind the computer
monitor and surrounded the testing area. An experimenter
observed the infants’ looking patterns through a closed-
circuit video camera that was placed behind the monitor
and hidden from the infant’s view by the curtain. Infants’
looking behaviors were recorded for later reliability cod-
ing. An Apple G5 computer running Habit X software (Co-

hen, Atkinson, & Chaput, 2004) was used to control the
experiment.

An experimenter hidden from infant’s view observed the
infant’s gaze on a television monitor connected to the video
camera. The length of a gaze was recorded by pressing a key
on a computer keyboard when the infant looked at the
computer monitor. When the infant looked away from the
monitor, the experimenter released the key. A green circle
was flashed against a black background on the screen, and
a chiming noise was played, in order to capture the infant’s
attention prior to the beginning of the experiment and be-
fore each trial. The experimenter started a trial by pressing
a preset key on the computer keyboard as soon as the in-
fant’s gazes focused on the computer monitor. The com-
puter automatically established when the habituation
phase ended and the test phase began.

7.1.5. Coding

The length of infants’ visual fixations during the study
was coded by the experimenter’s key press and recorded
by the computer. Coders were blind to when the habitua-
tion phase ended and the test phase began, and to the or-
der of presentation of the test events. A second judge
recoded data from 25% of the infants to establish reliabil-
ity. Across the experiments presented here using the habit-
uation methodology, looking times were highly correlated
between coders, r > .92.

7.2. Results

7.2.1. Habituation phase

Ten-month-old infants required a mean of 8.58 trials
(SD =3.12) to reach the habituation criterion, which was
greater than the mean of 6.17 trials (SD = 1.64) required
by 14-month-olds, (1, 22) = 5.64, p < .05, n; = .20. This dif-
ference in the number of trials needed to habituate be-
tween age groups is unsurprising because older infants
have greater information processing capacity than do youn-
ger infants and thus tend to decrease their looking to stim-
uli more quickly (Hunter & Ames, 1988). Infants’ looking to
the last three habituation trials did not vary by age, p > .4,
which suggests that 10-month-olds (M =6.61, SD = 3.35)
and 14-month-olds (M =7.49, SD = 2.72) were equally as
attentive before the start of the test events.

7.2.2. Test phase

The main analysis measured infants’ looking patterns to
the two consistent and inconsistent test events. Looking
times to these events were entered into a 2 (Age:
10 months vs. 14 months) x 2 (Block: first vs. second) x 2
(Trial Type: consistent vs. inconsistent) mixed-design AN-
OVA, with repeated measures on the block and trial type
variables. This analysis resulted in a main effect of block,
F(1,22)=7.25, p<.025, n;=.25. Infants looked at test
events that occurred during the first block of two events
(M=11.49, SD=7.31) longer than at the test events that
were shown during the second block of two events
(M=6.97, SD =5.56).

Block did not interact with any variable, p’s > .5, which
suggests that infants’ looking patterns to the two catego-
ries of test events were similar within each block. There
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Fig. 4. Looking times and standard errors to the test events in Experiments 1 and 2, averaged across test trial pairs. ““p <.01.

was also a marginally significant main effect of trial type,
F(1,22)=3.37, p<.08, n}=.13, which was mediated by
an interaction between trial type and age, F(1,22)=6.22,
p <.025, 1712, =.22. Planned comparisons indicated that 10-
month-olds looked equally as long at the consistent and
inconsistent test events, F(1,11)=.20, p > .66, nf, =.02,
but that 14-month-olds looked longer during the inconsis-
tent test trials than during the consistent test trials,
F(1,11)=10.17, p < .01, n; = 48. Infants’ looking times are
illustrated in Fig. 4.

7.3. Discussion

The results of Experiment 1 indicated that infants be-
tween the ages of 10 and 14 months develop the ability
to infer that an agent in a causal event, but not a recipient,
is self-propelled, because only 14-month-olds looked long-
er at the inconsistent test events than at the consistent test
events. This finding is one of the first to establish that in-
fants can generalize from one motion property of an object
to another. Indeed, because motion is not constantly avail-
able in the perceptual array, generalizing between two mo-
tion properties requires infants to perform the challenging
task of remembering a less-obvious feature and mapping it
to an entity in the absence of visual feedback. Previous
work demonstrated that in an action task children are un-
able to generalize between two less-obvious properties of
animates until 5 years of age (Sheya & Smith, 2006).

Infants’ ability to generalize from causal to self-propelled
motion is consistent with the associative learning view pre-
sented in the introduction of this paper. The Observational
Study indicated that infants see many instances of humans
acting as agents in their daily lives, which would suggest
that infants develop a strong representation that animates
are agents. In turn, infants should be able to generalize from
agency to other actions in which agents engage.

