Chapter 1

Object representation as a
central issue in cognitive science

Laurie R. Santos & Bruce M. Hood

1.1 Knowing objects

Philosophers of mind make a distinction between knowledge that is derived
or mediated and knowledge that is immediate. Mortals must derive mediated
knowledge whereas divine knowledge is immediate. Oddly enough, cognitive
scientists interested in the nature of human object knowledge have their fair
share of arguments about a rather similar distinction. Indeed, the question
of where knowledge comes from has pervaded debates in object cognition
since the field’s inception. Do humans begin life privileged with the capacity
to immediately detect and represent objects? Or is our object knowledge
instead derived only as the result of prolonged experience in the external world?
Are we simply able to perceive objects by watching their actions in the world, or
do we have to act on objects ourselves in order to learn about their behavior?
Finally, do we come to know all aspects of objects in the same way, or are some
aspects of our object understanding more epistemologically privileged than
others?

Thankfully, over the past few decades, psychologists interested in the devel-
opment of object knowledge have made remarkable empirical headway even in
the face of this philosophical controversy. Such empirical headway is in large
part due to a growing interest in the origins of object knowledge among psy-
chologists outside the developmental sphere. Indeed, researchers in disciplines
as varied as vision science, comparative cognition, and cognitive neuroscience
have added to the investigational furor surrounding the origins of human
object knowledge. The result is a veritable explosion of work in this area, with
each field taking on the classic problem of object representation from different
but often equally important perspectives.

This volume aims to provide a snapshot of the current state of this com-
parative research explosion, with an emphasis on the current results shaping
our theories of the origins of human object understanding. In particular, the
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goal of the book is to have researchers in each field pause, take a step back,
and theoretically reflect on what new results from these intersecting
perspectives on object knowledge origins have taught us to date. The goal of
this chapter, however, is to take a few more steps back, and to provide some
theoretical and historical background for the issues to be discussed in later
chapters.

In this chapter, we draw attention to some of the most relevant histori-
cal work on object representation to have emerged from developmental and
comparative research. Our focus, unfortunately, will have to be rather narrow,
as any summary chapter on a topic as central to cognitive science as object
representation could potentially occupy volumes. Nonetheless, there are sev-
eral characteristic questions about the nature of object representation that
have historically had a rather important bearing on the course of research in
developmental psychology, and thus will likely be areas where a comparative
approach can have its greatest impact. With this in mind, we will focus on
three specific areas here:

1 The question of objects as permanent entities
2 The question of objects as entities with properties

3 The question of objects as entities to be manipulated

1.1.1 Objects as permanent entities

Historically, one of the most important questions facing developmental psy-
chologists has concerned the question is when infants come to represent
objects as permanent entities, ones that persist across time, space, and occlu-
sion. Of course, the concept of object permanence itself is really a misnomer,
as all objects comprise energy in continuous states of change. Nervous systems,
however, are not built to be metaphysical realists. Their job is not to represent
objects as a quantum physicist might. Instead, nervous systems were devel-
oped via natural selection to represent objects so that organisms may interact
with the external world in an adaptive way, and thus, brains are built to cap-
ture what is functionally relevant about objects.

One of the most functionally relevant aspects of physical objects is the fact
that they persist—standardly speaking, objects do not go in and out of exist-
ence and, thus, it is important that an organism be able to represent their
continued presence even when they cannot be directly perceived or appre-
hended. Consequently, most human adults are, at least implicitly, committed
to the notion that objects are external entities that exist independently of the
observer and that—all things being equal—they will continue to exist as they
move across time and space.
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So how do we come to know that objects are permanent entities? This seem-
ingly simple question is one of the oldest and perhaps the most controversial
issues in both philosophy and in the field of developmental psychology. For
example, Idealist philosophers such as George Berkeley argued with Realists
such as John Locke about the priority of the mind over matter. In short, how
was the experience of an external physical reality generated? Did the mind cre-
ate objects or did objects impose themselves on the mind? Such philosophical
considerations about the origin of perceiving objects as enduring entities led
to the first empirical investigations of what infants—who lack experience in
interacting with objects—actually know about the external physical world.
These metaphysical issues motivated investigations by the Swiss psycholo-
gist Jean Piaget who was primarily interested in how biological systems could
represent and adapt to their physical environments. Piaget’s approach to the
problem of investigating infant knowledge involved allowing infants to act on
the world and observing what they did and did not seem to know about the
world based on these active behaviors. Through a long series of painstaking
observational studies on his own children, Piaget was able to develop hypoth-
eses about how the youngest infants ultimately come to represent their world
in more adult-like ways (see Piaget, 1955).

Based on his observations, Piaget theorized that infants gain more
adult-like knowledge of the physical world by constructing it them-
selves through their actions on the world. He hypothesized that preverbal
infants experience their world in a way that is radically different than adults
do—without the capacity to act on the external world, infants have no way of
knowing about it and, more specifically, no way to recognize that objects are
tangible, permanent entities. In one famous example of this phenomenon,
Piaget hid his daughter’s beloved toy duck under a sheet and observed how
she reacted. Surprisingly, the young infant did not continue searching for the
missing toy. Observations such as this led Piaget to his famous notion that
infants lack ‘object permanence’, the understanding that objects continue to
exist when one is not in perceptual contact with them. In this sense, ‘out of
sight’ (and similarly, ‘out of hand’) literally meant ‘out of mind’.

As Piaget noted, it is only around 6-8 months of age that infants begin to
search for hidden objects. Prior to this, he argued, infants have no enduring
representation of objects when they are out of sight. Moreover, even when
infants do begin to search for hidden objects, their early representations of
the missing objects do not correspond to separate entities, ones that are
independent of the infants’ own actions with their own spatial temporal
coordinates. For example, Piaget observed that when infants successfully
find an object, if the object is then moved to a new location ‘B’, the infant
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returns to search in the original location ‘A’. Even though the infant saw the
object moved in full view to a new position, it is as if the act of searching would
recreate the object at the original location. This became known as the A not
B error. Based on errors such as these, Piaget hypothesized that infants only
come to represent objects in any meaningful way after they have had substan-
tial experience acting on objects in a coordinated way and internalizing the
consequences of such action. This achievement, which Piaget hypothesized
occurred at around 18 months of life, was thought to represent a major con-
ceptual change for the developing child, one in which mere sensory—motor
information was somehow transformed into more adult-like representational
thought.

Although he was one of the first to empirically investigate the origins of
object knowledge, Piaget’s study of and hypotheses about object permanence
highlight several of the major themes still at work in the study of object rep-
resentation today—ones that will be debated in detail in the chapters that fol-
low. The first issue concerns the role of perceptual and motor experience in the
development of adult-like object understanding. Piaget, of course, championed
that sensory—motor experience is essential for the development of object per-
manence as well as any concrete object understanding. Although, as we will
discuss in the following sections, more recent methods have called Piaget’s
evidence into question, the issue of what motor experience provides the devel-
oping child is one that is still unsettled in the field today. The second issue
highlighted by Piaget’s initial work concerns the role of conceptual changes in
the development of our adult-like object understanding. Here, Piaget came down
on the side of the conceptual change theorists, arguing that the developing
child undergoes major and stage-like conceptual shifts in the understanding
of the permanence of objects. But as many of the chapters in this volume will
attest, the question of how (and even whether) conceptual change is relevant
to our object knowledge is one that drives much current empirical work.

