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I

Some Preliminaries

Human beings, alone among animals, come to possess rich conceptual
understanding of the world—understanding formulated in terms of such
concepts as evolution, electron, cancer, infinity, or galaxy. This book offers an
account of that human capacity for conceptual representation. Different
types of processes, operating over three different time courses (individual
learning, historical/cultural construction, and evolution), underlie the
formation of our conceptual repertoire. Some concepts, such as object and
number, arise in some form over evolutionary time. Other concepts, such
as kayak, fraction, and gene, spring from human cultures, and the con-
struction process must be understood in terms of both human individuals’
learning mechanisms and sociocultural processes. Humans create com-
plex artifacts, as well as religious, political, and scientific institutions, that
themselves become part of the process by which further representational
resources are created.

Cognitive science seeks a precise, explanatory account of the origin
of concepts in general, and of some especially important concepts in
particular. For example, when it comes to the concept integer, what are
the relevant innate representational resources bequeathed to us by
evolution? In creating such a concept, must we go beyond innately given
representations? In what ways, and by what processes, do individuals and
groups of individuals construct new representational resources? How is
knowledge culturally constructed and maintained? These questions must
be answered case by case—there is no reason, at the outset, to expect the
answers for concepts of causality or human agency to be the same as the
answers for mathematical or biological concepts, or for the concepts that

articulate our knowledge of chess or baseball.
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This book develops several case studies in some detail: the con-
cepts object (chapters 2 and 3), intentional agent (chapter s), cause (chapter
6), integer (chapters 4 and 7), rational number (chapters 9 and 11), and
matter, weight, and density (chapters 10 and 11). In the course of exploring
these cases, many others are touched upon. What really matters to me is
not the cases (although I do admit finding each one intrinsically fasci-
nating), but the lessons to be drawn from them. My goal here is to
demonstrate that the disciplines of cognitive science now have the
empirical and theoretical tools to turn age-old philosophical dilemmas
into relatively straightforward scientific problems. I shall illustrate the
progress science has made in resolving debates about the existence,
nature, content, and format of innate knowledge. I consider the thesis
that conceptual resources are continuous throughout the life span. I
debate the nature of concepts and intuitive theories, and also how to
distinguish between conceptual change and belief revision and I show
how these controversies bear on the relations between language and
thought.

This introductory chapter introduces the problem I seek to solve,
states the major theses that are developed in the chapters to come, and
provides an overview of the book. As this is a book on the origin of
concepts, I begin by sketching what I mean by the term “concept.”
Concepts are mental representations. Indeed, they make up only part of
our stock of mental representations, so discussions of them must distin-
guish among types of mental representations, saying which ones are
concepts. The book’s first major thesis is that there are two types of
conceptual representations: those embedded in systems of core cognition
and those embedded in explicit knowledge systems, such as intuitive
theories. The book’s second major thesis is that new representational
resources emerge in development—representational systems with more
expressive power than those they are built from, as well as representa-
tional systems that are incommensurable with those they are built from.
That is, conceptual development involves theoretically important dis-
continuities. The book’s third major thesis is that the bootstrapping
processes that have been described in the literature on the history and
philosophy of science undetlie the construction of new representational

resources in childhood as well.
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Concepts and Mental Representations

Concepts are units of thought, the constituents of beliefs and theories,
and those concepts that interest me here are roughly the grain of single
lexical items. Indeed, the representations of word meanings are paradigm
examples of concepts. I take concepts to be mental representations—
indeed, just a subset of the entire stock of a person’s mental representa-
tions. Thus, I use phrases such as “the infant’s concept number” to mean
whatever infant representations (if any) have numerical content, having
argued independently that the representation in question (e.g., of
number) should be considered a concept, as opposed to a percept or a
sensory representation. I assume that representations are states of the
nervous system that have content, that refer to concrete or abstract
entities (or even fictional entities), properties, and events. I do not
attempt a full philosophical analysis of the concept of mental represen-
tation itself; I will not try to say how it is that some states of the nervous
system have symbolic content. Such a theory would explain how the
extension of a given representation is determined, as well as providing a
computational account of how that representation fills its particular
inferential role, how it functions in thought.”

Of course, any theory of the origin of concepts requires some idea of
what concepts are and how their content is determined, just as any theory
of conceptual content must comport with our best account of how
concepts are acquired. Here, I sketch the assumptions that have guided
my inquiry from the outset: I assume that there are many components to
the processes that determine conceptual content, and that these fall into
two broad classes: (1) causal mechanisms that connect a mental repre-
sentation to the entities in the world in its extension, and (2) computa-
tional processes internal to the mind that determine how the
representation functions in thought. In broad strokes, then, I assume a
dual theory of conceptual content (Block, 1986, 1987).

In order to study the origin of concepts, one must characterize their
developmental and evolutionary trajectories, and to do that one must
discover what kinds of mental representations and which specific con-
cepts nonhuman animals and human infants and children have. In the

pages to come, I work backwards from behavioral evidence for a given
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representation’s extension and inferential role to characterize that
representation’s nature and content, and whenever possible, to specify
something of its format. Chapter 14 draws out some implications for a
theory of concepts provided by my picture of their origins.

There are many different types of mental representations, and one
challenge faced by cognitive science is to find the principled distinctions
among them. Indeed, several historically important views of conceptual
development posit shifts in the types of mental representations available
to children of different ages, and such claims presuppose distinct kinds of
representations. I shall argue that different types of representations may
well have theoretically relevant diftferences in origins, in developmental
trajectories, in types of conceptual roles, and in extension-determining
mechanisms. Chapter 2 considers one picture of infants’ mental lives in
which the infant’s mind is articulated in terms of representations very
unlike those of linguistically and theoretically competent adults. William
James famously believed that the infant’s world was “one great blooming,
buzzing confusion” (James, 1890/1981, p. 496). Quine (1977) suggested
that infants begin with a perceptual similarity space that is transformed
through learning, especially through learning language, into a system of
representations articulated in terms of natural-kind concepts. Similarly,
Piaget (1954) proposed that infants begin life with a repertoire of sensori-
motor representations, achieving truly symbolic representations only at
the end of second year of life.

The views of James, Quine, and Piaget are related in their assump-
tion that a major distinction can be made between sensory representa-
tions, on one end of a continuum, and conceptual representations, on the
other end. All three theorists posited that sensory/perceptual repre-
sentations are developmentally primitive, and that uniquely human
mental capacities underlie the developmental processes through which
sensory/perceptual representations are transformed into conceptual ones.
Sensory representations can, of course, be distinguished from perceptual
ones, as I shall show in chapter 2, but these writers did not draw a clear
distinction between them. For present purposes, the important contrast is
between sensory/perceptual representations, on the one hand, and
conceptual ones, on the other. All three authors believed that nonhuman
animals, just like human babies, do not entertain conceptual repre-

sentations. Chapter 2 examines the thesis that infants begin with a
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representational repertoire that is limited to sensory/perceptual repre-
sentations and that conceptual representations are constructed only later
in development, relating this view to the empiricists’ theory of the origin
and nature of human concepts.

Examining this thesis requires distinguishing the two types of
representations (sensory/perceptual vs. conceptual), which is notoriously
tricky to do. Modern cognitive science justifies the Empiricists’ confi-
dence that representations of the perceptual aspects of the phenomenal
world (what things in the world look like, feel like, sound like, smell like,
and taste like) result from many levels of processing of the information in
physical stimulation impinging on sense organs. That is, as the empiricists
knew, there are causal connections between patterns of light, sound, and
physical forces and the perception of shape, pitch, depth, and the effort
expended in causing something to move. An intuitive first pass at cap-
turing the distinction between perceptual and conceptual representations
begins with the observation that representations of such features of
immediate experience differ in many respects from clear examples of
conceptual representations. The latter represent what things in the world
are, categorizing entities into abstract, theory-laden kinds, and positing
entities for which we have no sensory evidence.

This first pass at drawing the distinction between sensory/perceptual
and conceptual representations presupposes that one can do so on the
basis of their content. It assumes one can see, on the face of things, that
representations of shapes such as square are sensory or perceptual and
that representations of living things or numbers are conceptual. But that
can’t be quite right, for we certainly have concepts of sensed features of
the world. Conflicting with the assumption that shape representations are
paradigmatically perceptual, we have words for shapes, develop explicit
geometric theories of shapes, and have theories of how shape repre-
sentations are computed from patterns of retinal input. Conversely, as we
shall see, we have perceptual processes that create from sensory input
representations of abstractions such as number, agent, and cause.

No doubt there are many dimensions along which clear examples of
sensory/perceptual representations differ from clear examples of con-
ceptual ones. Chapter 2 discusses several in the course of exploring the
empiricists’ proposal (shared by many modern-day cognitive scientists)

that the mind begins with a representational vocabulary that is limited to
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sensory/perceptual primitives. Sensory/perceptual representations are
likely to differ from conceptual ones with respect to both important
aspects of mental representation—the mechanisms through which their
extensions are fixed and the nature of the inferential processes they
contribute to. They will also (sometimes) differ in format; I assume many
perceptual representations are iconic or analog, whereas at least some
conceptual representations are stated over discrete, arbitrary symbols (i.e.,
are language-like).

One reason for the empiricists’ belief that we start out with sensory/
perceptual representations and build up concepts from them is that they
could imagine how these can be appropriately connected to the world.
And they wanted their theory of development to mirror their theory of
the determination of content. Although they did not have Darwin to
appeal to, they assumed that sense organs guarantee the appropriate causal
connections between properties of real-world entities and our perceptual
ideas of these entities. I accept this view: the mechanisms of shape per-
ception, for example, are largely innately specified and guarantee that our
representations of round things pick out round things. Concepts, for the
most part, require different mechanisms to guarantee that a given
representation is causally connected to the entities it refers to. Evolution
did not provide us with an input analyzer that identifies electrons, justice,
or 3,462,179. While there certainly is also a causal story to be told about
how the content of the concept electron is determined, it will have a very
diftferent flavor from the explanation for how the content of round is
determined. I shall argue, in the course of this book, that inferential role
plays a part in the causal processes through which conceptual repre-
sentations pick out their referents. Additionally, I accept that the prin-
ciples of content determination for concepts importantly involve social
interactions among people and metaphysically necessary features of the
entities they refer to. According to philosophers such as Saul Kripke and
Hilary Putnam, the extensions of natural kind concepts are fixed not just
by the mind but also by some social process of ostensive definition and by
the essential nature (a metaphysical matter, not an epistemological one) of
the entities so dubbed (Kripke, 1972/1980; Putnam, 1975; see also Burge,
1979). The discovery of the extension of the concept gold or of wolf is a
matter for science, not for philosophy, linguistics, or psychology. As for

the psychology of natural-kind concepts, they fall under the assumption
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of what Susan Gelman calls “psychological essentialism” (Gelman, 2003;
Medin & Ortony, 1989). According to the doctrine of psychological
essentialism, it is a fact about our mind that we assume (usually correctly,
as it turns out, but it needn’t be) that individuals of a given natural kind
have hidden essences that determine their very existence, their kind, and
their surface properties. We assume this even in the face of no guesses as
to a kind’s essential properties.

In sum, there are many causal processes that are involved in con-
necting representations in a mind to their referents, and these are likely to
differ systematically for sensory/perceptual representations, on the one
hand, and conceptual representations, on the other. Whether or not
inferential role plays a part in content determination, there is no doubt
that perceptual representations and conceptual representations differ in
many aspects of their inferential role. Sensory/perceptual representations
have different and more impoverished inferential roles from concepts.
They represent the here and now, and almost nothing else follows from
the fact that something is red, whereas rich inferences are licensed by
identifying something as an agent or identifying the substance a given
entity is made of. Conceptual representations, but not sensory/perceptual
ones, are embedded in conceptual structures such as intuitive theories that
support this rich inferential role. Conceptual representations articulate
causal and explanatory structures and are integrated with other concep-
tual representations.

Focusing on conceptual role, the philosopher Jerry Fodor (1983)
argued that a systematic distinction between kinds of representations can
be drawn in terms of how they are processed in the mind. He distin-
guished between modular input analyzers and central processes. For the
most part, sensory/perceptual processes are modular and conceptual
processes are central. Modular processes are data driven, automatic, fast,
and encapsulated. (A process is encapsulated if it operates on proprietary
input and ignores available information that is relevant to the compu-
tation at hand.) Perceptual illusions make the notion clear. Consider the
familiar Muller-Lyer illusion (Figure 1.1). You know (because I tell you
or because you measured them) that the two horizontal lines are the same
length, but you still see the lower one as longer than the upper one. Your
perceptual representation is encapsulated from (uninfluenced by) your

conceptual representation of the actual relative lengths. Central processes,
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Figure 1.1. The Muller-Lyer illusion illustrates the encapsulation of perceptual
processes from explicitly held beliefs. Our knowledge of the equality of the lengths
of the two horizontal lines does not determine our perception of them.

in contrast to modular ones, are informationally promiscuous. That is,
there are no limits on what information may turn out, in the end, to bear
on any particular hypothesis, and we seek coherence among all of our
explicitly held beliefs.

Fodor’s processing distinction between perceptual representations
(the outputs of modular input devices) and conceptual representations
(inferentially interrelated with all other conceptual representations) is
important because it highlights the possibility that representations that do
not seem sensory/perceptual on their face may nonetheless pattern with
them with respect to modularity. His example was syntactic repre-
sentations. He argued that the parsing processes that output abstract
linguistic representations that are formulated in terms of concepts such as
noun phrase and verb phrase are modular, and thus such representations are
more like sensory/perceptual ones than conceptual ones.

Thesis 1: Core Cognition

This book’s first major thesis is that there is a third type of conceptual
structure, dubbed “core knowledge” by Elizabeth Spelke, that differs
systematically from both sensory/perceptual representational systems and
theoretical conceptual knowledge.” Here I use the locution “core cog-
nition” rather than “core knowledge” because the representations in core
cognition need not be (and often are not) veridical and therefore need

not be knowledge. I shall argue that nonhuman animals, as well as human
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beings, have systems of core cognition, and that core cognition is the
developmental foundation of human conceptual understanding.
Like sensory and perceptual features of the world, the entities in core
domains of knowledge are identified by modular innate perceptual-input
devices. Therefore, the extension of the symbols that articulate core
cognition is fixed, in part, by evolutionarily underwritten causal relations
between entities in the world and representations in the mind. However,
representations in core cognition differ from sensory and perceptual
representations in having a rich, conceptual, inferential role to play in
thought, even infants’ thought. Representations that are the outputs of
distinct core cognition systems are inferentially integrated and are in this
sense central.