Why, then, were 10-month-olds unable to perform this
generalization task? By 10 months, infants have a great
deal of experience seeing animates act as agents; the infant
examined in the Observational Study saw nearly 350 in-
stances an hour of humans engaging in agentive actions

as early as 3 months of age. Although correlations between
animates and their motions exist abundantly in a 10-
month-old’s world, we suggest that the improvements in
information processing skills that occur between 10 and
14 months enabled the older infants tested, and not the
younger, to process correlations between objects and their
motions in this experimental context. This explanation is
consistent with several other studies that have demon-
strated that infants’ ability to form correlations involving
moving objects improve greatly between 10 and
14 months of age. For example, 14-month olds, but not
10-month-olds, form correlations between an object’s
moving parts and its global motion pattern (Rakison & Pou-
lin-Dubois, 2002), identify the originating agent in a causal
chain (Cohen, Rundell, Spellman, & Cashon, 1999), and
form associations between novel words and moving ob-
jects (Werker, Cohen, Lloyd, Casasola, & Stager, 1998).

An alternative explanation for 14-month-olds’ behavior
in this study is that they responded to which object first
moved onscreen rather than to motion properties of the
objects. That is, the causal agent was the first object to
move in the habituation events, but the recipient was the
first object in motion in the inconsistent test events. It is
possible that infants attended primarily to the causal agent
in the habituation events only because it was the first ob-
ject in motion, and for that reason dishabituated when
they saw a different object (the recipient) move in test.
This possibility was addressed in Experiment 2.

8. Experiment 2

Experiment 2 sought to control for the possibility that
14-month-olds’ visual attention in Experiment 1 was the
result of infants’ attention to which object moved first in
the scene rather than to the motion properties (causal
agent, recipient, or self-propelled) of the objects. This
experiment was identical to Experiment 1 with one excep-
tion: during the habituation phase, infants viewed a non-
causal event with a gap and delay, in which the two objects
onscreen do not contact each other, rather than a causal
launching. Previous studies have demonstrated that
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infants perceive as non-causal such a gap and delay in an
event (e.g., Leslie, 1984; Oakes & Cohen, 1990; Rakison,
2006).

Although the two test events are no longer consistent or
inconsistent in comparison with the habituation events,
they will retain their labels for ease of comparison with
Experiment 1. If 14-month-olds tested in this experiment
respond on the basis of which object moves first on the
screen, they should look longer at the inconsistent test
events than at the consistent test events, as they did in
Experiment 1. However, if infants respond on the basis of
the motion properties exhibited by the objects, they should
look equally long at both events. Although the second ob-
ject onscreen in this experiment was visibly self-propelled,
the motion of the first object was ambiguous; that is, it
could or could not be self-propelled. Thus, because the first
object onscreen does not exhibit any cues that would sug-
gest it is not self-propelled, seeing it move in a self-pro-
pelled manner in the test trials would not violate infants’
expectations.

8.1. Method

8.1.1. Participants

Twelve 14-month-old (mean age 14 months 4 days,
range 13 months 19 days to 14 months 22 days) healthy
full-term infants participated in this study. Five were
males and seven were females. Four additional infants
were tested but not included in the final sample due to fail-
ure to habituate (1), fussiness (2), or equipment malfunc-
tion (1). Infants were recruited by the same means as in
Experiment 1.

8.1.2. Stimuli

The stimuli used in this study were identical to those of
Experiment 1, with the exception of the one difference pre-
viously outlined. Namely, in the habituation trials of

A Before contact

B Pause

C Pause

No contact

Experiment 2 infants viewed a non-causal launching event
with a gap and delay. One object, either an orange square
or green octagon as in Experiment 1, entered the screen
from off-stage and stopped moving at a distance of 4 in.
from a second object that differed in shape and color. After
a pause of 666 ms, the second object then moved off-
screen without contact from the first. This event is illus-
trated in Fig 5a. The objects moved at the same speed as
those in Experiment 1, and trial length was also the same
as in Experiment 1. The test, pre-test, and post-test events
were identical to those used in Experiment 1, and the test
events are again illustrated in Fig. 5b and c.

8.1.3. Procedure, design, apparatus, and coding
The procedure, design, apparatus, and coding for Exper-
iment 2 were identical to that of Experiment 1.

8.2. Results

8.2.1. Habituation phase

Infants in Experiment 2 required a mean of 8.83 trials
(SD =3.35) to reach the habituation criterion, which was
significantly more trials than 14-month-olds needed to
reach the criterion in Experiment 1, F(1,22)=6.12,
p <.025, n; = .22. This finding suggests that infants find a
non-causal event with a gap and delay to be harder to pro-
cess than a similar causal launching scenario. However,
previous work has indicated that infants do not consider
events with a gap and delay, such as those infants viewed
during habituation in Experiment 2, to be inherently more
interesting than causal launching events (Oakes & Cohen,
1990); infants tested in Experiment 2 likewise did not look
longer during the first three habituation trials, M = 20.61,
SD = 6.44, than did 14-month-olds tested in Experiment
1, M=19.53, SD=7.49, p >.7. Experiment 2’s participants
looked at the last three habituation events for a mean of
7.17 s (SD = 2.16), which did not differ from the time that
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Fig. 5. Schematic of habituation event (A), consistent test events (B), and inconsistent test events (C) shown to infants in Experiment 2.
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14-month-olds in Experiment 1 attended to the last three
habituation events, p > .4.