From constructivist piagetianism to nativist core

knowledge theories

Although Piaget was the first to look at these issues, in the decades that followed
his pivotal observations, many of his textbook conclusions have come to be
questioned. Although he did an impressive job of chronicling the development
of infants’ early object manipulation skills,! most of his observations involved
the use of infants’ reaching behavior as a proxy for what the developing child

1 As the psychologist Steven Pinker allegedly once put it, ‘for a guy who just played with his
three kids, his observations have stood the test of time astonishingly well’ (New Yorker,
September 4, 2006).
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knows about the physical world. In the decades since his initial work, many
researchers have begun doubting the extent to which his reaching measures
indeed provide a valid measure of infants’ object competence. First, research-
ers have observed that young infants reach for objects that are out of sight.
Filming with infrared cameras in total darkness, Hood and Willatts (1986)
observed that infants reach more to the correct side for a previously seen object
when the room lights go out, suggesting that infants are able to represent
objects with which they have no direct perceptual access (for similar findings,
see Clifton et al., 1991; Clifton et al., 1999; Goubet & Clifton, 1998; Shinskey
& Munakata, 2003). These studies indicate that search rather than representa-
tion is problematic. In particular, the use of other objects to occlude the target
presents a means-end problem wherein the infant has to coordinate a means
(remove cover) to achieve the goal (retrieve toy). Means-end coordination
taxes the problem-solving capacity of young infants (for review, see Willatts,
1989) and occluders can themselves become the focus of interest thereby dis-
rupting the original goal. Such response biases present a difficulty that affects
infants” performance on any reaching measures designed to illustrate their
competence (e.g., Diamond, 1991; Munakata et al., 1997).

The problems with reaching measures led infancy researchers to seek out an
alternative method for examining infant object competencies. In the 1980s,
experimental psychologists turned to a response that young infants had more
control over than their reaching—their looking. Indeed, other researchers had
previously used infants’ looking responses as a measure of discrimination. For
example, Fantz and collegues (Fantz, 1965; Fantz & Fagan, 1975) presented
infants with different visual displays and observed that the infants preferred to
look at more complicated over less complicated patterns. The researchers were
then able to use this preferential looking method to explore whether infants
were able to discriminate some patterns and not others.

Using insight from these early habituation and discrimination looking
procedures, developmental psychologists were able to establish a method for
using infants’ looking to get at their expectations. In a now-renowned exam-
ple, Baillargeon et al. (1985) presented five-month-old infants with an event
in which an opaque drawbridge-like screen occluded a box and then began
rotating toward it. They found that infants expected the drawbridge to stop
rotating when it hit the box, looking reliably longer at unexpected events in
which the drawbridge completed a full rotation as though the box had dis-
appeared. This technique of looking time afforded the possibility to investi-
gate all sorts of knowledge that could be contextualized as a violation. These
early results and others (e.g., Baillargeon, 1987, 1993; Baillargeon & Graber,
1987; Baillargeon et al., 1990; Leslie, 1984; Leslie & Keeble, 1987; Spelke, 1988;
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Spelke & van de Walle, 1993; Spelke et al., 1992; Spelke et al., 1995; Wynn,
1992) directly contradicted Piaget’s hypotheses about infants’ object under-
standing. Not only was the idea that there was no representation of the unseen
object untenable, but infants also had expectations about the nature of unseen
objects' properties as well.

In the 1990s, Spelke and colleagues (Spelke et al., 1994; see also Spelke et al.,
1992) synthesized findings from these new looking method studies and pro-
posed three principles that govern infants’ reasoning about objects as permanent
entities: cohesion, continuity, and contact. The first of these principles—
cohesion—is the idea that moving objects maintain their boundaries and
connectedness. Infants appear to recognize that objects are cohesive and have
been shown to look longer at events in which an individual object violates its
connectedness (e.g., Spelke et al., 1989; Spelke et al., 1993). Second, infants
recognize that objects move on continuous paths through time and space.
Infants look longer at violations of continuity, ones in which two solid objects
appear to move through each another (Baillargeon et al., 1985; Spelke et al.,
1992) and ones in which a single object appears to have moved through space
in a discontinuous manner (see Spelke et al., 1994; Spelke et al., 1995; Xu &
Carey, 1996). Finally, infants appear to recognize that inanimate objects move
if and only if they are contacted by another object (e.g., Leslie, 1984; Leslie &
Keeble, 1987).

Interestingly, although infants appear to reason about objects in terms of
cohesion, continuity, and contact, they do not appear to understand all the
aspects of inanimate object motion that adults do. Spelke and colleagues, for
example, observed that infants fail to use the principles of inertia and gravity
to predict how objects will move in space (see Spelke et al., 1992; Spelke et al.,
1994). Similarly, although young infants represent objects as having coher-
ent boundaries over motion, they fail to represent them as having coherent
properties until almost at one year of age (see Simon et al., 1995; Leslie et al.,
1998; Xu & Carey, 1996). Infant therefore appear to possess some but not all
of adults’ intuitions about the nature of objects. Indeed, infants’ patterns of
successes and failures on looking time tests of object knowledge suggest that
infants are built to recognize the most fundamental properties of objects (see
Spelke, 1994, for a similar argument).

These results and others led Elizabeth Spelke and her colleagues to pro-
pose what is now a dominant theory of the origins of object knowledge, the
core knowledge hypothesis (see Spelke, 2000; Spelke et al., 1994). The core
knowledge (hereafter, CK) hypothesis argues that our adult human knowledge
of the physical world stems from experience-independent, innate principles
for reasoning about entities within the domain of inanimate physical objects.
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Under this view, adults possess their basic intuitions about objects and motion
from birth. The CK hypothesis, thus, differs in two critical ways from the
constructivist theories of Piaget that preceded it. First, CK proposes that our
knowledge of objects has many of the properties of a Fodorian module: our
knowledge of objects is specific to the domain of objects and encapsulates
itself from other kinds of inputs (Fodor, 1983). Therefore, our knowledge of
objects is unlikely to require much motor experience to get off the ground
developmentally. In this way, the CK hypothesis differs radically from all
constructivist approaches in that it argues not only that experience plays
little role in getting our object knowledge off the ground to begin with, but
also that experience plays little role in shaping our basic object understanding
through the life course. Second, because experience plays little role, the CK
hypothesis argues for continuity across development, rejecting the Piagetian
notion of drastic conceptual change. According to the CK hypothesis, our
basic understanding of objects and their motion is not subject to change—the
principles that underlie our understanding of objects are with us from cradle
to grave.

Although the CK hypothesis was originally proposed to account for the
development of human understanding of objects, the theory made interest-
ing predictions about the evolutionary history of these principles. Even in
some of their earlier inceptions (e.g., Carey & Spelke, 1996; Spelke, 1994), the
principles that make up our CK of objects were meant to be adaptive respons-
es to constraints on the physical world that had been present throughout a
long evolutionary history. Therefore, it would make sense that other
species facing similar physical constraints may have developed similar, or even
homologous, systems for representing objects. If the CK hypothesis is correct,
one might expect that humans share their innately specified object repre-
sentation mechanisms with other animals, particularly other closely related
primates.