Still, core cognition representations differ from the fully explicit
conceptual representations that articulate intuitive theories. The con-
ceptual role of the concepts that articulate core cognition is vastly less rich
than that of the concepts embedded in intuitive theories. They also difter
in the mechanisms that connect them to the entities they represent.
Other factors, in addition to causal connections mediated by innate
perceptual-input analyzers, play a role in determining the referents of
fully conceptual representations. These include the social processes
described by philosophers such as Kripke, Putnam, and Burge. I shall
argue that the inferential role has a crucial part to play in the processes
through which the referents of conceptual representations are deter-
mined. Finally, knowledge acquisition in core domains is supported by
innate domain-specific learning devices, whereas the learning of intuitive

theories is not.

At Stake, A Picture of Conceptual Development

The thesis that core cognition exists is a nativist claim. Some authors have
doubted that it would be possible for there to be innate representations,
or that the notion is even coherent (e.g., Elman et al., 1996; Thelen,
Schoner, Scheir, & Smith, 2001). Authors have different notions in mind
when they use the term “innate,” so it is important to be clear. As I use
the term, innateness is interdefined with learning: innate representations
are those that are not the output of learning processes. This may seem

unsatisfying, for it simply pushes the problem of understanding what

II
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innateness is onto the problem of understanding what learning is.
Nonetheless, I believe that this contrast is both coherent and that it
matters in the debate about which representations are innate. This book is
an extended exploration of learning mechanisms, but for present pur-
poses, we can characterize learning processes as those that build repre-
sentations of the world on the basis of computations on input that is itself
representational. Clear examples are mechanisms that chose among
alternative hypotheses on the basis of rational processes that weigh evi-
dence (as in Bayesian learning processes), operant conditioning, con-
nectionist supervised and unsupervised learning algorithms, habituation,
and so on.

Notice that claiming that representations of red or round are innate
does not require that the child have some mental representation of red
or round in the absence of experience with red or round things. The
capacity for forming color or shape representations could be innate (i.e.,
not constructed through learning), even though no representations of
colors or shapes are ever activated until entities are seen. Notice also that
“innate” does not mean “present at birth.” Many representational
capacities arise from maturational processes. An example is stereoscopic
representations of depth, which emerge in humans quite suddenly
around 6 months of age. Even though stereoscopic depth perception is
not present at birth, I would want to say it is innate, for the child does not
have to learn to compute depth from the discrepancies between the two
images on the two retinas. Another reason some innate (unlearned)
representations may not be evident at birth is that the child has not yet
encountered the input to the processes that construct them or may not be
yet able to represent their inputs. Chapters 2 through 5 provide examples
of this sort. For a sophisticated discussion of the concept of innateness as it
applies to mental representations, see Spelke and Newport (1998).

I take it that any theory of conceptual development must specify the
stock of innate representations, as well as the mechanisms (both matu-
rational and learning mechanisms) that underlie change. Framing the
problem this way leaves all the room in the world for cantankerous
disagreement. Are the initial representational primitives limited to sense
data, as the British empiricists such as Locke would have had it? Or to
sensori-motor schemes, as Piaget would have had it? Or to a perceptual

similarity space, as Quine would have had it? Or is it theories all the way
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down, as Allison Gopnik and Andrew Meltzoff would have it?* Insofar as
learning underlies conceptual development, are the learning mechanisms
domain-general or specifically tailored to particular conceptual content?
If domain-specific, what are the domains and what are the mechanisms of
learning within each? If domain-general, are they powerful pattern
abstractors, such as those well modeled in connectionist systems, deter-
minate computational algorithms formulated over symbolic machinery,
or bootstrapping mechanisms that draw on nondeterminate processes
such as analogical mapping, inference to best explanation, and inductive
guesses?

The proposals for the initial stock of representational primitives and
for the types of learning mechanisms that underlie cognitive develop-
ment are logically independent, although there are inductive relations
between them. Typically, researchers who believe that the initial state of
the baby consists of sensory representations alone also believe that
domain-general learning mechanisms of various sorts subserve conceptual
development. This position (innate sensory representations/domain-
general learning mechanisms) is discussed in chapter 2. A second view
(innate conceptual representations/domain-general learning mechan-
isms), held most forcefully by Gopnik and Meltzoft (1997), is that the
initial stock of representational resources includes conceptual repre-
sentations embedded in intuitive theories and that development is driven
by domain-general causal learning mechanisms of the sort that underlie
theory development in science. I endorse a version of this position, but
not with respect to the characterization of the initial state. Chapter 3
contrasts this position with a third position (innate conceptual repre-
sentations/domain-specific learning mechanisms), which holds that the
initial stock of representational resources includes conceptual repre-
sentations embedded in core domains and that development is driven, at
least in part, by domain-specific learning mechanisms.

It is important to note that the existence of innate conceptual
representations and domain-specific learning mechanisms does not pre-
clude the existence of sensory and perceptual representations and
domain-general learning mechanisms, or even that there are learning
mechanisms capable of taking perceptual representations as input and
outputting conceptual ones. Building rich and accurate representations of

the physical, social, and biological worlds is so important—to humans
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especially, but to all animals really—that many distinct representational
and learning mechanisms are likely to have been selected for. As Gallistel
(2000) commented, speaking of the proposal that there only one learning
mechanism, “From a biological perspective, this assumption is equivalent
to assuming that there is a general purpose sensory organ that solves the
problem of sensing.”

A variety of considerations lead individual scientists to favor one or
another picture of the initial state and of the processes that yield adult
conceptual capacities. Some reduce to matters of scientific strategy, such
as the dictum that it is scientifically preferable to assume the least possible
in the way of innate representations, in order to explore how much of the
adult state could be accounted for under any particular minimal
assumptions (e.g., sensory primitives, associationist learning mechanisms).
But scientific strategy must not be promoted to principles of theory
choice with truth-relevant status, as when it is claimed that such a picture
is more parsimonious than alternative pictures and thus should be con-
sidered right until proven wrong.

Other scientific strategies lead to a difterent picture. For example,
some scientists bet that human learning processes will be continuous with
those of other animals—an assumption that generates an expectation of
highly domain-specific and structured learning mechanisms. There are
myriad examples of specialized learning mechanisms in other animals—
ranging from passerine song learning, to vervet learning to identify
predators, to spatial learning in rats, to migratory birds learning the azi-
muth of the night sky (Gallistel, Brown, Carey, Gelman, & Keil, 1991,
review these particular cases). In each of these cases, innately specified
representations and domain-specific learning processes are essential parts

of the mechanisms that achieve the adult state.

Two Examples of Animal Core Cognition

[ now turn to two examples from the ethological literature that show that
it is not problematic to attribute innate representations and domain-
specific learning mechanisms to nonhuman animals. These examples
illustrate what is meant by core cognition, and they raise the question:

What core systems has evolution endowed humans with?
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Indigo Buntings Learn to Identify North from the Night Sky

Consider the mechanism through which indigo buntings (a species of
migratory songbird) learn to identify north from the night sky. In today’s
night sky, Polaris is the North Star, the star in the region of the sky that
reliably indicates north. Because the stars change position over time, Polaris
will not always indicate true north, nor will true north in the future be
predictable from the constellations of today, for the constellations them-
selves migrate and change over evolutionary time. Indeed, 100,000 years
ago there was no Big Dipper, no Orion. Thus, evolution probably could
not have built a map of the sky in the brain of the indigo buntings on
which Polaris is identified as north, yet indigo buntings have such a map.
Presented with a stationary simulacrum of the night sky in a planetarium in
autumn, they take off as if to fly south as specified by the North Star, no
matter how the planetarium’s night sky has been oriented with respect to
true north in the actual world. Indigo buntings must have learned some-
thing equivalent to where the North Star is; how could they have done so?

Steven Emlen (1975) uncovered the mechanism by which nestling
indigo buntings achieve this feat. Because the earth rotates on an axis that
goes through true north, the North Star, positioned as it is at present
above the North Pole, marks the center of rotation for the night sky.
Emlen showed that nestling indigo buntings observe the rotating sky and
register the center of the rotation as a privileged direction. He showed
this by raising indigo buntings in a planetarium in which he could make
arbitrary skies rotate around arbitrary centers, and then observed which
direction the birds took off in the autumn, when their hormones told
them it was time to fly south. There is a critical period for this learning
device; if the buntings do not learn the North Star while they are
nestlings, they never do.

This is a paradigm species-specific, domain-specific learning device.
Clearly, not every animal will spontaneously note the center of rotation
of the night sky, nor will every animal infer true north from the obser-
vations if they happen to make them; thus, this device is species-specific.
With respect to domain specificity, this device is of no use in learning
what food is safe to eat, what the indigo bunting song is, or anything else
other than where north is. This device exemplifies other properties of

core domains, as well. Innate perceptual mechanisms allow the bird to
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identify the sky and to represent its rotation. And this device is a learning
mechanism; innately specified computations concerning the representa-
tion of celestial rotation ensure that the buntings end up representing
something important that they must, by logical necessity, learn: how to
tell north from the night sky.

That some state of the indigo bunting’s nervous system represents the
night sky is shown not only by the fact that it is activated by the night sky
but also how it plays a role in the computations that determine the
azimuth and direction of flight during migration. This is an example of
what I mean by taking behavioral evidence regarding the extension and
inferential role of some representation as evidence regarding its content.
Finally, these representations also exemplify the senses in which core
cognition is conceptual, but not fully so. The inferential role of the
representations of a view of the night sky go beyond the specification of
what it looks like (points of light distributed against a black background);
nothing in the description of what the sky looks like has the content
north. Still, the inferential role of bunting representations of the azimuth
is limited (as far as we know) to guiding navigation. In spite of a lack of
studies on the matter, it’s a safe bet that buntings do not create theories of
the earth and the heavens in terms they can use to explain why the center
of rotation of the night sky provides information about compass direction
on the earth. Thus, it would be a mistake to suppose that the bunting’s

representations of the night sky are anything like ours.

Conspecific Recognition

Ever since the pioneering work of Konrad Lorenz (1937), we have
known that many birds have an innate learning mechanism that enables
them to identify conspecifics, and that these representations are input to a
learning process that enables them to identify one important conspecific:
their mother. The learning device Lorenz discovered and called
“imprinting” causes chicks to attend to and seek proximity to the first
large thing that moves in certain ways. Countless beginning psychology
and ethology students have seen the footage of Lorenz walking through
the countryside with a line of goslings imprinted on him, following
behind. In this case, the perceptual analyzer that initially identifies mother

(or conspecific) does so on the basis of movement of a certain sort.
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Goslings and chicks will imprint on a large red shiny ball if that is the only
object they see moving during a critical period after birth—or so we
thought until the work of Mark Johnson and his colleagues (M. Johnson,
Bolhuis, & Horn, 1985). These researchers showed that mother/con-
specific identification is such an important problem that evolution has
provided at least two redundant learning devices to support it. A new-
born chick presented with a moving ball or person and also a stationary
stuffed hen will huddle near the stuffed hen.

Thus, Johnson and his colleagues demonstrated that chicks must
have an innate perceptual analyzer that specifies what a conspecific looks
like. Indeed, these researchers specified the nature of these innate
representations. The innate representation of conspecific appearance is
very sketchy—there must be an overall bird shape, with a head with eyes
and a beak on a neck on a body; if these elements are not in the right
configuration, the chick does not recognize the object as a conspecific.
However, a chick will huddle close to a stuffed duck or eagle or owl.
Johnson and his colleagues have much to say about this fascinating story,
bearing on the relations between the two different learning mechanisms,
their critical periods, and their neural substrates. My point here is simply
that there is an innate representation of hen that specifies roughly what
hens look like and contains the inferential role “stay close to that.” This
representation is part of a domain-specific learning device; the repre-
sentation is sketchy so it can be filled in with the details of the chick’s
own mother. In this way it is similar to the innate representations human
babies have of conspecifics (two eyes above a mouth within an oval, in a
certain configuration—representations that play a role in human babies’
identifying others like them and learning to recognize individual care-
givers; Morton, Johnson, & Maurer, 1990).

This book argues for many controversial conclusions, but the claim
that some representations are innate is not meant to be one of them. The
controversy comes when we begin to consider the content and nature of
innate representational systems. There certainly are innate sensory
representations. Also, innate input analyzers, constrained to accept only
some classes of stimuli (bird-shaped entities, face-shaped entities, the
night sky), create representations that clearly go beyond sensory content
and underlie learning about entities in the world that are crucial to

individual survival.
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Thesis 2: Discontinuities in the Course of Conceptual
Development

This book’s second major thesis is that human beings, alone among
animals, have the capacity to create representational systems that trans-
cend sensory representations and core cognition. That is, human beings
create new representational resources that are qualitatively different from
the representations they are built from. Many cognitive scientists, such as
Jerry Fodor (1975, 1980) and John Macnamara (1986), deny the very
possibility of true cognitive development in this sense, endorsing instead a
strong version of the continuity thesis. The continuity thesis is that all the
representational structures and inferential capacities that underlie adult
belief systems either are present throughout development or arise
through processes such as maturation.

Fodor’s (1980) argument for the continuity thesis was a one-liner:
one cannot learn what one cannot represent. In the famous debate
between Piaget, on the one hand, and Fodor and Chomsky, on the
other (Piatelli-Palmarini, 1980), Fodor argued that all known learning
mechanisms (e.g., parameter setting, correlation detection, prototype
formation) are variants of hypothesis testing, and one cannot confirm a
hypothesis unless one can already represent it. That is, learning involves
choosing between already formulated hypotheses, setting a previously
specified parameter, noting a correlation between already represented
states of affairs, and abstracting what is common among a set of repre-
sented exemplars. These mechanisms, by their very nature, cannot yield
a capacity to represent anything that was previously unrepresentable.

Fodor (1975) is famous for an application of this general argument,
leading to the conclusion that all lexical concepts are innate. This con-
clusion requires extra assumptions about lexical concepts—namely that
they are atomic, or can’t be decomposed into primitives. I eventually
address this version of Fodor’s continuity thesis in chapter 13, but for now
my concern is the more general argument. I do not contest the truism
that all learning involves building new representations from antecedently
available ones, nor that that all learning in the end can be analyzed as
forms of hypothesis fixation. My concern is where the hypotheses come
from. As I demonstrate in chapters 8 and 11, learning processes exist that

can create representations more powerful than their input. These then
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allow hypotheses to be formulated over concepts that cannot be
expressed in the vocabulary and syntax available at the outset of the
learning episode.

Fodor’s argument has a crucial weakness. It is falsified by a single
counterexample that shows that novel representational capacities, with
more expressive power than their input, must have been formed through
some learning process. Piaget (1980) invoked an excellent set of coun-
terexamples in his own reply to Fodor. Drawing from the history of
mathematics, Piaget pointed out that concepts of rational, real, and
complex numbers, and the mathematical notations required to express
them, cannot plausibly be attributed to infants, children, or even adults
lacking sufficient education in mathematics, and they do not plausibly
develop through maturation. Rather, such concepts arise as one learns
mathematics. Fodor might reply that infants must innately have the
representational resources to express these concepts, but there is an
ambiguity in that reply. Of course, they innately have the capacity to
construct those representational resources—that is not in dispute. What’s
actual is possible, and many mathematically literate people represent
rational numbers. The question is whether infants could express concepts
such as one-third or pi. I take these questions up in chapters 8 and 9.