8.2.2. Test phase

As in Experiment 1, infants’ looking times to the four
test trials were entered into a 2 (Block: first vs. second) x 2
(Trial Type: consistent vs. inconsistent) repeated-measures
ANOVA. This analysis resulted in only a significant main ef-
fect of block, F(1,11) = 4.88, p <.05, n2 =.31. As in Experi-
ment 1, infants looked longer during the first block of
test trials, M =19.05, SD = 14.20, than during the second
block of test trials, M = 12.42, SD = 8.11. There was no sig-
nificant interaction between trial type and block, p >.5.
Most pertinently, there was also no significant main effect
of trial type, F(1,11)=.00, p=.97, i, =.00. The null trial
type effect is illustrated in Fig. 4.

8.3. Discussion

After habituation to a non-causal event with a gap and
delay, 14-month-olds looked equally as long at test events
in which the first and second moving objects from the
habituation trials engaged in self-propelled motion. This
finding suggests that infants in this experiment, as well as
those in Experiment 1, did not respond to the events on
the basis of which object moved first. Instead, these data
indicate that the performance of 14-month-olds in Experi-
ment 1 reflected their ability to generalize self-propulsion
to a causal agent. Note that it is difficult to infer too much
from null results; however, these data in conjunction with
those from Experiment 1 suggest that infants expect that
self-propelled objects also act as agents in a causal scene.

Interestingly, infants in this experiment looked equally
long at both test events even though the second object in
the habituation event (e.g., the object in the inconsistent
test event) was clearly self-propelled during habituation,
while the onset of motion of the first object in the habitu-
ation event (e.g., the object in the consistent test event)
was ambiguous. This result runs counter to the hypothesis
of Luo et al. (2009; see also Kotovsky & Baillargeon, 2000),
who proposed that infants assume that an object is not
self-propelled unless they are given unambiguous evi-
dence to the contrary. If this were the case, infants would
have looked longest at the consistent test event that de-
picted the self-propelled motion of an object that they
should have categorized as inert. Instead, it could be that
infants make no assumptions about the motion properties
of objects that have ambiguous motion onsets, or that in-
fants generalized that the first object in the habituation
event was self-propelled because it stopped moving inde-
pendently (e.g., without hitting a barrier).

9. Experiment 3a

The results of Experiments 1 and 2 suggest that by
14 months infants generalize self-propulsion to causal
agents. Experiment 3a was designed to assess the possibil-
ity that 14-month-olds can make the inverse inference, or
generalize causal agency to self-propelled objects. In con-
junction with Experiments 1 and 2, this study tested the

hypotheses that infants’ generalizations between causal
agency and self-propulsion are asymmetric or more specif-
ically, that infants will be unable to infer that self-pro-
pelled objects act as agents in causal events at the same
age at which they infer the inverse.

9.1. Method

9.1.1. Participants

Twelve 14-month-old (mean age 13 months 28 days,
range 13 months 9 days to 14 months 13 days) healthy
full-term infants participated in this experiment, 8 male
and 4 female. An additional 7 infants were not included
in the final sample for failure to habituate (1), fussiness
(2), infant’s eyes not being visible to the experimenter for
the entire study (2), fatigue as indicated by looking less
than 2 s at the post-test event (1), or experimenter error
(1). Infants were recruited by similar means as in previous
experiments.

9.1.2. Stimuli

Infants viewed the same events as in Experiment 1, ex-
cept that the movies that portrayed the self-propelled mo-
tion of a single object were shown during the habituation
phase, and causal launching events were shown during
the test phase. Because infants only saw the self-propelled
motion of one object during habituation (e.g., either a
green octagon or orange square, but not both), each type
of test event contained a novel object. In the consistent test
event, the object from habituation served as the agent in
the causal launching event and the novel object served as
the recipient (e.g., if the orange square was self-propelled
during habituation, the orange square would be the agent
and the green octagon would be the recipient in this test
causal launching event). In the inconsistent test event,
the object from habituation served as the recipient in the
causal launching and the novel object served as the agent
(e.g., if the orange square was seen in habituation, in this
test event the green octagon would be the agent and the
orange square would be the recipient). These events are
illustrated in Fig. 6.

9.1.3. Procedure, design, apparatus, and coding

The procedure, design, apparatus, and coding for this
study were identical to that of Experiment 1 with the
exception that infants saw self-propelled events during
habituation and causal launching events in test. Different
presentations of the self-propelled events in habituation
moved towards different sides of the screen (either to the
left or right), in a semi-random order for each infant. The
identities of the object in the habituation events (e.g., if
the object was an orange square or a green octagon), and
the direction of motion in the first habituation event, were
counterbalanced across infants. Each participant viewed
only one object in the habituation phase, so that if an in-
fant was habituated to the self-propelled motion of an or-
ange square, that infant did not see a green octagon until
the test phase.

As in previous experiments, infants viewed each test
event type twice in a blocked manner, so that each type
of test event (consistent and inconsistent) was seen once
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Fig. 6. Schematic of habituation event (A), consistent test event (B), and inconsistent test event (

before moving onto the second block. The type of test trial
presented first and the order of motion in the test trials
were counterbalanced across infants. Finally, the order of
test trials was duplicated in both blocks shown to an indi-
vidual infant (so that if the consistent test event was the
first test trial, it was also the third test trial).