Using this logic, comparative researchers have used expectancy violation
looking methods such as those used with human infants to demonstrate that
a variety of nonhuman primates appear to represent objects according to the
three principles originally outlined by Spelke and colleagues (see Santos, 2004,
for review). Adult rhesus monkeys (Macaca mulatta), for example, appear to
represent objects as cohesive entities: similar to human infants, rhesus macaques
look longer at events in which an object appears to break apart as it moves in
space (Munakata et al., 2001). Similarly, adult primates appear to reason about
objects in terms of their continuity: a number of primate species tested with
looking measures successfully tracked objects behind occluders (Flombaum
et al., 2005; Hauser & Carey, 2003; Hauser et al., 1996; Santos et al., 2005;
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Uller et al., 2001) and look longer when the objects violate solidity by appear-
ing to move through each another (Santos & Hauser, 2002; Santos et al., 2006).
Finally, there is some evidence that primates also utilize the principle of con-
tact: monkeys look longer when inanimate objects appear to move on their
own (Hauser, 1997). These observations have led to the view that infants share
their core principles of objects with closely related species, and thus, that our
core ideas of objects as permanent entities are both developmentally and evo-
lutionarily central.

Since its original articulation, the CK hypothesis has generated considerable
controversy (see, for example, Bogartz et al., 1997; Haith, 1998, 1999; Melkman
& Rabinovitch, 1998; Smith, 1999). Some of the controversy surrounding the
hypothesis had to do with its experience-independent nativist take on infant
object knowledge. Others have criticized the CK hypothesis with the view that
infants’ performance on looking tasks reflects their perceptual processing of
the displays rather that a conceptual knowledge of objects (e.g., Bogartz et al.,
1997; Haith, 1998). Perceptual representations, under this view, are transient
and tied to the immediate input-processing stream in contrast to the concep-
tual representations proposed by the CK hypothesis. Critics have argued that
the earlier competencies revealed in these violation of expectancy studies are
perceptually grounded discriminations that are emergent from the nature of
the way infants extract information over the course of testing (Bogartz et al.,
1997; see also, Amso & Johnson, Chapter 9).

In their analysis of the dichotomy between perception and cognition of
object knowledge, Scholl and Leslie (1999) advocate a middle ground as
neither polarized position is sufficient to account for observable phenom-
ena. Three arguments have been raised against a purely perceptual account:
(1) input to the perceptual system is inherently continuous and cannot indi-
viduate objects, (2) objects can be represented over considerable amounts of
occlusion that cannot be accounted for by sensory decay, and (3) perceptual
illusions reveal that the system is susceptible to conceptual hypotheses that tell
the observer what to experience (Gregory, 1966). However, the weakness of a
purely perceptual account of object knowledge does not necessitate abdication
to the conceptual position.

In order to resolve these two views, Scholl and Leslie proposed a differ-
ent account of infants’ successful performance on object cognition tasks.
They argued that the infants’ object principles are best characterized as the
operation of object-based attentional mechanisms. Drawing upon several
models of object-based attention (e.g., Kahneman, Triesman, & Gibbs, 1992;
Pylyshyn, 1994), Scholl and Leslie described how the principles of cohesion
and continuity could emerge epiphenomenally from the actions of object
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indexing mechanisms of the visual system. These object-based indexes are
not considered to be either solely perceptual or conceptual entities but rather
have properties from both representational perspectives. Object indexes, for
example, have the capacity to survive occlusion, indicating that they are enti-
ties that can be represented and so are not transient perceptions. Nevertheless,
although the operation of object indexes is constrained by features such as
cohesion and spatiotemporal continuity, they do not embody these principles
in any explicit or ‘theory-like’ way, as a rich conceptual account of infant
cognition such as the CK hypothesis might suggest.

Object permanence and persistence: the current controversies

and questions

Since the time of Piaget, developmental psychologists have gained much
insight into how infants come to represent objects as permanent entities.
Even today, however, researchers debate over the exact nature of the develop-
ment of this capacity and the mechanisms that drive it. For example, although
much empirical evidence suggests that infants can represent objects from an
extremely young age, there is growing evidence that this capacity shows some
improvement even in the first few months of life. Johnson and colleagues have
observed that infants’ capacity to represent objects as permanent, spatiotem-
porally continuous entities depends on low-level perceptual features and grad-
ually improves early in the first year of life (see Amso & Johnson, Chapter 9).
How this early improvement in object tracking translates into infants’ object
concept is a topic of much debate (see Amso & Johnson, Chapter 9). A sec-
ond topic of much current work concerns the extent to which adult humans’
object cognition also possesses some of the limitations present in infants’ early
processing. Mitroff and colleagues (Chapter 5) have explored the extent to
which adults’ object processing can be interrupted by the same limitations
that prevent infants from tracking hidden objects. Finally, developmental
research focusing on older infants and toddlers has demonstrated that early
infants’ object knowledge does not always translate into the knowledge that
older infants use to act on the world. The issue of what such developmental
dissociations in performance really reveal is a topic to which we will return in
subsection 1.1.3.

1.1.2 Features to objects

As reviewed in the preceding, there is a growing body of work suggesting
that even very young infants conceive of objects as permanent entities,
ones that persist across occlusion with coherent boundaries and consistent
motion constraints. How then do infants go from recognizing objects merely
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as objects to recognizing them as individuals? After all, the infant’s world is
typically filled with numerous different bounded cohesive objects, and infants
must quickly learn to deal with these different objects in different ways. How
and when do infants go from thinking of the object feeding them as merely a
‘coherent bounded entity’ to an ‘object with female, mother-looking proper-
ties’ to ‘my mother’?

A growing body of empirical work has come to address how infants come to
track objects as particular individuals with particular features that are mem-
bers of particular kinds. In going through this work, however, it is important
to distinguish between the different component processes that infants must
use to ultimately track different individual objects over time. Borrowing from
Leslie et al. (1998), we here distinguish between individuation, the process of
locating distinct individual objects that are in a scene, and identification, deter-
mining whether a previously individuated object is the same as has been seen
previously. Note that individuation is a process that is required for enumera-
tion, the process of determining how many individual objects are present.

There is much evidence to suggest that infants are able to individuate objects,
namely tack particular individuals over time and occlusion, from a very early
age. Spelke and colleagues (1995) presented infants with events in which a bar
moved behind two separate screens. When the bar appeared to move between
the two screens, infants expected a single individual bar to be present in the
test displays. In contrast, when the bar did not appear to move between the
two screens, infants expected more than one individual to be present in the test
displays, suggesting that discontinous motion cues trigger the individuation of
anew object. These results and others (e.g., Leslie et al., 1998; Needham, 1998,
1999; Needham & Baillargeon, 1997, 1998; Van de Walle et al., 2000; Needham
et al., 2005; Wilcox, 1999; Wilcox & Baillargeon, 1998a,b; Xu & Carey, 1996)
suggest that infants can successfully use spatiotemporal and other motion
cues to individuate occluded objects. Moreover, infants are able to enumerate
objects delineated by spatiotemporal cues so long as the number of objects to
be enumerated is less than three or four individuals. (e.g., Feigenson, Dehaene,
& Spelke, 2004; Simon et al., 1995; Wynn, 1992; Xu, 2003).

Property/Kind individuation and the role of language

Although the capacity to use spatiotemporal information to individuate
objects comes on quite early, the capacity to use other relevant features, such
as an object’s properties or its kind, appears to develop quite late in infancy. In
a landmark study, Xu and Carey (1996) presented infants with events in which
a duck and a truck alternatively moved from behind an occluding screen.
When the two objects were presented simultaneously, ten-month-old infants
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successfully predicted that there should be exactly two objects behind the
screen. In contrast, when the two objects were presented sequentially, such
that the infants were no longer able to use spatiotemporal cues for individu-
ation, ten-month-old infants were unable to individuate the objects, showing
no expectation about the number of objects behind the screen. This study and
a number of clever follow-ups (see Xu, 2003; Xu & Carey, 1996; Xu et al. 1999;
Xu et al., 2004) indicate that infants undergo a major shift in their capacity to
use a combination of property and kind information (hereafter, property/kind
information) to individuate objects. Moreover, this shift seems to correspond
to the time when infants are first learning the word for new objects (see review
in Xu, in press). In one impressive demonstration, Xu et al. (2005) allowed
twelve-month-olds to reach into a box to find hidden objects, but not to see
the box’s contents ahead of time. Before reaching into the box, infants heard
an adult say either two different words or the same word twice after looking
at the box’s contents. Infants who heard two different words expected two
distinct individual objects, whereas those who heard the single word repeated
expected only one object (for similar findings, see Xu, in press).