Chapter 8 shows that the issue arises even in the case of the positive
integers. The integer list is a cultural construction with more represen-
tational power than any of the core representational systems on which it
is built, thereby providing a genuine counterexample to the argument
that conceptual discontinuities are in principle impossible. Chapter 9
sketches the later (in history and in ontogenesis) construction of the
concept rational number, which equally well transcends the representations
available at the outset of the construction process (namely, representa-
tions of integers created by children during their preschool years). In
these cases, discontinuity is cashed out in terms of vast increases in
expressive power.

The study of cognitive development provides many further coun-
terexamples to the continuity thesis. In the course of acquiring intuitive
theories of the world, children create new concepts that are incom-
mensurable with those from which they are built. In such cases, dis-
continuity is cashed out in terms of the creation of new concepts not

translatable into the concepts available at the outset of the episode of
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conceptual change. Chapters 10 and 11 discuss case studies of conceptual
change in the history of science and also in childhood.

If such existence proofs show that Fodor’s argument is wrong,
however, they do not show what is wrong with it. In particular, they do
not show us how the infant, child, mathematician, or scientist can use his
or her current representational resources to learn new ones. That is the
real challenge to cognitive science raised by Fodor’s argument, and it is
still unmet.

Those who deny the continuity thesis actually face two distinct
challenges, one descriptive and one explanatory. First, descriptively, we
must provide a satisfactory characterization of what it means for a rep-
resentational system to be qualitatively different from, to transcend, those
that preceded it. We must also provide evidence for two successive points
in cognitive development, the later of which contains a representational
capacity that transcends what was previously available. Second, with
respect to explanation, we must then specify a learning mechanism that

accounts for how new representational capacity could come into being.

Thesis 3: Quinian Bootstrapping

This book’s third important thesis is that the explanatory challenge is
met, in part, by bootstrapping processes such as those described in
the literature on history and philosophy of science. I call the kind of
bootstrapping process we need to understand conceptual discontinuity
“Quinian bootstrapping” because Quine (1960, 1969) developed partic-
ularly colorful metaphors in trying to explicate the idea (e.g., building
a chimney, pressing against the sides to support oneself as one scrambles up
it, building a ladder, and then kicking the ladder out from under, and
Neurath’s boat, in which one builds a structure to support oneself while
already at sea). To “bootstrap” means, literally, to pull oneself up by one’s
own bootstraps—something that is clearly impossible. The metaphor
captures what is hard about the process of creating new representational
resources that are not entirely grounded in antecedent representations.
Chapters 8 and 11 offer an account of the bootstrapping metaphors of
historians and philosophers of science in terms of the resources from

current cognitive science.
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The Quinian bootstrapping that underlies discontinuous conceptual
development must be distinguished from a different kind of learning, also
called bootstrapping, that is debated in the contemporary literature on
language acquisition. In the language-acquisition literature, boot-
strapping processes are invoked to explain how children solve a mapping
problem. Suppose children know, thanks to innately supported universal
grammar, that there will be nouns, noun phrases, transitive verbs, verb
phrases, adjectives, prepositions, quantifiers, and so on, in natural lan-
guage. Suppose, moreover, that they create innately supported repre-
sentations for individuals and kinds of individuals for actions, stuffs,
intentional causation, and so on. Children still face the formidable
problem of identifying how their own particular language expresses these
and other universal features of language and thought. Semantic boot-
strapping—the use of semantic information to infer syntactic categories—
gives the child a beginning wedge into the problem of discovering a
particular language’s syntactic devices. For example, the language learn-
ing mechanism might include the heuristic that representations of kinds
of physical objects ought to be mapped onto count nouns. Then, if the
child can figure out that a word is being used to refer to a kind of object,
the child may assign it to the lexical category count noun and use this
assignment to figure out how count nouns are marked in their language
(see, for example, Pinker, 1984). Syntactic bootstrapping exploits innately
given initial mappings of this sort to solve the converse problem—that of
discovering that particular words express particular concepts. For
example, if the concept give includes a giver, a receiver, and a gift, then
the child may exploit syntactic evidence that a given verb has three
arguments to guess that it might express this concept (see, for example,
Gleitman, Cassidy, Napa, Papafragou, & Trueswell, 2005). Both syntactic
and semantic bootstrapping require antecedent conceptual and linguistic
representations, and they support solving a very difficult mapping
problem. However, these bootstrapping processes do not deny conti-
nuity—no totally new representational resources are being created.

Some earlier students of language acquisition also appealed to
Quinian bootstrapping as a process underlying language acquisition. Isaac
Schlessinger (1982), for example, hypothesized that initially linguistic ele-
ments receive only semantic interpretations, such that creating syntactic

categories required constructing representations previously unrepresentable.
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Rather than just solving a mapping between previously available types of
representations, the process envisioned by Schlessinger creates a new type of
representations. That is, he suggested that syntactic categories are created by
a bootstrapping process of the sort envisioned in the history of science
literature (see also Braine, 1963). It is beyond the scope of this book to
consider whether Quinian bootstrapping is needed in the course of syntactic
development—at issue in that debate is how rich the innate language
acquisition device is. But I will show that Quinian bootstrapping definitely
has a role to play in explaining the origin of concepts.

1.7. Intuitive Theories—Explicit Conceptual Representations

As I mentioned at the beginning of this chapter, I distinguish two types of
conceptual representations: those that articulate core cognition and those
that articulate later developing linguistically encoded knowledge struc-
tures like intuitive theories. Intuitive theories differ from core cognition
in each of its distinctive features: they are not innate, the entities in their
domain are not identified by innate input analyzers, their format is most
probably not iconic, and they are not continuous throughout develop-
ment. Quinian bootstrapping mechanisms underlie the human capacity
to create theoretical knowledge that transcends core cognition.

Although there are many knowledge structures worthy of study
(scripts, schemas, prototypes, the integer list representation of number, the
alphabet), many students of cognitive development assume that one kind
of knowledge structure—intuitive theories—plays a particularly important
role in cognitive architecture. I endorse this assumption, and here I focus
on a class of intuitive theories—those that Henry Wellman and Susan
Gelman call “framework theories” (Wellman & Gelman, 1992; see also
Carey, 1985; Gopnik & Meltzoff, 1997; Keil, 1989). These are the theories
that ground the deepest ontological commitments and the most general
explanatory principles in terms of which we understand our world. One
task (but by no means the only task) in the study of cognitive development
is to account for the acquisition of framework theories.

It is worth stepping back and considering what is being presupposed
by the choice of the term intuitive theory rather than the more neutral
cognitive structure. Intuitive theories, like scientific theories, play several
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unique roles in mental life. These include: (1) determining a concept’s
most important features (the properties seen as essential to membership
in a concept’s extension); (2) representing explicitly held causal and
explanatory knowledge; and (3) supporting explanation-based inference.
Furthermore, the mechanisms underlying theory development, including
Quinian bootstrapping, differ from those that underlie the acquisition of
different types of conceptual structures. It is an empirical question
whether children have intuitive theories, and whether knowledge
acquisition in childhood involves the process of theory change. Those
who talk of “intuitive theories” and “framework theories” are explicitly
committing themselves to an affirmative answer to those empirical
questions. This commitment does not deny that there are important
differences between children as theorizers and adult scientists (hence the
qualifier, intuitive). Children are not metaconceptually aware theory
builders (D. Kuhn et al., 1988). In spite of these differences, the research
enterprise in which this work is placed presupposes that there are
important substantive similarities between scientific theories and
intuitive theories. Of course, the merit of this presupposition depends on
the fruitfulness of the research it generates. Chapters 10 and 11 present
case studies framed within this research tradition.

As mentioned above, intuitive theories differ from core cognition in
many ways. One of the goals of this book is to account for the origin and
development of theory-embedded conceptual knowledge, given a
beginning state of perceptual representations and core cognition. Many
researchers have blurred the distinction between core cognition and
intuitive theories. For example, Alan Leslie is one of the most articulate
advocates of the core cognition position, and he—like me—characterizes
core cognition as modular, encapsulated, supported by innate perceptual
analyzers, and unchanging during development. Confusingly, in dis-
cussing the infants’ beginning state, he characterizes core cognition in
much the way I have, yet he dubs his modules Theory of Mind Module
and Theory of Bodies Module (Leslie, 1994). That is, he characterizes
core cognition, but he calls systems of core cognition “theories.” This is
not merely a squabble about terminology, for if I am right that core
cognition exists and differs from explicit conceptual knowledge in the
ways specified above, then failing to adopt contrasting terminology

conflates fundamentally different kinds of mental representations.
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Gopnik and Meltzoft (1997) go further than merely calling infant
conceptual knowledge “theories”; they deny the distinction between
core cognition and theories. They explicitly characterize infants’ early
developing knowledge of bodies and agents as theoretical knowledge,
claiming that the mechanisms that underlie acquisition of knowledge in
these domains are the same as those that support theory development by
adult scientists. This leads to the seemingly absurd (and false, I shall argue)
conclusion that the processes by which infants achieve object perma-
nence are the same as those through which Darwin formulated the
theory of natural selection.

The confusion between core cognition and intuitive theories is
intelligible, for two of the paradigm cases of each have overlapping
content. Core cognition of objects overlaps with knowledge of intuitive
physics, and core cognition of intentional agents overlaps with an intui-
tive theory of mind. This overlap in content arises because the output of
the core cognition systems is part of the input to theory building. The
case studies in this book constitute an extended argument for the position

that theory building can, and does, transcend core cognition.

Overview of the Book

The chapters to come distinguish the representations that constitute core
cognition from two other types of representations: sensory/perceptual
representations and conceptual representations embedded in explicit
intuitive theories. Chapter 2 examines the hypothesis that the develop-
mental primitives are sensori-motor or perceptual. Chapters 3, 4, and 5
characterize core cognition and provide evidence for several domains of
human core cognition that exemplify its distinctive features. Chapter 6
considers the question of whether all innate representations with con-
ceptual content are embedded within core cognition systems, or alter-
natively, whether there are also innate central representations. Chapter 7
touches on some relations between core cognition and language.
Chapters 8 through 11 take on both parts of Fodor’s challenge to cog-
nitive science. They provide descriptions of discontinuous conceptual
development in which concepts come into existence that were not

expressible given earlier conceptual resources, and they characterize the
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bootstrapping mechanisms that underlie the change. Finally, the two
concluding chapters summarize my account of the origins of concepts
(chapter 12) and draw out the implications from these case studies for a
theory of human concepts (chapter 13).

NOTES

1. An excellent overview of competing accounts of concepts in the philo-
sophical and psychological literatures is provided in the collection of classic papers
assembled by Margolis and Laurence (1999). See also their own superb and com-
prehensive tutorial essay in the same volume.

2. See Carey & Spelke, 1994; R. Gelman, 1991; Leslie, 1994, and Spelke,
Breilinger, Macomber, & Jacobsen, 1992, for related characterizations of core cog-
nition.

3. Different pictures of the initial representational repertoire have articulated
theories of conceptual development in the Western philosophical/scientific traditions
at least back to the time of Greek thinkers. Here I am referring to works by Gopnik &
Meltzoft, 1997; Locke, 1690/1975; Piaget, 1954; Quine, 1960, 1977.
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The Initial Representational Repertoire: The
Empiricist Picture

In this chapter I begin to build the argument for core cognition by
marshaling evidence against the empiricist hypothesis that the initial state
is limited to sensory representations. Many modern thinkers, as disparate
as Piaget, Quine, eliminitivist connectionists, and systems dynamic the-
orists explicitly or implicitly share this empiricist assumption (e.g., Elman
et al., 1996; Piaget, 1954; Quine, 1960, 1977; Thelen et al., 2001). This
hypothesis has a certain plausibility. All evidence we have of the par-
ticular world we live in comes through our senses. Doesn’t this mean that
all of our knowledge must be able to be formulated in terms of sensory
primitives?

Here I counter this seductive argument, while summoning evidence
that some early developing representations are conceptual. The chapter
has some secondary goals as well. I discuss the methods I draw upon
throughout the first half of this book. Also, different methods yield
apparently conflicting data, and I give some sense of how conflicts might
be resolved. Finally, I lay out the arguments that convince me that some

conceptual representations are innate.

The Empiricist Picture

According to British empiricists such as John Locke, all human concepts
are grounded in a set of primitive representations—in Locke’s terms,
“ideas.” The primitive ideas are the output of sense organs—they are
sensory representations. They are primitive in two different senses. First,
these ideas are definitional primitives. All concepts are either primitive or

complex, and all complex concepts are defined in terms of primitive ones
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that themselves are understood without any definition (Locke, 1690/
1975; see Margolis & Laurence, 1999, for a superb tutorial on the
empiricist theory of concepts). Second, these ideas are developmental
primitives. The acquisition of concepts is explained by a specification of
the set of innate primitives and by the associative mechanisms through
which complex concepts are built from them.

The 18th-century British empiricists’” picture of conceptual develop-
ment finds articulate and ardent defenders to this day. This staying power
has two explanations. First, the empiricists staked out an ambitious set of
phenomena that a theory of concepts must be responsible for. They sought
to explain how concepts refer, how people categorize, how concepts
function in thought, how human knowledge is warranted, and how
human knowledge is acquired. They offered a comprehensive theory that
provided an integrated account of all of these phenomena and more. Few
contemporary theories of concepts have anything like the scope of the
empiricists’. Second, the theory contains important grains of truth.

That the primitive ideas are sensory was important to the empiricist
program. The empiricist explanation of reference depended on the view
that sensory representations refer to certain aspects of the world by virtue
of the operation of the sense organs. That is, they took as unproblematic
the view that our concepts red and round are based on the cases in which
red and round things cause us to have sensory representations of red and
round. As long as the referential potential of primitive concepts is
guaranteed by how sensation works, and as long as all concepts may be
defined out of primitive concepts, then the referential potential of all
concepts is explained. That is, the extensions of complex concepts are
determined by their definitional structure and the extensions of the
primitives from which they are built.

This is not the place for a full exposition and critique of the empiricist
view of concepts. Every part of the view has come under fire (see chapter
13). Most obviously, the project of defining all concepts in terms of
sensory primitives is unworkable. Most representations underlying human
natural language are not perceptual representations. Human beings rep-
resent nonobservable entities (beliefs, protons), nonobservable properties
of observable entities (functions, essences), abstract entities (numbers,
logical operators), and fictional entities (Gods, ghosts, Hamlet). Concepts

for such entities are not themselves the output of sense organs. Of course,
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the empiricists held that these concepts are nonetheless definable in terms
of perceptual primitives. No adequate definition has ever been provided
for most concepts (Fodor, Garrett, Walker, & Parkes, 1980; Laurence &
Margolis, 1999), and certainly no definitions for many concepts in terms of
perceptual primitives can even be attempted. Try doing so for the con-
cepts justice or sin, let alone the concept God.