9.2. Results

9.2.1. Habituation phase

Infants required 7.08 trials (SD = 1.83) to reach habitua-
tion, which did not differ from the number of trials re-
quired for 14-month-olds tested in Experiment 1, p>.2.
Looking time to the first three habituation events,
M=18.75, SD=7.93, did not differ from that for 14-
month-olds in Experiment 1, p >.8, nor did looking time
to the last three habituation events, M = 6.83, SD =4.08,
p>.6. Thus, it can be concluded that 14-month-olds did

254 Experiment 3

— — N}
o v [=]
L L N

Mean Looking Time (s)

wvi
1

14-month-olds

18-month-olds

C) shown to infants in Experiment 3.

not find the self-propelled events to be inherently more
interesting or harder to process than the causal launching
events.

9.2.2. Test phase

As in previous experiments, for the principal analysis
infants’ looking times to the consistent and inconsistent
test events were entered into a 2 (Block: first vs. sec-
ond) x 2 (Trial Type: consistent vs. inconsistent) re-
peated-measures ANOVA. This test resulted in only a
significant main effect of block, F(1,11)=11.54, p<.01,
2= .51, as infants looked longer during the first block of
test trials, M =17.34, SD = 12.81, than during the second
block of test trials, M = 11.99, SD = 10.00. There was no sig-
nificant main effect of trial type, F(1,11) =1.10, p = .32, i7,=
.09, nor a significant interaction between trial type and
block, p >.2. This null effect of trial type is displayed in
Fig. 7.

{ Experiment 4

M Consistent
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14-month-olds

Fig. 7. Looking times and standard errors to the test events in Experiments 3 and 4, averaged across test trial pairs.
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9.3. Discussion

The results of this experiment revealed that 14-month-
old infants do not generalize causal agency to a self-pro-
pelled object; that is, infants did not increase their looking
time to an event in which a formerly self-propelled object
served as a recipient in a causal launching event. These
data diverge from the findings of Experiment 1 in which
14-month-olds generalized self-propulsion to an agent in
a causal event. Yet, these findings are consistent with the
hypothesis that infants’ generalizations between causal
agency and self-propulsion are asymmetric due to their
differential amount of experience with, and thus different
representational strengths for, people engaged in agentive
and self-propelled motions. The infant in the Observational
Study did not see many instances of self-propulsion, but
saw many of causal agency; if infants’ exposure to agency
and self-propulsion are asymmetric, then the associative
learning view would predict that their representations for
these motions would reflect the same asymmetry.

That infants did not generalize causal agency to a self-
propelled object contradicts previous research that revealed
that 5- and 12-month-olds do not expect self-propelled ob-
jects, but do expect inanimate objects that have not demon-
strated self-propelled motion, to serve as recipients in causal
events (Luo et al., 2009; Saxe et al., 2005). However, the
self-propelled objects in these experiments exhibited
additional cues to animacy as well as self-propulsion. In Saxe
et al.’s (2005) study the self-propelled object had fur, eyes,
and legs, and was described to “jump” across a stage
(presumably non-linearly). Similarly, the self-propelled
box that Luo et al. (2009) showed to infants changed direc-
tions independently. Considering the results of the current
experiment, it is likely that infants tested by Saxe et al.
(2005) and Luo et al. (2009) responded to these additional
animate features as opposed to or in conjunction with the
autonomous onset of the object’s motion.

10. Experiment 3b

It is unknown from Experiment 3a if infants develop the
ability to generalize from causal agency to self-propulsion
shortly after 14 months, or if this ability either does not de-
velop until considerably later in development. To examine
if infants can perform this generalization later in infancy,
18-month-olds were tested in the same paradigm as were
14-month-old infants in Experiment 3a. Eighteen-month-
olds were chosen for the experiment because previous
work has shown that infants associate the animate feature
of moving parts with self-propelled objects four months la-
ter than they do with causal agents (Rakison, 2005, 2006).
Thus, it is plausible that infants are also able to generalize
from self-propulsion to causal agency four months after
they can perform the inverse generalization.

10.1. Method

10.1.1. Participants
Participants in this experiment were 12 healthy 18-
month-old infants (mean age 18 months 3 days, range

17 months 19 days to 18 months 17 days). Four infants
were male and 8 were female. Ten additional infants par-
ticipated but were removed from the final sample for fail-
ure to habituate (3), fussiness (4), equipment malfunction
(2), and prematurity (1).

10.1.2. Stimuli, procedure, design, apparatus, and coding
The experimental protocol was identical to Experiment
3a.

10.2. Results

10.2.1. Habituation phase

Infants tested in Experiment 3b needed 7.08 trials
(SD=2.27) to habituate, which did not differ from 14-
month-olds tested in Experiment 1, p >.2. Looking time
to the first three habituation trials (M =19.91, SD = 5.84)
also did not diverge from Experiment 1's 14-month-olds,
p > .8, nor did looking time to the last three habituation tri-
als, M=7.36,SD=2.51,p>.9.