For these reasons, Xu and colleagues have hypothesized that infants are able
to individuate objects using property/kind information only after they have
begun learning words for these objects. According to Xu (1999), language
may play a critical role in ‘reorganizing’ infants’ object concepts: rather than
thinking about objects merely as bounded entities, linguistically saavy infants
come to think of objects in terms of their kind. In support of this view, Xu
et al. (2004) observed that twelve-month-old infants succeed in individuat-
ing objects using property/kind information when the kind of objects (and
thus, their labels) differs, but not when their properties and not kind differ.
Similarly, Xu (2002) observed that younger infants are able to succeed on the
Xu and Carey (1996) property/kind individuation tests when they are trained
with labels for the toys to be enumerated (see Xu, in press, for review).

Although Xu and colleagues have presented a compelling case for the role of
language in human infants’ kind individuation, work with nonlinguistic ani-
mals suggests that language, although important, is not necessary for property/
kind individuation. Uller et al. (1997), for example, presented adult rhesus
macaques with the original Xu and Carey (1996) property/kind individua-
tion test and observed that they perform similar to older infants, successfully
using a combination of property/kind information to individuate food objects
placed behind a screen. Rhesus monkeys have exhibited similar successes in
property/kind individuation when tested by using other looking methods
(e.g., Munakata et al., 2001) as well as searching tasks (Phillips & Santos, 2007;
Santos et al., 2002). These findings in primates demonstrate that language is
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not necessary for property/kind individuation. In addition, they raise the ques-
tion of how language in fact allows young infants to succeed on these tasks.

Object tracking and enumeration: evidence for

developmental continuity?

Young infants’ performance on different types of object individuation tasks
leads to the view that spatiotemporal information is the primary means by
which they locate individual objects in the world. Indeed, this view of infants’
object individuation fits with a growing body of work in adult visual atten-
tion. Vision scientists working in the area of mid-level vision have devoted
much empirical attention to the question of how and when the visual sys-
tem is able to focus on and attentionally track a particular individual object.
Interestingly, research in this area suggests that the visual system is limited in
the same way as infants’ object individuation capacities: it is bound to spa-
tiotemporally distinct objects, and appears to ignore other featural informa-
tion (e.g., Kahneman & Treisman, 1984; Kahneman et al., 1992; Scholl, 2001;
Scholl & Pylyshyn, 1999; Yantis, 1995; see Cheries et al., Chapter 5, for review).
In addition, similar to infants, adults appear to show deficits on visual track-
ing tasks in which objects do not cohere across time and space (van Marle &
Scholl, 2003, see also Mitroff, Scholl, & Wynn, 2005). These similarities have
led to the view that adult attentional mechanisms may underlie infants’ per-
formance on object individuation tasks (Carey & Xu, 2001; Chiang & Wynn,
2000; Leslie et al., 1998; Scholl, 2001; Scholl & Leslie, 1999; Simon, 1997; Wynn
& Chiang, 1998).

Such a view has been bolstered by another similar limit on infant and adult
object individuation: the fact that it is limited in number. Work using the mul-
tiple-object tracking (MOT) paradigm has demonstrated that adults are lim-
ited in the number of objects that they can simultaneously attend to at any one
time (see Pylyshyn, 2001; Pylyshyn & Storm, 1988; Trick & Pylyshyn, 1994),
with a limit of around four objects (see Intrilligator & Cavanagh, 2001). The
numerical set-size limitation that plagues the adult attentional system appears
to be mirrored in young infants’ enumeration performance. A growing body
of work suggests that young infants are limited in the number of occluded
objects they can enumerate (see Feigenson et al., 2004, for review). Infants can
successfully discriminate exact quantities of objects up to four individuals, but
their performance falls to chance when the number of individuals exceeds four
(e.g., Feigenson et al., 2004). This set-size limit also appears in adult nonhu-
man primate subjects, who can also enumerate exact quantities up to about
four individuals (Hauser & Carey, 2003; Hauser et al. 1996; Hauser et al., 2000;
Santos et al., 2005; Uller et al., 2001). Therefore, the set-size limit on exact
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enumeration is a signature that seems to be continuous both across develop-
ment and across phylogeny (Hauser & Spelke, 2004?; Spelke, 2000).

A question currently facing researchers, and one that will be discussed
in detail in this volume, concerns what information infants have about the
objects they have enumerated. A central assumption of researchers today is
that enumerated objects are those that are currently being attended to (e.g.,
Scholl & Leslie, 1999; Xu & Carey, 2000). As several researchers will address
in the chapters that follow (see Zosh & Feigenson, Chapter 2; Chen & Leslie,
Chapter 4; Cheries et al., Chapter 5; Flombaum et al., Chapter 6), much present
work is aimed at exploring the limits on infants’ object representations. In par-
ticular, much of the research in this volume will examine how human infants,
human adults, and nonhuman animals can and cannot use the representations
that they have for individuated objects.

A further question concerns how infants’ individuation and enumeration
processes connect with the other mechanisms they possess for quantity esti-
mation (see Zosh & Feigenson, Chapter 2; Jordan & Brannon, Chapter 3).
Although infants cannot exactly enumerate large numbers of objects, much
research suggests that infants are able to correctly approximate large numbers
of individuals (see Feigenson et al., 2004; McKrinck & Wynn, 2004; Xu, 2003;
Xu & Spelke, 2000). Similarly, although some animals appear to have a set-
size limit when enumerating small numbers of individuals exactly (Hauser et
al., 2000), animals also possess a system for approximately estimating large
numbers of objects (see Brannon & Terrace, 1998; Flombaum et al., 2006;
Feigenson et al., 2004; Hauser et al., 2003). A central topic in comparative
developmental psychology today is how these two systems interact, and how
the limits of one system might affect processing in another system.

1.1.3 Objects as entities to be acted upon

As the computational motor theorist Daniel Wolpert has pointed out, meta-
bolically hungry brains are only found in organisms that actually move around
and negotiate their environments. Other, more stationary living things that do
not need to move around do not develop nervous systems. Indeed, one organ-
ism, the sea cucumber, has a central nervous system during one phase of its
life when it is seeking a suitable rock upon which to attach itself; having found
the best place to settle, it proceeds to the second phase of its life and digests
its own nervous system, no longer having any use for a function that requires
metabolic resources.? Even in basic organisms, there seems to be a critical link

2 The late Francis Crick used to liken this peculiar neuronal self-absorption to academics
who finally achieve tenure and then settle into a period of nonproductivity.
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between action and nervous tissue, or as a cognitive scientist might put it,
between action and complex cognitive capacities.