This line of argument defeats the position that all human representa-
tions are either perceptual or defined in terms of perceptual representations.
However, it does not defeat the argument that the innate primitives are
perceptual, as long as one provides a learning mechanism that could account
for the creation during development of nonperceptual representations,
given a beginning stage containing only perceptual representations. I
believe that the bootstrapping processes that are characterized in chapters 8
through 11 underlie discontinuities in conceptual development, and thus I
do not accept a general learnability argument for the impossibility that the
initial state may consist only of perceptual, sensori-motor representations.
Rather, if we wish to characterize the innate representational primitives,
we have no alternative but to do the hard empirical work of finding out
what representations young infants have.

The empiricists certainly got two important points right. There are
innate sensory representations and their content is ensured by how our
sense organs work. The empiricists did not know that they could thank
natural selection for making this is so, but Darwin gave us a way of
understanding how the right causal connections between properties of
the world and states of the nervous system can be established and
maintained. It is because sense organs were selected to work as they do
that humans can see color and movement, can taste salt and sweet, can
hear tones and feel heat. The operation of evolutionarily constructed
input analyzers guarantees that the relevant representations refer to
aspects of the environment that are important to survival.

A Historical Aside: The Rationalist/Empiricist Debate About
Perception

Sensory representations may be roughly characterized as those repre-
sentations that are the output of the sense organs. They are what
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psychologists call proximal representations—those representations that
maintain the point of view of the pattern of stimulation on sense organs.
For example, a retinal projection is a proximal representation, as is a
representation of a pin prick on the back of my hand. As has been well
known for centuries, the information in the proximal stimulus greatly
underspecifies the distal world that was the source of the stimulation
in the first place. Distal representations capture aspects of the external
world—they exhibit constancies. Perceived size compensates for the fact
that proximal representations of the sizes of objects are determined by
distance; the retinal projection of a quarter is much larger at arms’ length
than s feet away, yet our perceptual representation of the actual size of
the quarter is accurate over these distances. Similarly, perceived shape is
three-dimensional, in spite of the fact that retinal projections are two-
dimensional.

Because the empiricists were committed to the view that develop-
mental primitives were sensory, they faced a formidable challenge in
accounting for our capacity to perceive the true shapes of objects, the true
depth relations among them, and so on. One arena of the historical
debates between empiricists such as Berkeley and Hume and rationalists
such as Descartes was their solutions to this challenge (e.g., Berkeley,
1732/1919; Descartes, 1637/1971"). Consider the representation of depth
as an example. Empiricists such as Berkeley and Hume attempted to
show how representations of depth could be learned by associative
mechanisms operating over sensory primitives. They considered sensory
primitives such as proximal representations of size and shape, interposi-
tion cues, convergence of the eyes (felt effort in the muscles being greater
as a function of how converged the eyes are), and accommodation of the
lens (also conceptualized as felt effort). They then assumed that these cues
are associated, through learning, with cues to depth from other sensory
modalities—for example, proprioceptive cues to the difference between
reaching and contacting a nearby versus a more distant object, or
between walking to a nearby object and walking to a more distant object.
According to the empiricists, the veridical representation of depth is built
up from and constituted by this associative structure.

Nativists such as Descartes presented a very different picture. Des-
cartes did not deny that the information from which depth representa-
tions were computed must be the output of sense organs. Nativists do not
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believe in magic. Rather, he believed that there are innate inferential
mechanisms (today we would say computational mechanisms) that
instantiate constraints derived from geometry that take this input and
transform it into veridical representations of depth. His example was the
geometrical inference from convergence to depth, an argument ridiculed
by Berkeley (1732/1919) thus:

But those lines and angles, by means whereof mathematicians
pretend to explain the perception of distance, are themselves not
at all perceived, nor they, in truth, ever thought of by those
unskillful in optics. I appeal to any one’s experience, whether, upon
sight of an object, he compute its distance by the bigness of the angle
made by the meeting of the two optic axes? Or whether he ever
think of the greater or lesser divergence of the rays, which arrive
from any point to his pupil? Nay, whether it be not perfectly
impossible him to perceive by sense the various angles wherewith
the rays, according to their greater or lesser divergence, do fall on his
eye. Every one is himself the best judge of what he perceives, and
what not. In vain shall all the mathematicians in the world tell me,
that I perceive certain lines and angles which introduce into my
mind the various ideas of distance; so long as I myself am conscious

of no such thing. (pp. 15—106)

Of course, we now know that Descartes was entirely right—exactly
those computations are instantiated in the mind and they do contribute
to the perception of depth. Modern models of perception do not require
that the representations that enter into modular perceptual computations
be consciously accessible. Another example in the tradition of Descartes
would be the computation of depth from information derived from the
degree of mismatch between the images of an object derived from each
eye (stereopsis). Berkeley could similarly ridicule this idea by saying that
he is not aware that the two eyes yield different proximal images of an
attended object, and that even if he were aware of this fact, he wouldn’t
know how to calculate depth from it.

As far as I can tell, there is hardly any classical debate from the
history of philosophy of mind that has been more conclusively settled.
Every textbook on perception details the computations carried out over

sensory representations that yield veridical representations of depth, and
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all agree that such computations are subconscious, operate on proprietary
information, and are encapsulated (i.e., are modular, in Fodor’s sense, at
least to some degree). Showing Berkeley wrong, the evidence that at least
some of these computations are innate is overwhelming. Eleanor Gib-
son’s famous work on the visual cliff provided some of the first evidence
in support of innate mechanisms for depth perception: newborn animals
who have had no opportunity to form associative structures over different
sensory cues to depth avoid the deep end of a visual cliff (Gibson & Walk,
1960). With respect to human infants, Alan Slater’s demonstrations of size
constancy in newborns require that the infant represent depth (Slater,
Mattock, & Brown, 1990).

I draw two morals from this story. First, the question of whether
development begins with a stock of merely sensory primitives, or whe-
ther evolution endowed us with computational devices that yield ver-
idical representations of the distal world, is settled in favor of the existence
of Descartes-like innate perceptual input analyzers. Second, there is no
in-principle argument against the hypothesis that evolution endowed
animals with input analyzers that yield representations that are further
along the continuum between sensory representations and conceptual
ones than are depth representations. Representations further along this
continuum will be couched in the vocabulary of abstractions rather than
that of appearances and spatio-temporal relations. They will be central,
interacting with the output of other input analyzers, will be accessible,

and will have relatively rich inferential roles.

The Initial State: Perceptual/Sensori-motor Primitives

Important zoth—century psychologists and philosophers, as different as
Jean Piaget (1954) and W. v. O. Quine (1960), also held that the initial
repertoire of mental representations is limited to a set of sensory or
perceptual developmental primitives. Piaget’s position was that infants
begin life solely with representations that subserve innate sensori-motor
reflexes. All mental life, according to Piaget, is constructed from this
initial representational repertoire. For Piaget, the important properties of
sensory representations that distinguished them from conceptual ones
included their being the output of sense organs (and restricted to single-
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sense modalities) and their content being limited to currently experi-
enced sensations.

Quine was no empiricist. He denied that theoretical terms or the
terms in natural languages could be defined in terms of perceptual pri-
mitives (or even that the notion of analytic definition made sense; he
denied the analytic/synthetic distinction). Nonetheless, he held that the
infant’s initial representational resources were limited to an innate per-
ceptual vocabulary, which he called a “prelinguistic quality space” and
which he conceptualized as an innate perceptual similarity space. In a
series of influential writings Quine developed three interrelated theses
about conceptual development (Quine, 1960, 1969, 1977):

I. Infants’ representations are radically different from those of their
elders, and are formulated with respect to a perceptual similarity space.

2. The concepts that articulate commonsense ontological commitments
are a cultural construction.

3. In the course of mastering natural language, each child acquires adult

ontological commitments through a bootstrapping process.

This book is an extended meditation on these three theses. In these
early chapters I argue, contrary to Quine, that many infant representa-
tions are conceptual and that many of our commonsense ontological
commitments are innate. However, I agree with Quine that some,
indeed most, of our commonsense ontological commitments are a cul-
tural construction, and in chapters 8 through 12 I will spell out how the
bootstrapping processes he envisioned work.

‘Whether there are innate conceptual representations is an empirical
question. Because both Piaget and Quine focused their discussions on
representations of objects (as did the British empiricists), I begin with a
case study of infant object representations. Both Piaget and Quine agreed
that young infants cannot achieve representations of objects that exist

independently of the infants’ own sensory experience of them.

Why Object Is Not a Perceptual Representation

Perhaps the most studied topic regarding infant representational capacities
is the concept object, in the sense of representations of substantial, three-

dimensional, material bodies that exist independently of the observer. Are

33



34

The Origin of Concepts

Piaget and Quine correct that: (1) object representations are non-
perceptual; (2) object representations are not available to young infants;
and (3) object representations are built from sensory or perceptual pri-
mitives in the course of development?

Object representations, like depth representations, are clearly non-
sensory, for they represent distal entities. Sensory representations capture
object appearances such as color, retinally specified size and shape, and so
on, but they do not represent objects as objects. Between them, Piaget and
Quine offered several distinct reasons to consider object representations to
be nonperceptual as well as nonsensory. First, Piaget argued that if per-
ceptual representations are the output of modality-specific sensory ana-
lyzers, then object representations are not perceptual because they are
multimodal. For adults, the representation of a visually perceived object
specifies what it will feel like, where it will be if one reaches for it, and so
forth. Piaget, along with the British empiricists, and along with Quine,
believed that infants had to learn the cross-modal correspondences among
the sensory representations of object appearances. This was no problem for
their theories; indeed, the British empiricists believed that learning those
cross-modal correspondences constituted building the complex concept
object.* Of course, learning contingencies among sensory representations
in different sense modalities does not require nonsensory vocabulary. But
the learning of such contingencies, Piaget thought, was the first step in
transcending the initial sensori-motor primitives. Second—and here
Piaget and Quine are also in agreement—if perceptual representations are
limited to what currently experienced entities look like, feel like, taste
like, and move like, objects cannot be represented as individuals that
persist through time, independently of the observer. Quine agreed with
Piaget that there would be no representations of permanent objects. As
Quine pointed out, a perceptual vocabulary does not include fundamental
quantificational devices. The child could not represent a given object as
the same one as one seen earlier, for sensory representations do not
provide criteria for numerical identity.

According to Quine, the infant endowed only with an innate per-
ceptual quality space can sense similarity among experiences that are
represented in this space (flesh-colored, milk-smelling experience at
time 1; flesh-colored, milk-smelling experience at time 2), and the stable
configurations of these qualities (color, shape, smell, sound) could
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certainly be learned. This would enable the child to recognize instances
of mama-experience. In Quine’s words, “his first learning [of the word
‘mama’] is a matter of learning how much of what goes on around him
counts as the mother” (1960, p. 92). But being able to recognize instances
of mama-experience is not the same as representing one enduring mother
—the same one today as yesterday.

Quine emphasized how much an ontology exhausted by a percep-
tual quality space differs from one articulated in terms of enduring
individuals. For example, in one passage, he speculated that the baby
reconceptualizes his mother once he has mastered the scheme of
enduring and recurring physical objects. He also insisted that our adult
commonsense ontology is a cultural construction, just as the concepts
that articulate scientific theories are cultural constructions. Just as explicit
theories embody their ontological commitments in language and form-
alisms, so too our commonsense ontology is captured in language.
Indeed, the process Quine envisioned though which babies transcend the
innate perceptual quality space and master the ontology of enduring and
recurring physical objects crucially involves language acquisition. Quine
proposed that the child bootstraps the new ontology by gradually
learning the quantificational devices of natural languages—quantifiers,
determiners, the is of numerical identity, and so forth. Chapters 8
through 12 present a sympathetic characterization of Quinian boot-
strapping processes, arguing for their role in the construction of new
representational resources. My disagreement with Quine is straight-
forwardly empirical; in my view of conceptual development, he might be
right. Rather, his picture of the infant just turns out to be false.

‘What Piaget wrote about under the rubric of “object permanence”
comes to the same thing as what Quine wrote about as “divided refer-
ence” and quantificational capacities. When babies reach for a hidden
object, and we attribute to them an appreciation of object permanence,
we assume that they represent the object they seek as the same object, the
same one, that they saw disappear. Otherwise, it isn’t object permanence,
but rather is some learned contingency, such as an appropriate instanti-
ation of “reach where I saw some visual property disappear and some
visual property or tactual property will be there.” The latter generaliza-
tion is formulated in the language of sensori-motor, perceptual, and

spatio-temporal primitives; whereas “reach for the object that went
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behind the screen; it will still be there” is not, for “the object” and “it”
pick out a single individual’s persisting through occlusion. The criteria for
individuation and numerical identity for ordinary objects go beyond
perceptual primitives. In the adult state, representations of objects are
constrained by the principle of spatio-temporal continuity (objects do not
go into and out of existence). Although perceptual primitives can specify
a currently perceived, bounded entity and its current path of motion,
they do not specify that the entity continues to exist when we lose
perceptual contact with it. This construal is provided by the mind; and
the question raised by both Piaget and Quine was how representations of
permanent individuated objects, quantified as discrete individuals tracked
through time, come to be formed.

Before we consider how infants form representations of object
permanence, how they create criteria for individuation and numerical
identity of objects, we must consider when they do so, for Piaget’s and
Quine’s theories of how depend crucially on when—so, too, for cross-
modal representations of objects. Piaget claimed that cross-modal cor-
respondences among perceptual properties of objects were learned by 7
months (by the end of what he called the “stage of secondary circular
reactions”), but that infants’ representations of objects as permanent,
existing apart from their own sensori-motor schemas, emerged only
between 18 and 24 months (heralding the end of the stage of sensori-
motor intelligence). Quine claimed that the capacity to represent
“objects as such” emerged only when the child mastered the quantifi-
cation devices of natural language (i.e., between ages 2:0 and 3:0).
Therefore, evidence that 2- to 6-month-olds have these representational
capacities challenges Quine’s and Piaget’s proposals. Nonetheless, the
question of innateness is still open, for infants might form these repre-
sentational capacities from perceptual primitives during the first two
months of life. At the end of this chapter, I shall return to the question of

innateness.

Piaget’s and Quine’s Evidence

Quine, a philosopher, did not consider actual empirical evidence for his
claim that the initial state consists solely of perceptual representations.

Rather, he discussed possible observations, considering whether they
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could possibly show that prelinguistic infants’ representational capacities
are the same as yours or mine. He argued that any piece of behavior we
observe is consistent with radically different ontological commitments on
the part of the behaving subject. The child who points to a bottle and says
“bottle,” or who picks up a bottle and drinks from it, may have the
capacity to represent to individual bottles and to represent generalizations
such as “that bottle has milk in it,” or may simply have learned asso-
ciations between perceptual features of bottle, on the one hand, and a
spoken word or an action, on the other. Of course, it is this line of
argument writ large that ends in Quine’s views of radical indeterminacy,
for the same considerations bear on adult linguistic capacities as well.
In Quine’s view, ontological commitments are fixed only up to the
indefinite number of schemes that are consistent with the grammatical
commitments of a given language. I believe Quine is wrong, and we can
bring evidence to bear on the child’s quantificational capacities and
ontological commitments.