10.2.2. Test phase

For the primary analysis infants’ looking times to the
test events were entered in a 2 (Block: first vs. second) x 2
(Trial Type: consistent vs. inconsistent) repeated-measures
ANOVA. This analysis only revealed a marginally signifi-
cant main effect of block, F(1,11) =4.81, p=.051, ; = .30,
in which infants looked longer during the first block of test
trials, M = 23.75, SD = 15.77, than during the second block
of test trials, M=12.76, SD = 8.95. As in Experiment 3A,
neither was the effect for trial type significant,
F1,11)=0, p=.99, 5, =.00, nor was the interaction be-
tween trial type and block, p >.7. The comparison of test
trials can be seen in Fig. 7.

10.3. Discussion

Experiment 3b revealed that like 14-month-olds, in-
fants at 18 months also do not generalize from seeing an
object as self-propelled to judging that object as a causal
agent. It is thus unclear from these results when this ability
emerges, if it does at all; however, the fact that increas-
ingly older infants did not make the generalization is in ac-
cord with evidence that suggests that children and adults
do not view self-propulsion as a strong cue to animacy
(Gelman et al., 1995; Opfer, 2002).

An alternative explanation of the null results found in
Experiments 3a and 3b could be that infants were over-
whelmed, from an information-processing perspective,
with the addition of a second, novel object in the test trials.
According to this argument, infants did not respond to the
test events in terms of the motion properties of the objects
because they allocated their cognitive processing to this
second novel object. This possibility was explored in
Experiment 4.

11. Experiment 4

As a control for Experiment 3, this experiment investi-
gated if 14-month-old infants generalize causal agency to
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a self-propelled object that also displays additional cues to
animacy. Infants tested in Experiment 4 viewed during
habituation a self-propelled object that also changed
direction independently and accelerated, and then were
presented with the same test events as infants in Experi-
ment 3. The goal of this experiment was to demonstrate
that infants can generalize from the motion of a single
object to causal agency, and thus that the null performance
in Experiment 3 was not due to the addition of an extra
object during the test phase.

The additional cues of an independent direction change
and acceleration were chosen because they have been
shown to be highly associated with animacy or animate
properties by infants and adults (Gelman et al., 1995; John-
son, Shimizu, & Ok, 2007; Luo & Baillargeon, 2005; Luo
et al., 2009; Tremoulet & Feldman, 2000). Thus, it can be
inferred that infants have a strong representation that
these cues are associated with animacy. Based on the
hypothesis that infants can generalize on the basis of mo-
tions that they strongly associate with animates to other
strongly animate motions (such as causal agency), we
predicted that the combination of these cues would lead
infants to generalize from the motion of a single self-
propelled object to causal agency.

11.1. Method

11.1.1. Participants

Participants were 12 14-month-old (mean age
14 months 5 days, range 13 months 20 days to 14 months
17 days) healthy full-term infants, 10 males and 2 females.
Four further infants were tested but not included in the fi-
nal sample due to failure to habituate (1), equipment fail-
ure (1), fussiness (1), and looking to all four test trials for

the maximum possible duration (1). Infants were recruited
by way of the same methods as in previous experiments.

11.1.2. Stimuli

The stimuli duplicated those used in Experiment 3 with
the exception of those shown during the habituation phase
(Fig. 8). As previously noted, during the habituation phase
infants viewed the self-propelled motion of a single object
(either an orange square or green octagon, as in prior stud-
ies) that also changed direction autonomously and acceler-
ated. As in Experiment 3, the object originated in the
middle of the screen and remained motionless for 1.5s.
After this period of motionlessness, the object moved in
onedirection for a distance of 6 in at the same speed that
it traveled in all other experiments (6 in./s). The object
then paused for 0.5 s, and next traveled 10 in in the oppo-
site direction at a constant speed before pausing again for
0.5 s. Finally, after this ultimate pause, the object changed
direction for a second time and accelerated off-screen,
reaching a final speed of 27 in./s. The length of each indi-
vidual habituation animation event was 7.7 s. The test
stimuli used in this experiment were the same as those
employed in Experiment 3.

11.1.3. Procedure, design, apparatus, and coding
The procedure, design, apparatus, and coding for this
experiment were identical to those for Experiment 3.

11.2. Results

11.2.1. Habituation phase

Infants in Experiment 4 required a mean of 7.08 trials
(SD =2.57) to reach the habituation criterion, which did
not differ from the number of trials needed by 14-

B---

Fig. 8. Schematic of habituation event (A), consistent test event (B), and inconsistent test event (

C) shown to infants in Experiment 4.
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month-olds tested in Experiment 3A, p=1.00. Looking
times to the first three habituation trials, M=15.28,
SD=8.38, and to the last three habituation trials,
M =6.01, SD = 3.75, did not deviate from Experiment 3A,
p’s>.1.