How then is action connected with the capacity to represent and reason
about objects? As reviewed earlier, Piaget famously argued that infants lack
complex, constructed representations of the material world precisely because
they are unable to act on objects (Piaget, 1955). But in emphasizing the
need for competent action, Piaget curtailed the opportunity for infants to
reveal object knowledge that was demonstrated in the looking time stud-
ies. Although the CK revolution that followed the use of these looking tasks
rejected many of Piaget’s claims about the role of experience, even the
staunchest CK theorist would have to agree that one of the fundamental
purposes of object representations is to support action. The mental machin-
ery that evolves to represent objects is inevitably in the service of actions and
behaviors that could benefit the survival of the individual. Nature does not
select for a good idea alone (Hood, 2004). So, performance limitations may
mask true representational capacity in the infant, but they are neither triv-
ial nor irrelevant in terms of functionality. If infants have such consistent
problems in retrieving hidden objects that are not due to a failure of object
permanence, then there is arguably an equally important question as to why
their search is so poor.

One attitude is to consider infants’ failures in reaching measures as unin-
teresting performance errors. After all, there are a multitude of ways to fail
on tasks but relatively much fewer ways to succeed (Leslie et al., 2005). But
the flexibility to apply object knowledge across different tasks is as important
as the capacity for representation. The world is not set up as a large habitua-
tion study and so the onus is on psychologists to explain both the success of
looking and the failure of reaching. With this in mind, others have begun to
look at the demands that each type of task bears upon the infant with a view to
elucidating the nature of domain-general capacities that could operate across
tasks. Diamond and colleagues (Diamond, 1991; Diamond & Gilbert, 1989;
Diamond & Goldman-Rakic, 1989), for example, have championed the view
that success in reaching for hidden objects requires both the working memory
capacity to represent objects over time and the inhibitory control to overcome
prepotent responses that disrupt search. This theory has been notably success-
ful in the analysis of Piaget’s famous A not B error described earlier, in which
infants search at a previously correct location ‘A’ despite observing the hiding
of the object at a new location ‘B’. Such errors, however, are only characteristic
of infants’ reaching performance, not their looking behavior. Indeed, even
Piaget noted that infants failing his A not B search task occasionally reached
to the wrong location but looked at the correct B position, indicating that
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infants’ eyes were correctly oriented to the goal but the action retrieval system
had failed. (see also, Hofstadler & Reznick, 1996; Ahmed & Ruffman, 1998).

Diamond and colleagues (e.g., Diamond, 1988) have hypothesized that
young infants’ poor inhibitory control selectively affects their reaching but
not their eye movements in an object retrieval task (Diamond, 1988, 1989,
1990). To explore this possibility, she examined the role of the dorsal lateral
prefrontal cortex (DLPFC)—an area involved both in holding representations
of working memory and in inhibiting behavior. Notably, the DLPFC is an area
that is still fairly underdeveloped at the age where infants typically fail A not B
and other object retrieval tests (Huttenlocher, 1979). Diamond and colleagues
presented monkeys with an object retrieval task that was a direct analogue of
Piaget’s A not B paradigm. Diamond and Goldman-Rakic (1989) demonstrat-
ed that the DLPFC is essential for updating the last seen position of a target
object in a delayed response task where the animal had to remember in which
of two wells an object had just been hidden. Mature monkeys with lesions in
the DLPFC and young monkeys with immature DLPFC performed poorly in
comparison with controls. The proposed role of the DLPFC in maintaining
a representation of the last seen location of an object has been supported by
human electrophysiological studies showing a relationship between the coher-
ence of infant prefrontal neuronal activity and their ability to retrieve objects
in search tasks (Bell & Fox, 1992). Likewise, increasing the delay between hid-
ing the object at location B and allowing the infant to search comprises this
coherent representation as such a manipulation can reinstate the A not B error
in older children (Diamond, 1985).

Damage to the DLPFC also impairs inhibitory control, which as explained
previously is a crucial capacity for successful object retrieval. For example, on
nonmemory tasks such as detour reaching, individuals have to avoid a direct
reach to a potent target object in a transparent box by detouring to the side
opening of the container. Both animals with lesions in the DLPFC and young
infants repeatedly reach directly at the target, failing to suppress this response
in order to execute the correct detour reach. The sight of the goal is so potent
that it elicits a direct reach even though the individual is thwarted repeatedly
in the attempts. This suggests that in addition to maintaining an active repre-
sentation of the new object location the DLPFC is also responsible for a cor-
responding inhibition of previously correct responses (Diamond, 1998).

Because they lack a full mature DLPFC, it seems plausible that infants
might fail reaching tasks because of domain-general inhibitory control
demands rather than problems with their knowledge of objects. Armed with
this neural evidence, many developmental psychologists have dismissed
infants’ reaching failures as the result of the demands of domain-general tasks.
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Unfortunately, however, infants’ problems in searching tasks do not fully
disappear in early infancy as one might expect. A growing body of work sug-
gests that some of infants’ reaching failures and search errors persist well into
the first few years of life (Berthier et al., 2000; Butler et al., 2002; Hood, 1994;
Hood et al., 2000; Hood et al., 2003).

Hood and colleagues (1994, 2000) purposefully designed a search analogue
of one of the CK sequences that had been used to demonstrate the solidity
principle in infants (Spelke et al., 1992) and showed that search is random
at 2 years of age. In this task, children had to search correctly for an object
dropped onto a shelf and not underneath it. A similar solidity principle was
addressed in a horizontal version where children had to understand that an
object could not pass through a solid wall. Berthier and colleagues (2000)
found that toddlers fail to use solidity information even at three years of age, a
finding replicated in other laboratories (Hood et al., 2003). However, knowl-
edge based on looking is still evidenced in toddlers on these tasks (Hood et al.,
2003); so, the underlying core solidity principle is present but does not con-
strain correct search. Why do infants look so smart and toddlers look so dumb
on these object retrieval tasks (Keen, 2003)?

There are a number of plausible alternatives that warrant further investiga-
tion. One class of explanations appeals to weak representations of the occluded
object and/or wall (Munakata, 2001). The interpretation is that although a weak
representation can produce sufficient output for a looking measure, a stronger
representation is required to support search behavior (Morton & Munakata,
2002; Munakata et al., 1997). Similarly, but with a neurological flavour, one
intriguing hypothesis argues that various dissociations can be understood
in light of the functional distinction that is believed to exist between object
recognition in the ventral processing stream (‘what’) as opposed to the dorsal
action system (‘how’) of the cortex (Milner & Goodale, 1995). Objects that are
graspable activate the dorsal stream whereas stationary large objects activate
the ventral stream (Kaufman et al., 2003; see Mareschal & Bremner, Chapter
10), producing dissociation between looking and reaching.

Another explanation also endorses a representational interpretation but
focuses on the spatial layout of unseen critical components of the tasks. In
the case of search involving shelves and walls, the children know that walls,
shelves, and objects continue to exist behind the occluders but are uncertain
as to the spatial relationship between them (Keen & Berthier, 2005; ). Another
recent interpretation motivated by models of developing executive function
argues that all search tasks present children with a multitude of competing
demands and that these are most problematic when the correct response
involves coordinating actions (see Gjersoe & Hood, Chapter 13). In this
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approach, success could reflect the ability to reject or inhibit all other poten-
tially competing responses in favour of the one that is required to retrieve
the object.

Curiously, human infants are not the only organisms to show search errors
late into life. Hauser, Santos and colleagues have demonstrated that a number
of different nonhuman primates perform poorly on search tasks involving
object motion even as adults. For example, adult rhesus monkeys search
incorrectly for objects that are dropped onto a stage (Hauser, 2001), despite
the fact that they look longer at such violations (Santos & Hauser, 2002).
Similarly, adult cotton-top tamarins look longer at objects that appear to
roll through a solid barrier, but search incorrectly when asked to look for
the same object (Santos et al., 2006). Importantly, to date, adult primates’
failures on search tasks appear to exactly mirror the cases in which human
toddlers perform poorly (see Santos, 2004, for review). The fact that these
are found in adult animals and not in adult humans begs the question as to
whether the development observed over human childhood reflects an evo-
lutionarily significant departure between the species. A tantalizing prospect
is that there was a leap that made some forms of object representation and
not others available to drive the action system selectively in humans but not
other primates.