Piaget’s genius was at bringing empirical data to bear on classic
philosophical questions, and his experiments on object permanence are
justly among the most celebrated in developmental psychology. He
reported observations that are consistent with the claim that young
infants lack representations of permanent, multimodally specified,
objects. With respect to intermodal correspondences, he observed infants
being startled when they made a fast movement of their own hand across
their visual field, and he assumed this meant that they did not know what
their own hand looked like and that they could not relate a represen-
tation of a visually located visual experience with a proprioceptive
representation of the location of limb. He also made observations of
infants’ examining their own hands or feet and he assumed that these
provided the experience the infants needed to make intermodal repre-
sentations of their own bodies. These could then scaftold, associating the
visual, tactual, and spatial correspondences among the sensory repre-
sentations of external objects.

With respect to object permanence, Piaget made a two-part empirical
argument that infants did not represent objects as spatio-temporally
continuous. First, he showed that below 8 months of age or so, an infant
reaching for a desired object will abort the reach if the object is hidden
under a cloth or cup, or if it is hidden behind a screen, in spite of the fact
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that the infant has the motor capacity to remove the barrier. Piaget
thought that this behavior showed that the infants did not represent the
object as continuing to exist when out of sight. Second, he argued (like
Quine) that the 8-month-olds’ success does not necessarily mean that they
do represent objects as existing spatio-temporally continuously. Indeed,
he discovered a second important phenomenon, the A-not-B error,
which he took as knockdown evidence that they do not do so. After
retrieving an object in hidden location A, if'it is next hidden in location B,
the infant will search again in location A. Piaget’s interpretation was that
infants had simply learned a rule, “look where something has disappeared
and something interesting will happen,” rather than that they were tracing
the identity of the object through changes in location. It was not until 18
months or so, when infants could solve the hidden displacement pro-
blems, that Piaget (1954) was willing to credit them with a representation
of object permanence. In the hidden displacement problems, an object is
hidden by hand in location A, and the infant sees the closed hand move
from A to B. The infant looks first in A and succeeds on this problem
when, not finding the object at A, the child goes immediately to B. Piaget
argued that this behavior requires representing the absent object and
reasoning about its unseen movements.

These Piagetian observations are extremely reliable. They have
been replicated replicated countless times, and were even incorporated
into an infant “IQ test,” because reaching these milestones markedly later
than Piaget found sometimes reflects mental retardation (Bayley, 1969).
Nonetheless, recent methodological advances have provided a wealth
of data that reveal that Piaget underestimated the representational

capacities of young infants.

Intermodal Representations

The empiricists believed that learning the intermodal correspondences
between sensed properties of objects is the process through which
representations of objects are built. The relevant correspondences include
how visual appearance of texture is correlated with how that texture feels
when touched, how visual appearance of shape is correlated with how
that shape feels when touched, and so on, as well as correspondences

between visually specified locations and the effects of reaching to
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proprioceptively specified locations. For the empiricists, there was
nothing more to object representations than representation of such
correspondences. Piaget disagreed with the empiricists on the issue of
whether representations of objects can be cashed out in sensory and
spatio-temporal vocabulary, but he agreed with them that intermodal
representations such as those listed above had to be learned and that this
learning is an essential part of the process through which nonperceptual
representations of objects are built.

The empiricist position misses the mark in two ways. First, even once
all those intermodal representations are formed, infants still would not
have representations that go beyond sensory vocabulary—no representa-
tions of individuated, spatio-temporally continuous objects that exist
independently of themselves. Second, there is now massive evidence that
intermodal representations are innate and certainly not learned through
the associative mechanisms Piaget and the empiricists imagined. Neonates
orient visually to a location specified by a sound; neonates represent the
correspondence between visually and tactually specified shapes; and
neonates represent the correspondence between visually specified and
proprioceptively specified facial gestures. Two experimental results can
stand as examples from this large and convincing literature.

In the first example, Andrew Meltzoff and his colleagues allowed
neonates to suck on a strangely shaped pacifier—either a smooth cube or
a sphere with bumps all over it. These babies were only a few days old
and had never had anything in their mouths other than nipples and their
own hands. The babies were not allowed to see the pacifier. At the same
time (or later in some experiments), the infants were shown two pictures
—one of a cube and the other of a sphere with bumps. The babies
preferentially attended to the picture that matched the pacifier on which
they sucked. Thus, the infants innately recognized the correspondence
between the visually and tactually specified shapes/textures (Meltzoft &
Borton, 1979). A second example also comes from Meltzoft’s laboratory.
He and Keith Moore showed that neonates would imitate the facial ges-
tures of an experimenter (mouth opening, tongue protrusion). Chapter s
considers the significance of this result for the characterization of core
cognition of human agents, but for now it is enough to show innate
representations of the correspondence between what another’s face looks

like and the actions and feel of their own face (Meltzoft & Moore, 1977;
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see Myowa-Yamakoshi, Tomonaga, Tanaka, & Matsuzawa, 2004, for a
replication with an infant chimpanzee).

These data, along with those reviewed above (“A Historical Aside”),
show that representations of people and objects, including their locations
in space, are specified intermodally in neonates. Infants do not have to
learn which sensations in one modality predict those in another—either
in the service of learning the associations that the empiricists took to
constitute depth representations nor the associations that they took to
constitute object representations.

Criteria for Individuation and Numerical Identity of Objects;
Object Permanence

My targets in this chapter are Piaget and Quine. My aim is to convince
you that infants have an innate capacity to represent objects as existing
independently from themselves and an innate capacity to quantify objects
just as do adults. I will proceed in two steps: first, by reviewing the
evidence that by 2 to s months of age infants have these capacities and
then by turning to the question of innateness.

By 2 months of age, infants represent objects as spatio-temporally
continuous. Not only do they represent objects as continuing to exist
behind barriers, they also take evidence of spatio-temporal discontinuity
as evidence for numerical distinctness. The methods that show this were
not available to Piaget. The literature I review in these early chapters
draws on patterns of looking to diagnose infants’ representations of the
world, especially experiments using the violation-of-expectancy look-
ing-time methodology. In this paradigm, infants watch as events unfold
before them. On some occasions, a magic trick is performed, creating an
impossible or highly improbable event. The robust result is that infants
look longer at improbable or impossible events than at ordinary ones,
presumably because violations of expectancy are attention grabbing.
Babies cannot react to a violation of the expected unless there is some
mismatch between their representation of a current outcome and their
representation of the antecedent events, and thus the researcher can use
patterns of elevated versus nonelevated looking times as a source of data
concerning the infant’s representations of the ongoing events. In chapters
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3 through s I consider further the nature of the infant’s representations of
these events. Here, I merely argue that infants’ representations of these
events are articulated in terms of a concept object, and they begin to
characterize that concept in terms of evidence concerning the extension
of the representation and its conceptual roles.

Renée Baillargeon, Elizabeth Spelke, and colleagues (1985) carried
out the first violation-of-expectancy study that was brought to bear on
infants’ representations of objects as continuing to exist when out of
sight. Four-month-old infants were habituated to a screen rotating 180°,
as shown in Figure 2.1a. After habituation, an object was placed in the
path of the screen on its downward trajectory, and one of two events
ensued. In possible outcomes, the screen was rotated until it touched the
object and then rotated back to its initial position (Figure 2.1b). In
impossible outcomes, the screen was rotated through the space occupied

by the object by the full 180° (Figure 2.1¢). Infants looked longer at the
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Figure 2.1. Diagram of Baillargeon, Wasserman, & Spelke (1985) rotating screen
paradigm. a: habituation events. b: possible outcomes. c: impossible outcomes.
Reprinted from Baillargeon, R., Spelke, E. S., & Wasserman, S. (1985). Object
permanence in s-month-old infants. Cognition, 20, 191-208, with permission from

Elsevier.
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impossible outcome than at the possible one. Later studies revealed this
pattern of results in infants as young as 2 months of age. These data were
the first to suggest that very young infants represent an object placed
behind a barrier to exist even when out of sight, as well as that infants’
representations of object motion are constrained by the principle that one
object cannot pass through the space occupied by another.

I more fully illustrate the logic of violation-of-expectancy studies
with another design from Spelke’s laboratory (Spelke, Kestenbaum, &
Simon, 1995). This study was also aimed at exploring whether young
infants represent objects as continuing to exist when out of sight. It is
particularly relevant here for it raises the issue of how babies individuate
objects and trace numerical identity over time, thus bearing specifically
on Quine’s claims concerning the quantificational capacities of pre-
linguistic human infants.

Figure 2.2a schematically depicts an event shown to infants in this
typical violation-of-expectancy looking-time experiment. Two screens
are placed on an empty stage, and two objects are brought out, in
alternation, from the opposite sides of the screens and then returned
behind them. The two objects are never simultaneously visible, and no
object ever appears in the gap between the two screens. In some studies,
infants are fully habituated to these events; in other studies, they merely
are familiarized to them by showing some number of iterations. In full
habituation, infants watch these events until their interest in them
declines by some preset ratio (e.g., to the point that their final looking at
the event is half the level of their initial looking times). The question we
want to pose to infants is: How many objects are involved in this event?
For adults, the answer is unambiguous: at least two. This event cannot
consist of a single object going back and forth because its path would be
spatio-temporally discontinuous; it would have to dematerialize behind
the right-hand screen and rematerialize behind the left-hand screen.

We ask infants how they represent the events by removing the
screens and showing them one of two outcomes: the expected (to adults)
outcome of two objects, or the impossible outcome of just one object
(thanks to a simple magic trick; one of the objects is surreptitiously
removed through a trapdoor in the rear of the stage). Then the stage is

cleared, the familiarization event repeated, and the other test outcome
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A B
Screens introduced Screens introduced
[ n | |
Object 1 brought out. Object 1 brought out.
| v | I
Object 1 returned. Object 1 returned.
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Nothing appears on screen Object 1 crosses.
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Object 2 brought out. Object 1 brought out.
| | | |
Object 2 returned. Object 1 returned.
— —
| | | |
¥ R ¥ X
Expected: two objects.  Unexpected: one objects.| Unexpected: one object. Expected: two objects.

Figure 2.2. Diagram of the Spelke, Kestenbaum, & Simons (1995) split-screen
spatio-temporal continuity paradigm. A: discontinuous motion condition. B: con-
tiuous motion condition. Redrawn from Spelke, E. S., Kestenbaum, R., & Simons,
D.]J. (1995). Spatiotemporal continuity, smoothness of motion and object identity in
infancy, with permission from the British_Journal of Developmental Psychology, 13(2),
113—142. © The British Psychological Society.

revealed. Usually in these experiments there are three pairs of possible/
impossible trials, alternating, with order counterbalanced across infants.
In these studies, infants look reliably longer at the impossible outcome
of one object than at the expected outcome of two (see Figure 2.3a for
typical data; Xu & Carey, 1996). These are the only actual data (the
numbers) from an infant violation-of-expectancy looking-time study I will
present in this book. (For most experiments, I present the pattern of data
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Figure 2.3. Ten-month-old infants’ looking times during the test trials in the
split-screen spatio-temporal continuity study (Xu and Carey, 1996). Reprinted
from Xu, F., & Carey, S. (1996). Infants’ metaphysics: the case of numerical identity.
Cognitive Psychology, 30, 111-153, with permission from Elsevier.

only qualitatively.) I present the numbers here to illustrate for those of you
who have never read a technical paper using this method what exactly is
meant when [ say that infants looked longer at one type of outcome than
at another (truth in advertising). Notice that the difference in looking
times to the expected outcome (two objects) and the impossible outcome
(one object) is small—less than 2 seconds, averaging across the 16 babies
who were tested. Still, this is a very reliable result. Of 16 babies, 13 showed
this pattern, and those who looked longer at the expected outcome showed
a smaller difference in looking times between the two outcomes than did
those who looked longer at the impossible outcome. Statistical analyses
allow us to distinguish this pattern of data from random responding. Fur-
thermore, this very pattern of data has been replicated many times. All of
the looking-time studies I use for my arguments in this book have these
characteristics: reliable and replicable differences in looking times between
the expected and unexpected outcomes.

Of course, one must consider alternative explanations for any given

pattern of results. In this case, perhaps infants are not representing the
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path of the object(s) emerging from behind the screen at all. Perhaps the
most salient aspect of these arrays during the familiarization part of the
experiment is that there are two screens. The preference for one object in
the outcome arrays might be a novelty preference: an array of one object
is more novel, relative to the two-screen familiarization arrays, than is an
array of two objects. This alternative hypothesis requires that infants
distinguish arrays of one object from arrays of two objects, but it does not
require that they represent the objects as continuing to exist behind the
screen, nor that they use evidence regarding spatio-temporal continuity
as a basis for computations concerning numerical identity.

A control for this alternative is to show the object appearing in the
gap during familiarization (Figure 2.2b). The simplest interpretation of
this event is that it involves a single object going back and forth behind
the screens, and indeed, that is the interpretation 10-month-old infants
apparently prefer. When the screen is removed and the outcomes
revealed, infants now look longer at the two-object outcomes than at the
one-object outcomes (Figure 2.3b). The differentiation of patterns of
looking in the discontinuous event and the continuous event shows that
infants indeed analyzed the paths of the object(s) emerging from behind
the screens and established representations of two objects in the two-
object events on the basis of spatio-temporal discontinuity.

The original experiment using this design was carried out by
Elizabeth Spelke and her colleagues with 4-month-old infants. Andréa
Aguiar and Renée Baillargeon (1999, 2002), using essentially the same
method, have shown that 2-month-old infants also expect objects to
move on spatio-temporally continuous paths, even through occlusion.

Karen Wynn’s (1992b) famous “addition/subtraction” experiments
support the same conclusions: that infants use evidence of spatio-temporal
discontinuity as a basis for individuating objects, and that they represent
hidden objects as existing behind screens. Wynn used the violation-of-
expectancy looking-time paradigm to explore whether infants could
update a representation of a hidden object or objects when additional
objects were added or subtracted from the set. Her first study tested
s-month-oldson 1 + 1 =2o0r1,2—1=2o0rT,and 1+ 1 =2 or 3}
events. Take T + 1 = 2 or T as an example. The familiarization events
were as in the top panel of Figure 2.4a. Infants watched as a single object
was placed on an empty stage, and a screen was rotated up that hid the
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object. Then the infants watched as a hand brought in a second object and
as the hand was withdrawn empty. The screen was then lowered,
revealing either the expected outcome of two objects, or the unexpected
outcome of one object. Looking times to outcomes of one and two
objects in this condition were contrasted with those from the 2 — 1 =2 or
1 condition (Figure 2.4b, in which case, the two-object outcome is
unexpected and the one-object outcome is expected). Infants’ patterns of
looking were different in the two conditions; in the subtraction condition
they looked reliably longer at the two-object outcome, whereas in the
addition condition they did not. Wynn also found that infants succeeded
in the 1 + 1 = 2 or 3 condition, looking longer at the unexpected
outcome of three objects. Infants’ attention is drawn whenever any
number of objects other than precisely two is revealed aftera 1 4 1 event.’