11.2.2. Test phase

Infants’ looking times to the test events were entered
into a 2 (Block: first vs. second) x 2 (Trial Type: consistent
vs. inconsistent) repeated-measures ANOVA. This analysis
revealed a significant main effect of block, F(1,11)=9.59,
p<.01, nf] =.47; infants looked longer during the first block
of test trials (M = 22.40, SD = 15.11) than during the second
block (M =11.73, SD =7.29). Critically, there was also a
main effect of trial type, F(1,11)=5.91, p <.05, 5 = .35,
which indicated that infants looked longer at the inconsis-
tent test trial than the consistent test trial. There was no
significant interaction between the two variables, p > .6.
These values can be seen in Fig. 7.

11.3. Discussion

Experiment 4 was designed to test if 14-month-olds can
generalize from the motion of a single object to causal
agency. Results revealed that infants did do so when the
single object was self-propelled, changed direction inde-
pendently, and accelerated. This finding suggests that the
null results of Experiment 3 were not a consequence of
cognitive overload due to the addition of a novel object
in the test trials.

The current study additionally extends the findings of
Luo et al. (2009) and Saxe et al. (2005). Both of these pre-
vious studies discovered that infants do not expect a self-
propelled object with additional agency cues to serve as
arecipient in a causal event, but provided no evidence con-
cerning infants’ expectation that such an object would
serve as an agent in a causal event. The present study
establishes that 14-month-old infants expect this kind of
moving object to act as an agent in a causal event. Further-
more, these findings are in accord with other research that
has shown that infants attribute goal-directedness and
other animate properties to objects that change direction
independently (Baillargeon et al., 2009; Johnson et al.,
2007; Luo & Baillargeon, 2005; Luo et al., 2009) but not
to those that are self-propelled and simply move along a
linear path (Csibra et al., 1999; Mahajan et al., 2008; Shi-
mizu & Johnson, 2004).

The results of Experiments 3 and 4 raise the question of
how self-propulsion should be defined. Although infants
only associate an independent direction change with ani-
macy, and not just autonomous motion onset, studies that
tested infants’ knowledge of both kinds of motion inter-
changeably refer to them as “self-propelled.” To get a
clearer understanding of how infants process motion, these
two types of motion need to be differentiated in the liter-
ature. It is uncertain how infants come to associate so
strongly an independent direction change with animacy;
if they do not observe linear self-propelled motion often,
it is likely that they also do not see people frequently
changing direction. One possibility is that infants’ repre-
sentation of such motion is strengthened because it inher-

ently contains multiple cues to animacy. That is, infants
can draw on multiple types of experience when interpret-
ing motion that is both autonomous and that is non-linear.
A second possibility is that infants learn more from in-
stances of motion that has a direction change than from
linear motion, as the change in direction is attention-
grabbing.

Another type of motion that must be distinguished from
global self-propulsion is the movement of an object’s parts.
The infant tested in the Observational Study did not ob-
serve many instances of global self-propulsion, but he did
see many instances of hands moving; presumably, at times
when these hands moved they appeared to do so on their
own. We suggest that infants readily learn that people
have moving parts, but that they do not (at least initially)
transfer this understanding to global motion; that is, in-
fants’ experience viewing moving parts does not seem to
increase their knowledge of global self-propelled motion.
This idea is supported by empirical evidence that has indi-
cated that infants attend to the local motion of an object’s
parts before they attend to its global motion path (Rakison
& Poulin-Dubois, 2002), and that infants respond to an ob-
ject’s moving parts before they recognize its self-propelled
global motion specifically (Markson & Spelke, 2006; Shutts,
Markson, & Spelke, 2009).

12. General discussion

The associative learning view of concept formation rests
upon the assumption that infants encounter statistical reg-
ularities in their environments and exploit these regulari-
ties to make sense of their world. The current work
tested this assumption in the domains of infants’ under-
standing of causality and self-propulsion. Through a case
study in which an infant’s visual experience was evaluated
as he wore a head-mounted camera, it was determined
that causal agency is much more frequently viewed than
self-propulsion. Subsequent experiments using the infant
habituation procedure revealed that infants begin to gen-
eralize that causal agents are self-propelled between 10
and 14 months of age, but cannot perform the inverse gen-
eralization (e.g., that self-propelled objects are causal
agents) at the same age unless the self-propelled object
exhibits additional cues to animacy.

Taken together, these data suggest that the strength of
infants’ representations for causal agency and self-propul-
sion, and in turn their ability to generalize between these
motion properties, are shaped by their differential
amounts of experience with them. It has been previously
established that the language input infants receive in the
real world predicts their understanding of concepts such
as number (e.g., Sarnecka, Kamenskaya, Yamana, Ogura,
& Yudovina, 2007); however, the current experiments are
among the first to demonstrate an analogous correspon-
dence between input and knowledge in the visual domain.