1.2 Objects in cognitive science

Clearly, we have come a long way over the past 30 years in our understanding
of the development of object knowledge. What was once pondered from the
comfort of the philosopher’s armchair is now under investigation in laborato-
ries around the world. Rather than settling the issues surrounding the origins
of object knowledge, the discoveries of extremely early object representation
in infants have spurred many more researchers on to try and understand how
such competencies emerge and how they come to support and underpin later
abilities in a variety of species.

Piaget’s seminal account of infant object knowledge may no longer be true
in terms of how object representation comes about, but his focus on knowl-
edge-based action still remains a theoretically legimate concern. As we have
come to appreciate the fractionation of object knowledge in the developing
mind, we have arrived at a better understanding of the underlying architecture
of the mature mind. Cognitive scientists who previously focused on object
representation in the human adult have come to recognize that developmen-
tal findings combined with a comparative perspective can contribute to a
richer explanation. Ultimately, a more comprehensive understanding of
any complex biological system that has evolved will need to reconcile the
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evidence from developmental and comparative perspectives. Object represen-
tation is arguably uniquely positioned in this respect as it is essential to most
species, which explains why the issues have been successfully pursued from a
diverse range of populations, methodologies, and perspectives summarized
in this book.

References

Aguiar, A., & Baillargeon, R. (2002). Developments in young infants’ reasoning about
occluded objects. Cognitive Psychology, 45, 267-336.

Ahmed, A., & Ruffman, T. (1998). Why do infants make A not B errors in a search task,
yet show memory for location of hidden objects in a non-search task? Developmental
Psychology, 34, 441-445.

Baillargeon, R. (1987). Object permanence in 31/2- and 41/2-month-old infants.
Developmental Psychology, 23, 655—-664.

Baillargeon, R. (1993). The object concept revisited: new directions in the investigation
of infants’ physical knowledge. In C. E. Granrud (Ed.), Carnegie-Mellon Symposia on
Cognition: Vol. 23. Visual Perception and Cognition in Infancy (pp. 265-315). Hillsdale,
NJ: Erlbaum.

Baillargeon, R. (2002). The acquisition of physical knowledge in infancy: a summary in
eight lessons. In U. Goswami (Ed.), Blackwell Handbook of Child Cognitive Development
(pp- 47-83). Oxford: Blackwell.

Baillargeon, R., & Graber, M., (1987). Where’s the rabbit? 5.5-month-old infants’ repre-
sentation of the height of a hidden object. Cognitive Development, 2, 375-392.

Baillargeon, R., Graber, M., DeVos, J., & Black, J. (1990). Why do young infants fail to
search for hidden objects? Cognition, 36, 255-284.

Baillargeon, R., Spelke, E. S., & Wasserman, S. (1985). Object permanence in 5-month-old
infants. Cognition, 20, 191-208.

Bell, M.A. & Fox, N. A. (1992). The Relations between Frontal Brain Electrical Activity and
Cognitive Development during Infancy, Child Development, 63, 1142-1163.

Berthier, N., DeBlois, S., Poirier, C., Novak, M., & Clifton, R. (2000). Where’s the ball?
Two- and three-year-olds reason about unseen events. Developmental Psychology, 36,
394-401.

Bogartz, R., Shinskey, J., & Speaker, C. (1997). Interpreting infant looking: the event set x
event set design. Developmental Psychology, 33, 408—422.

Brannon, E. M., & Terrace, H. S. (1998) Ordering of the numerosities 1-9 by monkeys.
Science, 282, 746-749.

Carey, S., & Spelke, E. S. (1994). Domain-specific knowledge and conceptual change. In L.
Hirschfeld & S. Gelman (Eds.), Mapping the Mind: Domain Specificity in Cognition and
Culture (pp. 169-200). Cambridge, UK: Cambridge University Press.

Carey, S., & Xu, F. (2001). Infant knowledge of objects: beyond object files and object
tracking. Cognition, 80, 179-213.

Chiang, W-C., & Wynn, K. (2000). Infants’ representation and tracking of multiple objects.
Cognition, 77, 169-195.

Clifton, R.K., Perris, E., & Bullinger, A. (1991). Infants’ perception of auditory space.
Developmental Psychology, 27, 187—197.

Cho1.indd 18 @ 12/19/2008 5:37:11 PM



REFERENCES | 19

Clifton, R. K., Perris, E. E., & McCall, D. D. (1999). Does reaching in the dark for unseen
objects reflect representation in infants? Infant Behavior and Development, 22, 297-302.

Clifton, R.K., Rochat, P., Litovsky, R.Y., Perris, E.E. (1991). Object representation guides
infants' reaching in the dark. Journal of Experimental Psychology, 17, 323-329.

Diamond, A. (1985). The development of the ability to use recall to guide action, as indi-
cated by infants’ performance on A not B. Child Development, 56, 868—883.

Diamond, A. (1991). Neuropsychological insights into the meaning of object concept
development. In S. Carey, & R. Gelman (Eds.), The Epigenesis of Mind: Essays on Biology
and Cognition (pp. 67-110). Hillsdale, NJ: Erlbaum.

Diamond, A. (1988). Differences between adult and infant cognition: Is the crucial variable
presence or absence of language? In L. Weiskrantz (Ed.), Thought without Language
(pp- 337-370). Oxford: Oxford U. Press.

Diamond, A. (1998). Understanding the A-not-B error: working memory vs. reinforced
response, or active vs. latent trace. Developmental Science, 1, 185-189.

Diamond, A., & Gilbert, J. (1989). Development as progressive inhibitory control of
action: retrieval of a contiguous object. Cognitive Development, 4, 223-249.

Diamond, A., & Goldman-Rakic, P. (1989). Comparison of human infants and rhesus
monkeys on Piaget’s A-not-B task: evidence for dependence on dorsolateral
prefrontal cortex. Experimental Brain Research, 74, 24—40.

Fantz, R. L. (1965). Visual perception from birth as shown by pattern selectivity. In
H. E. Whipple (Ed.), New issues in infant development. Annals of New York Academy of
Science, 118, 793-814.

Fantz, R. L., & Fagan, J. F. (1975). Visual attention to size and number of pattern details by
term and preterm infants during the first six months. Child Development, 46, 3—18.

Feigenson, L., Dehaene, S. & Spelke, E. S. (2004). Core systems of number. Trends in
Cognitive Sciences, 8, 307-314.

Flombaum, J., Junge, J. A., & Hauser, M. D. (2005). Rhesus monkeys (Macaca mulatta)
spontaneously compute addition operations over large numbers. Cognition, 97,
315-325.

Fodor, J. A. (1983). Modularity of Mind. Cambridge, MA: MIT Press.

Goubet, N., & Clifton, R. K. (1998). Object and event representation in 6-and-a-half-
month-old infants. Developmental Psychology, 34, 63-76.

Gregory, R. L. (1966). Eye and Brain. London: Weidenfeld & Nicolson.

Haith, M. M. (1998). Who put the cog in infant cognition: Is rich interpretation too costly?
Infant Behavior and Development, 21, 167-179.