The implications of these results for our understanding of infants’
representation of number will be explored in chapter 4; here, I wish to
emphasize their implications for the Quinian/Piagetian position. To
succeed on Wynn’s tasks, infants must represent the object as continuing
to exist behind the screen. Furthermore, because the objects are physi-
cally identical, the child must use spatio-temporal evidence as a basis for
individuation; the infant has no other information relevant to whether
the second object is numerically distinct from the first. In the 1 4 1 event,
the infant must represent the object behind the screen, use the fact that
the object being introduced in the hand is spatio-temporally distinct from
that one, and thereby take it to be a numerically distinct object, and
update the representation of the hidden array by including a represen-
tation of a second hidden object.

Not only do these experiments reveal that infants expect objects to
be spatio-temporally continuous, they also show that infants’ object
representations are governed by criteria for individuation and numerical
identity. Contrary to Quine, infants command the logic of divided ref-
erence before they have learned the quantificational apparatus of their
natural language; they distinguish one object seen on different occasions

from two numerically distinct objects.

Aside: Why Do Infants Fail on Search Tasks?

Remember, Piaget’s evidence that infants do not represent objects as
continuing to exist in the absence of current sensory evidence of them
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Figure 2.4. Diagram of Wynn (1992) addition/subtraction paradigm. 1 + 1
condition and 2 — 1 conditions. Redrawn from Wynn, K. (1992b). Addition and
subtraction by human infants. Nature, 358, 749—750, with permission from
Macmillan Publishers Ltd.
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was that they failed to retrieve them when hidden. But I have just
reviewed the evidence that by 2 months of age, at least, infants represent
objects as spatio-temporally continuous, tracking individual objects
through space and time, even when occluded. Why then, do they fail in
search tasks like the simple object-permanence tasks or the versions that
reveal the A-not-B error?

There are two broad types of explanations for the failure on
Piagetian tasks in the face of success on the looking-time tasks, and these
are not mutually exclusive. First, any problem we set before an infant
requires many different capacities. A failure on a given task may reflect
the lack of some capacity other than the one that is the target of our
interests. For example, many researchers have noted that the Piagetian
tasks differ from the looking-time studies in requiring means-ends
planning and various executive functions supported by the frontal cortex
(maintaining a representation in short-term memory, inhibiting com-
peting responses). These processes have a developmental course that is
partly independent of the capacity to represent objects. The second
explanation for earlier success on the looking-time tasks than on the
reaching tasks begins with the observation that the capacity to represent
some aspect of the world is not an all-or-nothing matter. Representations
are graded in robustness or strength, are constructed in real time, and are
subject to multiple interacting influences during the processes of con-
struction (Munakata, McClelland, Johnson, & Siegler, 1997; Thelen,
Schoner, Scheier, & Smith, 2001; Uller, Carey, Huntley-Fenner, & Klatt,
1999). These interacting influences guarantee that success on a wide
range of tasks all putatively drawing on a common representational
capacity will be task-dependent. Furthermore, there are many different
visual and motor maps of the world in the nervous system, and it is
possible that the representations that play a role in guiding search differ in
some respects from those that guide eye movement. For example, Yuko
Munakata and her colleagues suggested that it is possible that more robust
representations are required to support reaching than to evaluate con-
sistency of visual models of the world.

Although it is easy to see how explanations like these might account
for failures on some tasks in spite of the infants’ having the representa-
tional capacity seemingly needed for those tasks, it is not easy to find

evidence for any particular version. It is not impossible, though. For the
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sake of illustration, let’s see how some of these ideas play out in under-
standing the developmental course of the A-not-B error, which wanes
between ages 8 and 12 months or so.

Possible Explanation 1: Frontal Cortex Maturation

Adele Diamond and Patricia Goldman-Rakic oftered an explanation of
the first type—of the failure of young infants in the A-not-B task, in spite
of the capacity to individuate and track objects through occlusion—in
terms of a lack of a necessary prerequisite for task performance (Diamond,
1991; Diamond and Goldman-Rakic, 1989). Diamond and Goldman-
Rakic began with the observation that the A-not-B task closely resembles
a task used to diagnose frontal lobe function in monkeys—delayed
response (DR). In DR, an item (usually food) is hidden in one of two
wells, a delay is imposed in which the animal is not allowed to orient
toward the correct well, and the animal is then allowed to search for the
item. As in the A-not-B task, a crucial determinate of success in DR is
whether the food in the immediately previous trials was hidden in the
same well as in the current trial or the opposite one.

There is massive evidence for frontal lobe involvement in DR.
Lesions in prefrontal cortex (specifically dorsolateral prefrontal cortex) of
adult monkeys disrupt performance in DR tasks. Monkeys with such
lesions can still succeed at the task when there is no delay, but performance
falls apart at delays as short as 2 seconds. Lesions in other memory or visual
systems (such as the hippocampus or parieto-temporal areas) do not affect
DR. Also, there is excellent evidence for a maturational contribution to
the development of DR during infancy. In Rhesus monkeys, 1.5-month-
old infants perform on DR as do adults with lesions in the dorsolateral
prefrontal regions. Between this age and 4 months of age, the delay that
can be tolerated increased from 2 seconds to 10 seconds or more;
4-month-old infant Rhesus monkeys perform as well as do adults with
intact prefrontal cortex. That maturational changes in prefrontal cortex
play some role in this improvement is shown by the fact that lesions in this
area at 1.5 month preclude the developmental improvement in DR, and
the same lesions at 4 months have the same effect on performance on DR
as do such lesions in adulthood—to wit, they disrupt so that performance
falls to the level of 1.5-month-old infants.
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Diamond and Goldman-Rakic suggested that the maturational
change in prefrontal dorsolateral cortex taking place in infant Rhesus
monkeys between ages 1.5 and 4 months occurs in infant humans
between ages 7.5 and 11 months, and it at least partially underlies the
developmental changes seen in Piaget’s Stage IV of the object concept.
Diamond gave the same version of the A-not-B task to human infants at
this age, to infant Rhesus monkeys, and to adult Rhesus monkeys who had
been lesioned in the prefrontal dorsolateral cortex. She found that the
developmental changes in human infants matched, in parametric detail,
those of the monkeys, except that the development was a bit slower
in humans (over 2.5 months in monkeys, over 4.5 months in humans).
In both species, the delay at solving the A-not-B task increased from
2 seconds at the youngest age to 10 seconds or more at the oldest age. In
both species, errors were predominantly on trials in which the correct
choice differed from the correct choice on the previous trial (i.e., switch
trials). In both species, details of the infants’ behavior on the switch trials
suggest they represented where the objects was; sometimes they did not
even look in the well they had uncovered before reaching for the correct
well, and sometimes they stared at the correct well even as they reached
for the incorrect one. These behaviors occurred at comparable rates in
the two species. Finally, the adult Rhesus monkeys with lesions in the
prefrontal dorsolateral areas, as expected, failed the A-not-B task at delays
over 2 seconds (like the 1.5-month-old Rhesus and the 7.s-month-old
humans), and made errors predominantly in the crucial switch trials in
which the bait was placed in a different well from that of an immediate
preceding successful trial.

Diamond concluded that immaturity of dorsolateral prefrontal cor-
tex contributes to the 7.5-month-old’s failure on the A-not-B task.
Seeking convergent evidence for this conclusion, she reasoned that if
maturation of the structure underlies the parametric improvement on this
task between ages 7 and 12 months of age, then other tasks that diagnose
prefrontal dorsolateral function in primates should show a parallel course
of development. She confirmed this prediction in a series of studies of
babies reaching for objects in transparent Plexiglas boxes. Problems of
difterential difficulty are posed for the infant as a function of where the
opening of the box is placed. Young infants (7.5-month-old humans,

1.s-month-old Rhesus) cannot solve this problem unless the direct line of
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sight between the infant and object is through an opening. If the opening
is to the side, for example, infants of both species of these ages keep
reaching directly for the object, hitting the Plexiglas wall, and trying
again and again until giving up in frustration. Diamond charted a series of
stages infants between 7.5 and 12 months go through before complete
success at this task; and she showed that infant Rhesus monkeys go
through parallel stages between ages 1.5 months and 4 months, and that
adult Rhesus monkeys with lesions in prefrontal dorsolateral cortex fail at
this task, performing like 1.5-month-old infants of their species.

There is no obvious conceptual similarity between the A-not-B task
and the Plexiglas box task. In the former, the object is hidden, and
memory is a critical component (performance is a function of delay). In
the latter, the object is visible through the box, so memory plays no role
whatsoever. What unifies these two tasks is their reliance on an intact,
functioning dorsolateral prefrontal cortex. Functionally, it is likely that
the aspect of executive function being tapped in both tasks involves
inhibiting a prepotent response (reaching along the direct line of sight in
the Plexiglas box task, repeating the previously successful reach in the
A-not-B task). Also, the prefrontal cortex is crucially involved in working
memory, a critical component of the A-not-B task. Diamond argues that
these are aspects of executive function supported by the prefrontal cortex,
and these are not required in the violation-of-expectancy looking-time
studies. Diamond’s work gives us evidence that the A-not-B error does
not reflect a limit in the infant’s representation of objects as spatio-tem-
porally continuous, continuing to exist when occluded but, rather,
reflects immature executive function that limits the means/end problem

solving of infants under 1 year of age.

Possible Explanation 2: The Dynamic Systems Account

In a series of influential writings, Esther Thelen, Linda Smith, and their
colleagues have discovered several new phenomena and have systema-
tized the empirical literature concerning the A-not-B error (e.g., Smith,
Thelen, Titzer, & McLin, 1999; Thelen et al., 2001). They argue that the
error could arise from complex interactions among the multifaceted
processes that enter into motor planning, processes that unfold over

time. Thelen, Smith, and their colleagues stress that whether the infant
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makes the error or not is dependent on many factors, such as how
many repetitions of hiding at A before the switch to B, the delay, the
salience of the object, the distinctiveness of the two locations, whether
the infant is in the same position during the A trials and the first B trials,
and so on. Their model makes such novel predictions (which have been
confirmed) as that the probability of the error will decrease if the child
changes posture between successive trials!

In Thelen’s model of motor planning, three distinct representations
are built up over time, each having its own dynamics (rate of buildup,
capacity for stability and self~maintenance, time course of decay), and
they interact in a common motor workspace to create a plan to reach to
A or B (or neither). The three distinct representations are (I) a repre-
sentation of the task environment (that establishes the locations of A and
B, and maintains them as distinct or as equally or differentially salient);
(2) a representation of the cued location of a given trial; and (3) a
representation of the previous movements, in which this representation is
influenced by the entire history of movements, highly weighting the
most recent ones. These representations are integrated in the process of
planning a movement; a movement to A or to B ensues when a threshold
of activity in the motor workspace is reached. The various context effects
discovered and reviewed by Thelen and Smith are modeled in terms of
parameters that influence the dynamics of the formation and mainte-
nance of each of the three types of representations in motor space, and
the developmental change between 8 months (A-not-B errors likely at
delays greater than a few seconds) and 12 months (A-not-B errors
unlikely, within a wide range of task parameters, at delays as long as
10 seconds) is modeled in terms of a change in a parameter called
cooperativity. Cooperativity reflects the differentiation within motor
space and the capacity for creating and maintaining a stable representation
of the cued location.

Although Thelen and Smith’s account differs from Diamond’s in
many respects, both place the A-not-B error in the context of the inter-
action of two different memories: memory for the cued location (or for the
object’s location) and memory of the past action. Memory of the past
action has a much longer time course of decay, the limits of which, as
Thelen et al. point out, have not been systematically studied. If the pro-

cesses that form and maintain the short-term memory of the cued location
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are fragile, an A-not-B error is thereby likely to occur. In sum, Thelen and
Smith, on the one hand, and Diamond, on the other, agree that the A-not-
B error arises from the interaction of object or location representations
with other representations involved in the planning of a reach.

Thelen, Smith, and their colleagues draw what seem to be stronger
conclusions than those outlined in the first explanation. They sometimes
deny the usefulness of the construct object representation or even
representation at all. I find this puzzling. Their own model explicitly
depends on three different types of representations: the task context, the
cued location, and past acts. That these representations are formulated
over motoric space, that they evolve over time, and that they interact in
complex ways does not make them nonrepresentations.

Although these models of dynamic systems crucially depend on
representations, the representations in this case are certainly sensori-
motor ones. At other places, Thelen and her colleagues argue that it
does not make sense to ask when infants “have” representations of
objects. They claim that this is a badly mistaken question because
representations are always manifested in behavior and thus their
expression is always subject to the dynamic interaction of many different
processes. This is undoubtedly true, and I will often rely on this fact in the
pages to come (e.g., in explaining infants’ failures on A-not-B tasks in
spite of their capacity for object representations!). But this observation
does not discharge the responsibility to account for the origin of the
capacity to represent objects. Either this capacity is innate or it is built by
some learning process, and such a learning process would necessarily
occur at some particular point in time.

It is true that representations of objects play no role in Thelen and
Smith models at all. The representations are representations of locations,
with strengths determined by stimulus salience and dynamic factors. The
only possible role for perceptual representations of the objects is that
their salience might affect the degree of activation of the location in which
they were hidden. In support of the claim that representations of objects
are playing no role in this task, Smith and her colleagues discovered that
infants will reach into the containers even when there are no objects in
them, and that merely waving one of the visible lids, or touching it, would
induce a reach into a particular one. That is, a wave or a touch would serve

as a specific cue to a location on a particular trial (Smith et al., 1999).
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It is not surprising that a model of the last stages of planning a reach is
formulated in a motor workspace that includes representations of loca-
tions, but it is also unlikely that a full model of the dynamics of the
planning, memory, and motivational processes that interact in deter-
mining a reach can dispense with representations of the goal of the reach
—a particular object. Could it be true that representations of specific
unseen objects do not ever guide reaches at the ages of children of the age
of the A-not-B error? I think not.