13. The cause of asymmetric generalizations

That infants generalized from the category in which
they have more experience to the category in which they
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have less experience, but did not generalize in the opposite
direction, is consistent with Quinn and Eimas’s (1998)
finding that very young infants can form a category for hu-
mans that includes non-human animals but cannot form a
category for non-human animals that includes humans.
Quinn (2002, 2004, 2005 suggested that this asymmetry
is due to differences between the representations that in-
fants hold for objects and events in which they do and do
not have expertise. With increasing expertise, infants have
been shown to progress from a piecemeal manner of repre-
senting objects and events, in which individual features are
represented but not necessarily integrated, to a more holis-
tic approach, in which global properties are represented.
This progression to holistic representations is seen in in-
fants’ processing of novel static and dynamic categories,
in which they represent individual features of objects be-
fore relations among features (Cohen & Younger, 1984;
Rakison, 2004; Rakison & Poulin-Dubois, 2002; Younger
& Cohen, 1986; Younger & Furrer, 2003) and in infants’ rep-
resentation of parts of objects before attending to overall
shape (Pereira & Smith, 2009; Rakison & Butterworth,
1998).

Indeed, Quinn (2004); Quinn, Lee, Pascalis, & Slater,
2007) discovered that infants of the same age tested in
the Quinn and Eimas (1998) generalization study represent
humans by their overall shape, and represent non-human
animals as a collection of smaller parts. Quinn (2004,
2005) argued that such holistic representations account
for asymmetries in infants’ generalizations because they
give infants a broader base from which to generalize than
do representations based on a non-integrated subset of
features. Quinn (2004, 2005) furthermore suggested that
strong representations might serve as “attractors” that pull
weaker concepts towards them in representational space
(in which more similar concepts are closer together and
more dissimilar concepts are farther apart; see Kuhl,
1991; Thelen & Smith, 1994). Consistent with this pro-
posal, infants have also exhibited asymmetric generaliza-
tion in perceptual categorization tasks in which the
properties of one category’s members were more widely
dispersed than those of a second category (French, Mares-
chal, Mermillod, & Quinn, 2004; Mareschal, French, &
Quinn, 2000; Mareschal, Quinn, & French, 2002; Quinn, Ei-
mas, & Rosenkrantz, 1993).

We propose that infants’ asymmetric generalization be-
tween causal agency and self-propulsion is similarly a
product of their varying levels of expertise with these hu-
man motions. Infants can more easily generalize from the
robust representations that they form from their extensive
visual experience with causal agency than they can from
weaker representations they form for self-propelled mo-
tion. If infants are agency “experts” they should be able
to more easily represent relations between agentive mo-
tions and the features of the animates that produce these
motions, which is essential for generalizing the motion
property to novel entities, than they can for self-propelled
motions.

It is noteworthy that this proposal is in accord with the
domain-general view of learning because it presumes that
infants’ concepts of causal agency and self-propulsion are
graded with regard to the amount of visual experience they

have with each motion property. However, the results of
the experiments presented in this paper would not be pre-
dicted by theorists who espouse a principle-based account
of infants’ understanding of causality and self-propulsion.
In particular, that 14-month-olds in Experiment 4 general-
ized self-propulsion to causal agents contradicts the theo-
ries of Gelman et al. (1995), Leslie (1994, 1995), and Luo
et al. (2009), as all of these theorists would predict that in-
fants should not be able to generalize between these two
motions. That 14-month-olds in Experiment 1 did not gen-
eralize causal agency to self-propelled objects likewise
conflicts with the views of Mandler (1992) and Spelke
(2003), who would expect infants to be able to generalize
between causal agency and self-propulsion without asym-
metry. Note that we cannot, at this point, eliminate the
possibility that the findings reported here were generated
by domain-general mechanisms that are constrained by
lower-level biases, for example, toward certain ranges of
speed and acceleration. Further research on young infants’
expectations about speed and acceleration is necessary,
however, before it is possible to determine whether this
is the case. Moreover, it must be recognized that a do-
main-general statistical learning mechanism, when con-
fronted with the incredible complexity of the visual
environment, must solve a computational explosion prob-
lem - namely, that the number of possible statistical rela-
tions is enormous. As a result, there must be some
constraints on which of these relations is attended to and
encoded for learning to take place in a reasonable amount
of time (see Aslin & Fiser, 2005). Again, future research will
be needed to determine precisely what these constraints
are on statistical learning and how they may change over
development.