Haith, M. M. (1999). Some thoughts about claims for innate knowledge and infant physical
reasoning. Developmental Science, 2, 153—-156.

Hauser, M. D. (2001). Searching for food in the wild: a nonhuman primate’s expectations
about invisible displacement. Developmental Science, 4, 84-93.

Hauser, M. D., & Carey, S. (2003). Spontaneous representations of small numbers of
objects by rhesus macaques: examinations of content and format. Cognitive Psychology,
47,367—-401.

Hauser, M. D., Carey, S., & Hauser, L. B. (2000). Spontaneous number representation in
semi-free-ranging rhesus monkeys. Proceedings of the Royal Society of London, Part B:
Biological Sciences, 267, 829—833.

Cho1.indd 19 @ 12/19/2008 5:37:11 PM



20 | OBJECT REPRESENTATION AS A CENTRAL ISSUE IN COGNITIVE SCIENCE

Hauser, M. D., MacNeilage, P., & Ware, M. (1996). Numerical representations in primates.
Proceedings of the National Academy of Sciences, 93, 1514—1517.

Hauser, M. D., & Spelke, E. S. (2004). Evolutionary and developmental foundations of
human knowledge: a case study of mathematics. In M. Gazzaniga (Ed.), The Cognitive
Neurosciences III. Cambridge, MA: MIT Press.

Hauser, M. D., Tsao, F., Garcia, P., & Spelke, E. S. (2003). Evolutionary foundations of
number: spontaneous representation of numerical magnitudes by cotton-top tamarins.
Proceedings of the Royal Society of London, Part B: Biological Sciences, 270, 1441-1446.

Hofstadter, M., & Reznick, J. S. (1996). Response modality affects human infant delayed-
response performance. Child Development, 67, 646—658.

Hood, B., & Willatts, P. (1986). Reaching in the dark to an object’s remembered posi-
tion: evidence for object permanence in 5-month-old infants. British Journal of
Developmental Psychology, 4, 57—-65.

Hood, B. M. (1994). Searching for falling objects in 2-year-olds is different from watch-
ing them fall in 4-month-olds. Poster presented at the 9th biennial International
Conference for Infant Studies, Paris, France.

Hood, B. M. (2004). Is looking good enough or does it beggar belief? Invited commentary
on Baillargeon. Developmental Science, 9, 415-417.

Hood, B. M,, Carey, S., & Prasada, S. (2000). Predicting the outcomes of physical events:
two-year-olds fail to reveal knowledge of solidity and support. Child Development, 71,
1540-1554.

Hood, B. M., Cole-Davis, V., & Dias, M. (2003). Looking and search measures of object
knowledge in preschool children. Developmental Psychology, 39, 61-70.

Huttenlocher, P.R. (1979). Synaptic density in human frontal cortex — developmental
changes and effects of aging. Brain Research, 163, 195-205.

Intriligator, J., & Cavanagh, P. (2001). The spatial resolution of visual attention. Cognitive
Psychology, 43, 171-216.

Kahneman, D., & Treisman, A., 1984. Changing views of attention and automaticity.

In R. Parasuraman & R. Davies (Eds.) Varieties of Attention (pp.29-61). New York:
Academic Press.

Kahneman, D., Treisman, A., & Gibbs, B. (1992). The reviewing of object files: Object-
specific integration of information. Cognitive Psychology, 24, 175-219.

Kaufman, J., Mareschal, D., & Johnson, M. H. (2003). Graspability and object processing
in infants. Infant Behavior and Development, 26, 516-528.

Keen, R. (2003). Representation of objects and events: Why do infants look so smart and
toddlers look so dumb? Current Directions in Psychological Science, 12, 79-83.

Keen, R. E. & Berthier, N. E. (2005). Continuities and discontinuities in infants'
representation of objects and events. In R. Kail (Ed.) Advances in Child Development
and Behavior (pp 243-279), New York: Elsevier.

Leslie, A. M. (1984). Spatiotemporal continuity and the perception of causality in infants.
Perception, 13, 287-305.

Leslie, A. M., German, T. P., & Polizzi, P. (2005). Belief-desire reasoning as a process of
selection. Cognitive Psychology, 50, 45-85.

Leslie, A. M., & Keeble, S. (1987). Do six-month-old infants perceive causality? Cognition,
25, 265-288.

Cho1.indd 20 @ 12/19/2008 5:37:11 PM



REFERENCES | 21

Leslie, A. M., Xu, F., Tremoulet, P., & Scholl, B. (1998). Indexing and the object concept:
developing ‘what’ and ‘where’ systems. Trends in Cognitive Sciences, 2, 10-18.

McCrink, K., & Wynn, K. (2004). Large-number addition and subtraction in infants.
Psychological Science, 15, 776—781.

Melkman, R. & Rabinovitch, L. (1998) Children's perception of continuous and discon-
tinuous movement. Developmental Psychology, 34, 258-263.

Milner, A. D., & Goodale, M. A. (1995). The Visual Brain in Action. New York. Oxford
University Press.

Mitroff, S. R., Scholl, B. J., & Wynn, K. (2005). The relationship between object files and
conscious perception. Cognition, 96, 67-92.

Morton, J. B., & Munakata, Y. (2002). Active versus latent representations: a neural net-
work model of perseveration, dissociation, and decalage. Developmental Psychobiology,
40, 255-265.

Munakata, Y. (2001). Graded representations in behavioral dissociations. Trends in
Cognitive Sciences, 5, 309-315.

Munakata, Y., McClelland, J. L., Johnson, M. H., & Siegler, R. S. (1997). Rethinking infant
knowledge: toward an adaptive processing account of successes and failures in object
permanence tasks. Psychological Review, 104, 686-713.

Munakata, Y., Santos, L., O’Reilly, R., Hauser, M. D., & Spelke, E. S. (2001). Visual
representation in the wild: how rhesus monkeys parse objects. Journal of Cognitive
Neuroscience, 13, 44-58.

Needham, A. (1998). Infants’ use of featural information in the segreation of stationary
objects. Infant Behavior and Development, 21, 47-76.

Needham, A. (1999). The role of shape in 4-month-old infants’ segregation of adjacent
objects. Infant Behavior and Development, 22, 161-178.

Needham, A., & Baillargeon, R. (1997). Object segregation in 8-month-old infants.
Cognition, 62, 121-148.

Needham, A., & Baillargeon, R. (1998). Effects of prior experience in 4.5-month-old
infants’ object segregation. Infant Behavior and Development, 21, 1-24.

Needham, A., Dueker, G. L., & Lockhead, G. (2005). Infants’ formation and use of catego-
ries to segregate objects. Cognition, 94, 215-240.

Piaget, J. (1955). The Child's Construction of Reality. London: Routledge & Kegan Paul.

Phillips, W. & Santos, L. R. (2007). Evidence for kind representations in the absence
of language: Experiments with rhesus monkeys (Macaca mulatta). Cognition, 102,
455-463.

Pylyshyn, Z. W. (2001). Visual indexes, preconceptual objects, and situated vision.
Cognition, 80, 127-158.

Pylyshyn, Z. W., & Storm, R. W. (1988). Tracking multiple independent targets: Evidence
for a parallel tracking mechanism. Spatial Vision, 3, 179-197.

Santos, L. R. (2004). Core knowledges: a dissociation between spatiotemporal
knowledge and contact-mechanics in a non-human primate? Developmental Science, 7,
167-174.

Santos, L. R., Barnes, J., & Mahajan, N. (2005). Expectations about numerical events in
four lemur species (Eulemur fulvus, Eulemur mongoz, Lemur catta and Varecia rubra).
Animal Cognition, 8, 253-262.