My colleagues and I have recently developed a search task that can be
used to explore object representations in 10- to 12-month-old infants.
Several studies using this method demonstrate that representations of
objects guide the reaches of 10- to 12-month-old infants (Feigenson &
Carey, 2003; Van de Walle, Carey, & Prevor, 2000). In this task, infants
are introduced to a box into which they can reach but cannot see. We
measure infants’ search behavior as a function of what they have seen
placed into the box. For example, on some occasions infants see two
objects placed into the box and on other occasions they see only one
object placed inside, after which the box is handed to the baby. There is
always only one object in the box (the other having been surreptitiously
removed on the two-object trials). The infant reaches in and retrieves the
object, and the measurement period of interest is that which follows.
Does the infant demonstrate, by his persistence of search, that he
represents a second object inside it? Success on this task is longer
searching on two-object trials because there should be a second object in
the box than on one-object trials because the only object the child saw
emerging from the box has been retrieved. Both 10- and 12-month-olds
succeed in this version of the task. Apparently, infants of this age can
represent the difference between one and two objects being in the box,
and their reaches into the box are guided by representations of the objects
hidden within it. Thus, a full model of the planning process must contain
representations of the hidden objects themselves, not only the locations
to which the child will reach.

Although I have criticized Thelen and Smith’s arguments against
mental representations in general, and their claims that it does not make
sense to ask whether infants’ “have” representations of objects, their
models provide insight into why infants with the capacity to represent
hidden objects make at the A-not-B error. Both Thelen and Smith’s
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work and Diamond’s provide detailed accounts of the complex processes
involved in tasks that are used to characterize infants’ representational
abilities (in this case, in Piagetian search tasks). Variables that influence
these processes can produce apparent failures on a given task even if
the representational capacity in question is in place. Of course, positive
evidence for that capacity is still required; in the present case, the positive
evidence that young infants have the capacity to form representations
with the content object derives from the looking-time studies reviewed
above.

Are Object Representations Innate?

I have argued that very young infants represent objects as spatio-
temporally persisting. The computations through which young infants
establish representations of objects embody criteria of individuation and
numerical identity. Contrary to Quine, a child does not need the ladder
constructed from the explicit quantificational devices of natural language
in order to create representations of objects that divide reference, that
distinguish between the same one and a different one. Contrary to Piaget,
a child does not need the full period of sensori-motor development (until
18 to 24 months) to create representations of enduring objects that exist
even when the child has no direct perceptual access to them. Quine’s and
Piaget’s specific accounts of the origin of the capacity to form object
representations cannot be right.

Still, the youngest age of participants in the violation-of-expectancy
looking-time studies reviewed so far in this chapter is 2 months. Is it
possible that younger babies’ representations are formulated over sensory
or perceptual primitives? Could the capacity to represent and quantify
over objects displayed in these looking-time experiments be built
between birth and 2 months of age? In the last pages of this chapter, I
present arguments that convince me that perceptual input analyzers that
yield representations of objects are most likely innate.

This question is particularly trenchant because there is one piece of
evidence from a looking-time paradigm that suggests that the capacity to
compute object representations is not innate. The phenomenon in

question is the capacity for amodal completion of single objects, two ends
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of which protrude from behind an occluder (see Figure 2.sa). This
phenomenon differs from those discussed so far in this chapter, for it does
not concern when infants represent whole objects that disappear behind
barriers as continuing to exist there. Nonetheless, at issue are the pro-
cesses that result in object individuation. Under what circumstances,
if any, does the infant establish a representation of a single, spatio-
temporally continuous (i.e., connected throughout) object extending
behind the barrier, rather than two numerically distinct objects? Philip
Kellman and Elizabeth Spelke used the violation-of-expectancy looking-
time method to answer this question (Kellman & Spelke, 1983). They
found that if the visible ends of the occluder move together, 4-month-
old infants establish a representation of a single object, as shown by the
fact that upon removal of the barrier, they look longer if a broken rod
(Figure 2.5b) is revealed than if a continuous rod (Figure 2.5c¢) is revealed.

Building on this work, Scott Johnson and Richard Aslin have shown

N

Figure 2.5. Diagram of stimuli for the Kellman & Spelke (1983) broken rod
experiments. a: habituation stimulus (rod moves back and forth behind the screen). b:
two rod outcome. c: single-rod outcome. Redrawn from Kellman, P. J., & Spelke, E.
S. (1983). Perception of partly occluded objects in infancy. Cognitive Psychology, 15(4),
483—524, with permission from Elsevier.
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that 2- to 4-month-old infants are sensitive to almost all of the same
information that adults are in computing representations of a single rod in
this situation, but that 2-month-olds need more redundant information
than do 4-month-olds (Aslin & Johnson, 1996; Johnson & Aslin, 1995).

Newborns, however, are different. Alan Slater and his colleagues
found that newborn infants display the opposite pattern of looking times
(Slater, Morison, Somers, Mattock, & Brown, 1990). Habituated to the
array in Figure 2.5a, they look longer at the completed rod (Figure 2.5c)
than at the broken rod (Figure 2.s5b), as if the former were a novel
stimulus for them. Slater’s findings have been taken to show that between
birth and 2 months of age, infants learn that common motion of two
visible portions of objects protruding from behind a barrier is likely to be
part of one and the same object.

There are, however, alternative explanations for the neonate’s failure
in the face of 2-month-olds’ success, other than that the processes that
create object representations are constructed through learning in the first
two months of life). Just as Diamond argued in the case of developmental
changes in the A-not-B error, it is possible that maturation of capacities
other than those that create object representations per se underlie the
change between newborns and 2-month-olds. Alternatively, it is possible
that neonates need more redundant information still, compared to
2-month-olds, just as 2-month-olds do compared to 4-month-olds, for
amodal completion, and that the pattern of looking reveals a familiarity
preference rather than a novelty preference. Upon meeting the habitua-
tion criterion, the neonates may still be in the process of building the
representation of a single object.

How might we decide between an explanation of the developmental
change that involves learning that a single object is likely to be found
behind the barrier and one that involves developmental changes in
processes that are inputs to an innate computational device? Three
empirical considerations lead me to favor the nativist view that the
capacity for amodal completion is the product of evolution and it does
not have to be constructed through learning processes.

First, it is not hard to imagine ancillary capacities that might await
development before infants can succeed at completing the rod behind the
barrier. They must notice the correlated motion of the two ends of the

rod: this is the input to the computation that creates a representation of
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the single rod. Young infants have a notorious difficulty deploying their
attention. Two sources of data suggest that one problem faced by very
tiny babies is just this failure to notice the correlated motion: Two-
month-olds are less likely to complete the rod behind the barrier if
the barrier is wider, and increasing width plausibly makes it more difficult
to notice the common motion (Condry, Smith, & Spelke, 2001). Con-
firming the necessity of doing so, eye-tracking studies show that
3-month-olds complete the rod only if they scan between the two ends
of the rod during familiarization (Amso, Davidson, & Johnson, 2005).
The Amso et al. study showed that young infants’ attention is captured by
the motion of one portion of the rod along the edge that specifies
the occluder.

Second, even stronger than evidence consistent with some possible
way of explaining away a failure is positive evidence that neonates have
the capacity. A recent study of neonates presented the stimuli strobo-
scopically, showing the end points of the movement only and thus
removing interference from the encoding of relative motion along the
edges. The neonates generalized habituation to the complete rod, just as
do 2-month-old and older infants (Valenza, Gava, Leo, & Simeon, 2004).
Thus, amodal completion appears to be innate in humans.

Finally (and this is indirect evidence), the capacity for amodal
completion is innate in chickens (Regolin & Vollortigara, 1995). Neonate
chicks imprinted on a red triangle, partially hidden behind a barrier, huddle
next to a completed triangle, rather than on a broken one, the first time the
barrier is removed (Figure 2.6). These newborn chicks had no opportunity
to learn what stimulus conditions predict a complete figure as opposed to a
broken one under these circumstances. Indeed, even the spatio-temporal
continuity implicated in object permanence is the output of innate per-
ceptual analyzers in chicks. Newborn chicks, imprinted on a ball, which
have never in their lives seen any object go behind a barrier (and thus could
not have learned about spatio-temporal continuity), search behind a screen
for the ball the first time it disappears there. They even avoid the A-not-B
error! Of course, that object permanence is innate in baby chickens does
not mean it is innate in human babies. Nonetheless, these studies provide
an existence proof that it is possible for the capacity to represent objects as
spatio-temporally continuous, even under conditions of occlusion, to be

manifest without learning.
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Figure 2.6. Preference for the complete (or amodally complete) stimulus of each
comparison pair. Group means +/- standard error depicted. From Regolin &
Vallortigara, 1995. Regolin, L., & Vallortigara, G. (1995). Perception of partially
occluded objects by young chicks. Perception & Psychophysics, 57(7), 971—976.

Reprinted with permission from Psychonomic Society, Inc.

Even if we did not have these empirical results in hand, other
considerations would bear on deciding between the learning account of
the change in performance between o and 2 months of age and the
alternatives. Those who favor a learning account of the change between
birth and 2 months of age need to sketch one. Quine’s linguistic boot-
strapping process was his answer to this question, and that hypothesis is
already ruled out by the existence of object representations and the
capacity for divided reference in clearly prelinguistic infants. What
learning process could create representations of complete objects that
persist behind barriers taking only perceptual primitives as input?
Similarly, how could infants learn that whole objects that disappear
completely behind barriers continue to exist there? It is easy to see how

infants could learn statistical regularities stated over perceptual and
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spatio-temporal primitives—noting that certain patterns of occlusion
predict certain patterns of reappearance, for example, or that certain
patterns of common motion predict spatio-temporal continuity of the
elements that are moving together. Statistical analyses—for example, of
the sort so well modeled in connectionist architectures—could accom-
plish such learning; and indeed, there are successful models that do just
that (e.g., Munakata et al., 1997; Mareschal, Plunkett, & Harris, 1999).
However, these generalizations are not stated over object representations.
Furthermore, even if they were, they would not constitute representa-
tions of object permanence unless the system represents the object as the
same one that went behind the barrier. As Gary Marcus (2001) points out,
either the current simulations cannot do so or they build in this capacity
from the beginning, thus accomplishing interesting learning, but not the
learning of spatio-temporal continuity itself . Similarly, even if general-
izations about common motion and connected, filled spatial regions were
learned, they would not constitute amodal completion of an object unless
they represented the completed object as the same one as unites the parts
that had been visible before. If it is true that object representations cannot
be expressed in a sensori-motor or perceptual vocabulary, there is a
serious learnability issue of how they could be learned from statistical
generalizations over that vocabulary.

The debates over whether connectionist models could take per-
ceptual input and construct representations of objects that embody cri-
teria of individuation and numerical identity engage the learnability issue
in just the right way. Any learning model that could accomplish this feat
would defeat in principle a learnability argument that object repre-
sentations cannot be built from perceptual primitives. It is still an open
question whether one can imagine, in principle, a learning mechanism
that could accomplish the task. Of course, even if we could imagine one,
we wouldn’t know that we were right. It would still be a logical and
empirical possibility that object representations are innate in human
infants, just as representations of the night sky are innate in nestling
indigo buntings. A proposal for a plausible learning mechanism would be
an important first step toward an empirical investigation of whether
object representations could be built from perceptual primitives, for such
a proposal would certainly make testable empirical predictions. But even

a successtul proposal for a plausible learning mechanism would not
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settle the issue; we’d still have to see whether learning in fact proceeds
in the hypothesized manner.

In the following pages, I appeal to learnability considerations, as well
as evidence that capacities are innate in other species, in my arguments
that a given representational capacity might be innate in humans. I also
appeal to one additional type of empirical argument. One source of
evidence concerning the content of the representations that underlie
infants’ performance in any given task is their inferential role. What
inferences are embodied in the constraints under which infants apply
these representations in ambiguous situations? Elizabeth Spelke has
specified principles other than spatio-temporal continuity that constrain
young infants’ representations of three-dimensional objects, and has
pointed out that the principles, in concert, determine still other con-
straints on object interactions. For example, Spelke notes that infants
represent objects as bounded and what she calls coherent (filled in at
every point), as well as continuously persisting. These two principles
(continuous spatio-temporal persistence and coherence) entail that one
solid object cannot pass through another. For object A to pass through
object B, object B would have to be noncoherent (like water), or object
A would have to dematerialize upon hitting object B and rematerialize
on the other side.

This set of interrelated constraints on infants’ representations will take
center stage in chapters 3 through 6. Here, I wish to illustrate how these
facts might bear on the nativist/empiricist debate with respect to the origin
of any target representational capacity. The idea is simple: if observed
developmental changes are accomplished by statistical generalizations over
sensory representations, one would expect it to be piecemeal, depending
on the statistical information available in the input. And certainly, much
learning in infancy is exactly of this sort. If, however, some developmental
changes result from the maturation of capacities that prevented anteced-
ently existing representations from being activated, one would expect that
as soon as these capacities mature, the full integrated representational
system would be manifest. Observation of the latter pattern supports the
nativist position. Here, I sketch how this argument might play out in the
case in question: whether object representations are innate or constructed
from sensory primitives. I ask whether infants provide evidence for sen-

sitivity to solidity at the same age as they first provide robust evidence of
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Open-container Condition

Closed-container Condition

Figure 2.7. Diagram of test trials in the Hespos and Baillargeon (2001) solidity experiment. Top panel, cylinder inserted into container open at the
top. Bottom panel, cylinder apparently inserted through solid closed top. Reprinted from Hespos, S., & Baillargeon, R. (2001). Reasoning about

containment events in very young infants. Cognition, 78, 207—245, with permission from Elsevier.
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amodal completion (Figure 2.5) and spatio-temporal continuity (Figures
2.1—2.4)—namely, at 2 months of age.

Three separate series of studies indicate that 2-month-old infants look
longer at events in which one object has apparently passed through the
space occupied by another than they do at otherwise identical events in
which object motions do not violate the constraint of solidity (Baillar-
geon, 1987; Hespos & Baillargeon, 2001; Spelke, Breilinger, Macomber,
& Jacobsen, 1992). To take just one example, Sue Hespos and Renée
Baillargeon showed one group of 2-month-old infants a hollow cylinder
and another group an identical cylinder closed on top (Figure 2.7). The
cylinder was then placed upright, such that the infant could not see the
top. A rod was then picked up and slowly inserted into the cylinder, a
possible event in the hollow cylinder case, violating solidity in the closed
cylinder case (for the rod would have to pass through the solid top). The
infants looked longer at the latter, impossible event. Recall that 2 months
is the earliest age at which infants are adultlike in the Kellman and Spelke
amodal completion paradigm and in the split-screen object individuation
paradigm. It seems that as soon as young infants are able to form object
representations under the conditions of these studies, their representations
are constrained to reflect boundedness and spatio-temporal continuity in
complex ways. It is unlikely that piecemeal learning of local statistical
regularities could accomplish the coherently interrelated representations

observed by 2-month-old infants.

Conclusions

I have argued here that the Piagetian/Quinian view of the young infant’s
representational capacities being exhausted by a perceptual similarity
space, or a set of sensori-motor primitives, is most probably wrong. The
argument had three steps. First, I argued that representations of object
cannot be stated in the vocabulary of perception. Second, I reviewed
some of the evidence that that young infants represent objects themselves
as spatio-temporally continuous, quantifying over these representations as
do adults. Third, I considered whether infants’ performance in the
experiments might better be explained in terms of generalizations stated
over a perceptual vocabulary. This is still a hotly debated issue, but
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evidence concerning the inferential role of infants’ representations,
together with learnability considerations, lead me to favor the richer
interpretation of the currently available data.