14. Domain-general mechanisms for learning about
causality and self-propulsion

To be clear, we do not claim on the basis of the results
presented here that frequency of visual experience is the
only means by which infants learn about their environ-
ments and, in particular, about causality and self-propul-
sion. Infants’ information processing capacities, which
continually develop, as well as their prior knowledge, con-
strain what they learn from the input they receive (Raki-
son, 2005, 2006; Rakison & Lupyan, 2008). With regard to
causal agency and self-propulsion, the structure of the mo-
tions themselves likely makes it easier for infants to learn
about agency than to learn about self-propulsion. Agentive
motions tend to be informative for extended periods of
time, as many such actions that infants see involve a per-
son grasping an object and then continuing to act upon it
(e.g., by holding it). It is far less frequent that the agent
and recipient are only briefly in contact, such as what
would happen when a ball is kicked. In contrast, the auton-
omous onset of motion of a self-propelled event is always
brief. These aspects of the structures of the motions make
it probable that infants would learn more about the iden-
tity of things involved in causal agency than in self-propul-
sion even if infants were presented with the same number
of exemplars of both motions.
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Furthermore, it has been shown that adults’ object-di-
rected actions tend to be more exaggerated when playing
with an infant than they are when interacting with another
adult. This may facilitate infants’ learning about agentive
actions in a manner similar to how the exaggerated fea-
tures of infant-directed speech assist in early language
learning (Brand, Baldwin, & Ashburn, 2002; Brand & Shall-
cross, 2008; Brand, Shallcross, Sabatos, & Massie, 2007). It
is difficult to envisage, however, how adults’ self-propelled
motions around infants could be similarly exaggerated.
The distributional variability of infants’ visual experiences
similarly can affect what they learn about what they see. In
the present study, the infant wearing the head-mounted
camera saw a larger proportion of self-propelled events
performed by inanimate objects (10%) than he saw of agen-
tive events performed by inanimate objects (3.5%). Because
the features of inanimate objects are more variable than
those of animates (McRae, Cree, Seidenberg, & McNorgan,
2005; McRae, de Sa, & Seidenberg, 1997), it can be inferred
that the variability of the self-propelled objects he saw was
greater than the variability of the agentive objects. It could
be that initially infants can more easily learn that people
act as agents because of the relatively invariant visual evi-
dence they receive, and they have more difficulty learning
that people are self-propelled because of the higher
amount of variation in the input. To be sure, the variability
of category members in visual categorization tasks have
been shown to greatly influence the nature of the subse-
quent categories that infants form (e.g., Kovack-Lesh, &
Oakes, 2007; Mareschal et al., 2000; Quinn et al., 1993).

Infants’ action experiences in the world certainly also
influence what they know. In particular, it has been sug-
gested that infants’ experiences acting on objects serve as
the main catalyst of their ability to recognize causal mo-
tion (Piaget, 1955; Sommerville, 2007; White, 1995). This
proposal is supported by evidence from Sommerville, Hil-
debrand, and Crane (2008) that revealed that infants learn
to recognize the causal structure of tool-use events when
trained to produce the action, but not after matched visual
training (see also Gerson & Woodward, 2008; Rakison &
Krogh, 2010). Similarly, Cicchino and Rakison (2008) found
that crawling experience facilitates infants’ recognition of
self-propulsion. It is not yet clear, however, how infants’
action experiences contribute to their motion understand-
ing. One proposed mechanism for this ability is the bidirec-
tional nature of the action-perception relationship (e.g.,
Sommerville & Woodward, 2005). Specifically, as action
experience enhances infants’ motion knowledge, infants’
attention may become directed to the relevant aspects of
the actions of others in their environment, which would al-
low them to learn more readily from the actions of others.
For example, infants with reaching experience may be
more likely to direct their attention to the grasps of others
because they know that such actions convey important
information (e.g., Campos et al., 2000). According to this
hypothesis, infants’ action experiences serve as a starting
point that allow them to extract meaningful input from
the actions of others.

It was not possible to analyze the infant’s action pro-
duction in the head-camera videos, since the video was ta-
ken from the infant’s point of view and thus did not always

record the actions that he produced as a third-person video
view would. However, the inference that infants’ action
experience directs their attention to action produced by
others is corroborated by data from the Observational
Study that indicate that the infant saw an increased num-
ber of agentive actions with age, which also corresponds to
a developmental time period during which infants’ action
production increases. Similarly, in an eye-tracking experi-
ment, 12-month-olds - who presumably have extensive
reaching experience - were shown to look at the goal of
a person’s reach before contact occurred, while 6-month-
olds - who presumably are novice reachers - did not
(Falck-Ytter, Gredebdck, & von Hofsten, 2006). This study
demonstrates that infants with considerable reaching
experience visually selected the most informative aspects
of another person’s reach. Indeed, infants may not know
to which aspects of the display to attend during short vi-
sual training with causal events in the lab in experiments
such as Sommerville et al. (2008), but after action experi-
ence may be able to engage in active visual experiences
in the real world in which selection leads to learning from
the visual environment (e.g., Amso & Johnson, 2006; see
also Johnson, Slemmer, & Amso, 2004, for evidence that in-
fants’ object perception skills correspond with how they
scan objects).

15. Conclusion

In sum, in this manuscript we presented observational
data from a head-mounted camera and four experiments
that established a relationship between infants’ visual
experience with causal and self-propelled motion and
how they represent these motions in making generaliza-
tions about causality and animacy. An infant wearing a
head-mounted camera viewed far more instances of causal
agency than of self-propelled motion at 3, 8, and
12 months of age. In turn, controlled experiments indi-
cated that infants begin to generalize that causal agents
are self-propelled between 10 and 14 months of age, and
cannot generalize that self-propelled objects are causal
agents at 14 or 18 months. However, 14-month-old infants
can generalize that a self-propelled object that exhibits
additional cues to animacy is a causal agent. This combina-
tion of methodologies provides one of the first demonstra-
tions of how the visual input that infants receive from their
environments predicts their understanding of the world. In
so doing, this set of studies provided support for the asso-
ciative learning view of how infants come to understand
causal and self-propelled motion. Finally, this work illumi-
nated the mechanisms by which generalization is per-
formed in infancy, and shed light upon how early
concepts of animates are formed by elucidating how in-
fants learn relations between features that are thought to
be essential to such concepts.
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