Cho1.indd 21 @ 12/19/2008 5:37:11 PM



22 | OBJECT REPRESENTATION AS A CENTRAL ISSUE IN COGNITIVE SCIENCE

Santos, L. R., & Hauser, M. D. (2002). A non-human primate’s understanding of solidity:
dissociations between seeing and acting. Developmental Science, 5, F1-F7.

Santos, L. R., Seelig, D., & Hauser, M. D. (2006). Cotton-top tamarins’ (Saguinus oedipus)
expectations about occluded objects: a dissociation between looking and reaching tasks.
Infancy, 9(2), 147-171.

Santos, L. R., Sulkowski, G., Spaepen, G. M., & Hauser, M. D. (2002). Object individuation
using property/kind information in rhesus macaques (Macaca mulatta). Cognition, 83,
241-264.

Scholl, B.J. (2001). Objects and attention: the state of the art. Cognition, 80(1/2), 1-46.

Scholl, B.J., & Leslie, A. M. (1999). Explaining the infant’s object concept: beyond the
perception/cognition dichotomy. In E. Lepore, & Z. Pylyshyn (Eds.), What is Cognitive
Science? (pp. 26-73). Oxford: Blackwell.

Scholl, B.J., & Pylyshyn, Z. W. (1999). Tracking multiple items through occlusion: clues to
visual objecthood. Cognitive Psychology, 38, 259-290.

Scholl, B. J., Pylyshyn, Z. W., & Feldman, J. (2001). What is a visual object? Evidence from
target merging in multiple-object tracking. Cognition, 80(1/2), 159-177.

Shinskey, J. L., & Munakata, Y. (2003). Are infants in the dark about hidden objects?
Developmental Science, 6, 273-282.

Simon, T., Hespos, S., & Rochat, P. (1995). Do infants understand simple arithmetic?

A replication of Wynn (1992). Cognitive Development, 10, 253-269.

Smith, L. B. (1999). Do infants possess innate knowledge structures: the con side.
Developmental Science, 2, 133—144.

Spelke, E., Breinlinger, K., Jacobson, K., & Phillips, A. (1993). Gestalt relations and object
perception: a developmental study. Perception, 22, 1483-1501.

Spelke, E., Kestenbaum, R., Simons, D. J., & Wein, D. (1995). Spatiotemporal continuity,
smoothness of motion and object identity in infancy. British Journal of Developmental
Psychology, 13, 113-142.

Spelke, E. S. (1988). Where perceiving ends and thinking begins: the apprehension of
objects in infancy. In A. Yonas (Ed.), Perceptual Development in Infancy: Minnesota
Symposia on Child Psychology, Vol. 20. Hillsdale, NJ: Erlbaum.

Spelke, E.S. (1994). Initial knowledge: Six suggestions. Cognition, 50, 431-445.

Spelke, E. S. (2000). Core knowledge. American Psychologist, 55, 1233—1243.

Spelke, E. S., Breinlinger, K., Macomber, J., & Jacobson, K. (1992). Origins of knowledge.
Psychological Review, 99, 605-632.

Spelke, E. S., Katz, G., Purcell, S. E., Ehrlich, S. M., & Breinlinger, K. (1994). Early knowl-
edge of object motion: continuity and inertia. Cognition, 51, 131-176.

Spelke, E. S., & van de Walle, G. (1993). Perceiving and reasoning about objects: insights
from infants. In N. Eilan, R. McCarthy, & W. Brewer (Eds.), Spatial Representation
(pp. 132-161). Oxford, UK: Basil Blackwell.

Spelke, E. S., von Hofsten, C., & Kestenbaum, R. (1989). Object perception in infancy:
interaction of spatial and kinetic information for object boundaries. Developmental
Psychology, 25, 185-196.

Trick, L. M., & Pylyshyn, Z. W. (1994). Why are small and large numbers enumerated
differently? A limited capacity preattentive stage in vision. Psychological Review, 101(1),
80-102.

Cho1.indd 22 @ 12/19/2008 5:37:11 PM



REFERENCES | 23

Uller, C., Hauser, M., & Carey, S. (2001). Spontaneous representation of number in cot-
ton-top tamarins (Saguinus oedipus). Journal of Comparative Psychology, 115, 248-257.

Uller, C., Xu, F,, Carey, S., & Hauser, M. D. (1997). Is language needed for construct-
ing sortal concepts? A study with nonhuman primates. Proceedings of the 21st Annual
Boston University Conference on Language Development, 21, 665—677.

Van de Walle, G., Carey, S., & Prevor, M. (2000). Bases for object individuation in infancy:
evidence from manual search. Journal of Cognition and Development, 1, 249-280.

Van Marle, K., & Scholl, B. J. (2003). Attentive tracking of objects vs. substances.
Psychological Science, 14(5), 498-504.

Wilcox, T. (1999). Object individuation: infants’ use of shape, size, pattern, and color.
Cognition, 72, 125-166.

Wilcox, T., & Baillargeon, R. (1998a). Object individuation in infancy: the use of featural
information in reasoning about occlusion events. Cognitive Psychology, 37, 97-155.
Wilcox, T., & Baillargeon, R. (1998b). Object individuation in young infants: Further evi-

dence with an event-monitoring paradigm. Developmental Science, 1, 127-142.

Wilcox, T., & Chapa, C. (2002). Infants’ reasoning about opaque and transparent occlud-
ers in an individuation task. Cognition, 85, B1-B10.

Wilcox, T., & Chapa, C. (2004). Priming infants to attend to color and pattern information
in an individuation task. Cognition, 90, 265-302.

Willatts, P. (1989). Development of problem solving in infants. In A. Slater, & G. Bremner
(Eds), Infant Development. Hove, UK: Lawrence Erlbaum Associates.

Wiynn, K. (1992). Addition and subtraction by human infants. Nature, 358, 749-750.

Wynn, K., & Chiang, W. (1998). Limits to infants’ knowledge of objects: the case of magi-
cal appearance. Psychological Science, 9, 448—455.

Xu, F. (1999). Object individuation and object identity in infancy: the role of spatiotem-
poral information, object property information, and language. Acta Psychologica, 102,
113-136.

Xu, F. (2003). The development of object individuation in infancy. In H. Hayne, &

J. Fagen (Eds.), Progress in Infancy Research, Vol. 3 (pp. 159-192). Mahwah, NJ:
Lawrence Erlbaum.

Xu, F. (2007). Sortal concepts, object individuation, and language. Trends in Cognitive
Sciences, 11, 400-406.

Xu, F., & Carey, S. (1996). Infants’ metaphysics: the case of numerical identity. Cognitive
Psychology, 30, 111-153.

Xu, F., Carey, S., & Quint, N. (2004). The emergence of kind-based object individuation in
infancy. Cognitive Psychology, 49, 155-190.

Xu, F., Carey, S., & Welch, J. (1999). Infants’ ability to use object kind information for
object individuation. Cognition, 70, 137-166.

Xu, F., Cote, M., & Baker, A. (2005). Labeling guides object individuation in 12-month-old
infants. Psychological Science, 16, 372-377.

Xu, F., & Spelke, E. S. (2000). Large number discrimination in 6-month-old infants.
Cognition, 74, BI-B11.

Yantis, S. (1995). Perceived continuity of occluded visual objects. Psychological Science, 6,
182-186.

Cho1.indd 23 @ 12/19/2008 5:37:11 PM



Cho1.ndd 24 @ 12/19/2008 5:37:11 PM