Grant, for the moment, that infants’ representations of the world
reflect an ontology of individuated, spatio-temporally continuous,
middle-sized, middle-distanced objects that interact with each other
according to the laws of contact causality. Grant, contrary to Quine, that
the capacity to quantify over objects is not a cultural construction and
does not result from a bootstrapping process that involves learning the
quantificational devices of natural language. Grant, contrary to Piaget,
that the capacity to represent objects as existing independently of the
child, as spatio-temporally continuous even through occlusion, does not
await the end of the sensori-motor period of development. Granting all
this still tells us little about what kinds of representations, what kinds of
knowledge, we are talking about. What is the format of representation?
What knowledge is explicit and what is embodied in the computations
carried out over explicit representations? What happens to infants’ rep-
resentational capacities in the course of development—how are they built
upon and how are they transformed? The core cognition hypothesis
stakes out a position on these issues. Chapters 3 through s spell out the
core cognition hypothesis, continuing with the example of object
representations (chapter 3), and then turning to number (chapter 4) and
agent (chapter s) representations. These chapters further differentiate
core cognition from perceptual representations and also begin to dis-

tinguish core cognition from intuitive theoretical knowledge.

NOTES

1. This aside draws heavily from the excellent discussion of the history of this
debate in Spelke & Newport, 1998.

2. No empiricist actually gave a definitional decomposition of the concept object
in terms of perceptual primitives—as Piaget and Quine saw clearly, this would be
impossible. Rather, what they had in mind was that our concept of object was
nothing but a set of associations between the different sensory impressions of the
objects of our experience.

3. As is the case with all of the experiments I draw on in my argument, Wynn’s
results have been replicated in many laboratories: With 4-month-olds, Simon,
Hespos, & Rochat (1995) and Koechlin, Dehaene, & Mehler (1998); with
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7-month-olds, Feigenson, Carey, & Spelke (2002); with 8-month-olds, Uller,
Carey, Huntley-Fenner, & Klatt (1999). Koechlin et al.’s study is particularly inter-
esting. The objects behind the screen were on a rotating plate, such that the infants
could not predict the spatial layout of the outcome arrays. This shows that infants
were not merely creating a model of the spatial array, and were reacting when there
was a new position occupied or when a previously occupied position was empty.
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Core Object Cognition

Chapter 2 challenged a widely shared assumption about the ontogenetic
origins of human conceptual understanding: the assumption that the
initial stock of human mental representations is limited to perceptual or
sensori-motor primitives. In this chapter, I begin to develop an alterna-
tive to the empiricist picture of the human initial state. To begin, let me
say that I have been influenced by the work of many psychologists,
especially Renée Baillargeon, Randy Gallistel, Rochel Gelman, Alan
Leslie, and Elizabeth Spelke." I agree with these writers that the cognition
of humans, like that of all animals, begins with highly structured innate
mechanisms designed to build representations with specific content. I call
these real-world content domains “core domains,” and I call the mental

structures that represent them “core cognition.”

What’s at Stake: Characterizing the Architecture of the Mind

Core cognition has several properties. First, core cognition has rich
integrated conceptual content. By this I mean that the representations in
core cognition cannot be reduced to perceptual or sensori-motor pri-
mitives, that the representations are accessible and drive voluntary action,
and that representations from distinct core cognition systems interact in
central inferential processes. Second, core cognition is articulated in terms
of representations that are created by innate perceptual input analyzers.
Natural selection has constructed these analyzers specifically for the
purpose of representing certain classes of entities in the world, and this
ensures that that there are causal connections between these real-world
entities and the representations of core cognition. Third, the perceptual
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analysis devices that identify the entities that fall under core domains
continue to operate throughout life. Core cognition is elaborated during
development because core cognition systems are learning devices, but it is
never rendered irrelevant. It is never overturned or lost, in contrast to
later developing intuitive theories, which are sometimes replaced by
subsequent, incommensurable ones. Fourth, systems of core cognition
are domain-specific learning devices (remember the indigo buntings
learning to identify the azimuth, cited in chapter 1). Fifth, some core
cognition (including that of objects) is shared by other animals. At least
some early developing cognitive systems in humans have a long evolu-
tionary history. And sixth, the format of representation of core cognition
is iconic rather than involving sentence-like symbol structures.
Understanding the mind requires characterizing its architecture—its
parts and their relations to each other. It is an empirical claim that there are
systems of representation that exemplify the six properties listed above.
Later-developing explicit knowledge differs from core cognition in every
single one of these six properties, so if the core cognition hypothesis is
correct, the theories all the way down hypothesis cannot be. Similarly,
because core knowledge is organized into distinct systems of representa-
tion for distinct domains of experience, it presents a different picture of
cognitive architecture from one that is exhausted by a developmentally
primitive vocabulary of perceptual features and domain-general learning
mechanisms, such as those captured in many connectionist architectures.
It is an understatement to say that not all researchers concerned with
the infant mind agree with my characterization of the initial state. The
hypothesis that young infants’ representational capacities include several
systems of core cognition—as core cognition is characterized in these
pages—is highly controversial. As mentioned in chapter 1, some of the
controversy derives from differences in scientific taste. Psychologists
are drawn to the empiricist characterization of the initial state, either as a
general theory (as in the case of Piaget or Quine), or in particular cases, as
when Les Cohen seeks to explain the development of causal repre-
sentations as learning contingencies among sensory primitives (Cohen &
Chaput, 2002), or as Yuko Munakata and her colleagues seek to explain
the development of object permanence in terms of learning contingencies
among sensory primitives (Munakata, McClelland, Johnson, & Siegler,
1997). Some of the controversy is empirical. Many people prefer leaner
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interpretations of the data I will offer in favor of core cognition, seeking to
explain them in terms of generalizations that infants have formulated over
sensory or perceptual primitives (e.g., Bogartz, Shinsky, & Speaker, 1997;
Haith, 1998; Haith & Benson, 1998). One goal I have in chapters 2
through 7 is to make the case for a richer picture of the initial state.
The core cognition hypothesis provides part of the solution to
our quest for the origin of human concepts, for it consists of systems of
innate conceptual primitives. But it also provides a challenge, for later-
developing conceptual knowledge differs so radically from it. Chapters 7
through 12 take on this challenge, explaining how human beings, and
only human beings, have the capacity to transcend core cognition.
Object representations exhibit all of the hypothesized properties of
core cognition; in demonstrating this I both illustrate the characteristics of
core cognition and give a sense of the evidence for it. Chapter 2 presented
arguments that object representations satisfy the first two properties of
core cognition: they are conceptual and they are created by innate input
analyzers. I will return to both of these features of core cognition in this
chapter as well; here, I concentrate on the other four. I begin with a
property of core cognition not emphasized at all in chapter 2: the
representations that articulate core cognition of objects continue to
operate throughout life. This feature is central to the core cognition thesis,
for it is one of the respects in which core cognition differs from explicit
theoretical knowledge. Theories change, sometimes radically, such that
even the deepest ontological commitments are revised. Indeed, theories
may and do overturn, at an explicit level, tenets of core cognition, even
while core cognition representations are also still computed. For example,
the belief that objects are made up of particulate matter is not part of core
cognition and even violates the solidity constraints discussed at the end of
chapter 2. Matter can and does pass through objects such as people and
tables, and anybody who has an understanding of modern physics knows
this. So what is the evidence, then, that core object cognition is constant,

in the face of changes in our explicit theories of objects?

Continuity

That infants and adults both apparently have representations with com-

mon content (e.g., object) is not sufficient to establish continuity. Both
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indigo buntings and human navigators have representations that refer to
the night sky and the azimuth, but we would hardly be tempted to think
that the representations of the two are identical. How do we individuate
systems of representations, so we can address the question of whether the
buntings’ representations of the azimuth are the same as a sailor’s—or that
infants’ representations of objects are the same as adults’?

The creation of any particular type of representation draws on par-
ticular input, and these representations enter specific computations over
that input. Those computations have peculiarities that leave traces in
behavioral data—traces I shall call “signatures.” The argument for con-
tinuity rests on identical psychophysical signatures across developmental
or evolutionary time.

Consider for a moment the problems that drive the work on adult
object representations. Sensory input is continuous. The array of light on
the retina is not segregated into individual objects. Yet distinct individuals
are provided by visual cognition as input into many other perceptual and
cognitive processes. It is individuals we categorize into kinds; it is indi-
viduals we reach for; it is individuals we enumerate; it is individuals
among which we represent spatial relations such as “behind” and
“inside”; and it is individuals that enter into our representations of causal
interactions and events. The study of the perceptual mechanisms that
create representations of objects individuated from the background has a
considerable intellectual history, at least back to the Gestalt psychologists,
continuing today in the study of mid-level object-based attention (see
Scholl, 2002, for an excellent tutorial review).

Object representations have a privileged role in human cognition. It
turns out that although attention may be directed to locations, it is often
the case that attention is allocated to individual objects that are traced
through time and space. These mid-level representations of objects are
stored in working memory and commonly called “object-files.” Daniel
Kahnemann, Anne Treisman, and Brian Gibbs (1992) coined this term in
a paper that reported experiments that demonstrated some of the
computational work object files do. They exposed participants to letters
in boxes, after which the boxes moved to new locations (see Figure 3.1).
The participants’ task was to say whether the letter that appeared in one
of the two boxes in the test trial had been one of the original two exposed
letters (which box it was in originally was to be irrelevant). What primed
(or interfered with) their judgment was whether the letter in the spatio-
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Figure 3.1. Schematic depiction of the design of the experiment by Kahneman,
Triesman, & Gibbs (1992) that introduced the term “object-file” into the literature.
Redrawn from Kahneman, D., Treisman, A., & Gibbs, B. (1992). The reviewing of
object files: Object-specific integration of information. Cognitive Psychology, 24,
175—219, with permission from Elsevier.

temporally defined object was the same or different from before, not
whether the letter’s location in space as the currently revealed letter was the
same or different from before. Apparently, the participants established
representations of individual objects (object-files) and bound features to
them (in this case, the identity of the letter contained within), the bound
features remaining in working memory as participants traced the identity
of the objects through time on the basis of their spatio-temporally
continuous paths.

Research on object-files and on object-based attention has yielded
three salient psychophysical signatures of the computations that create and
operate these representations. These signatures include: (1) privileging
spatio-temporal information over property/kind information in individ-
uation and computations of numerical identity; (2) a set-size limit on
the number of objects that may be simultaneously attended to and
represented in working memory (on the order of three or four); and
(3) the capacity to track individual objects through occlusion, with specific

spatio-temporal information distinguishing cessation of existence from
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occlusion. In what follows I first sketch the evidence for these signatures of
the processes that articulate mid-level object representations, and then 1
sketch the evidence that infant object representations reveal the same

processing signatures.

The Signatures of Adult Mid-Level Object Cognition

The two literatures—that on mid-level object-based attention (mid-level
because the representations fall between low-level sensory processing and
high-level placement into kind categories) and that on object repre-
sentations in infancy—involve parallel problems, including uncovering
the bases of object individuation and numerical identity. Establishing
continuity is complicated by the existence in adults of at least two distinct
representational systems that underlie object individuation. One is fully
conceptual, and is the kind-based system that we draw upon when we
decide that a person ceases to exist when she dies, in spite of the con-
tinued existence of her body, or that a cup seen on a counter on Monday
cannot be numerically identical with a cat seen there on Tuesday. The
second is the mid-level visual system that assigns spatio-temporal indexes
to attended objects and creates object-files. It is this second system that is
identified with object representations in young infants, and it is this
second system that is characterized by the signature property of almost
exclusive reliance on spatio-temporal features (relative to property/kind
features) in object individuation and computations of numerical identity.

Figure 3.2 illustrates the operation of the two systems in establishing
numerical identity. Imagine that you lose perceptual contact with the
scene in Panel A, and return § minutes later to view the scene depicted in
Panel B. How would you describe what has happened? I assume you
would say that the rabbit has moved from above and to the left of the circle
to below and to the right of it, while the bird has moved from the bottom
left to the top right. That is, you would report the movements of the
individuals as in Panel C. In this account, numerical identity is being
carried by kind membership; it is the rabbit and the bird each of whom you
assume has moved through time. The conceptual, kind-based system of
individuation is responsible for establishing the object tokens in this case.

Now, imagine that the center is now a fixation point, and Panels A and B
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Figure 3.2. Two competing bases of solving the problem of numerical identity. The
problem is which individual in Panel A is the same individual as which individual in
Panel B. If numerical identity is traced relative to kind or property, one sees a rabbit
and a bird moving diagonally (Panel C). If numerical identity is determined by

minimizing the total amount of motion, one sees two cases of a rabbit turning into a

bird or vice-versa (Panel D).

are projected one after the other onto a screen while you maintain fixation
on the common point. If the timing of the stimuli supports apparent
motion, which individuals do you see in motion? Rather than seeing a bird
and a rabbit each moving diagonally, you see two individuals each
changing back and forth between a black bird-shaped object and a grey
rabbit-shaped object as they move side to side, as in Panel D.

The visual system that computes numerical identity of the objects
that undergo apparent motion in cases such as this works to minimize the
total movement even if the result is a change in kind. This system takes
into account property or kind information only when spatio-temporal
considerations are equated (see Nakayama, He, & Shimojo, 1995, for a
review). The mid-level object tracking system is responsible for estab-
lishing the object tokens in the case of apparent motion, and it settles on
a different solution than does the kind-based system. That is, one of its
signatures is that it privileges spatio-temporal information over kind or
property information in computations of object individuation and

numerical identity.
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Convergent evidence for this signature of object-based attention
derives from a fruitful paradigm developed by Pylyshyn and his
colleagues (Pylyshyn, 2001; Pylyshyn & Storm, 1998): multiple object
tracking, or MOT. In these studies, participants are shown a display, as
in Figure 3.3, consisting of many individual figures (e.g., eight in
this example). A subset of these figures are highlighted (four, in this
example), indicating the set that the participant is to track, and then
those again become indistinguishable, in terms of features, from the rest.
The entire array is then put into motion; the objects move randomly
and independently from each other, and the observers’ task is to keep
track of the attended set. After a period of tracking, the motion is
stopped and the observers must indicate which individuals constituted
the attended set. Consistent with the claim that object tracking is
based on spatio-temporal continuity, and that feature changes do not
cause the opening of new object-files, object tracking in the MOT
studies is not disrupted by the indexed objects’ changing color, size,
shape, or kind during their motion.

Additionally, a recent study by Brian Scholl and his colleagues
(Scholl, Pylyshyn, & Franconeri, 1999) underscores the primacy of
spatio-temporal information in the establishing and tracking of object-
files. In the MOT paradigm, if the motion of all the objects is stopped, at
which time one of the tracked objects disappears, the participants can
indicate that object’s last seen location and direction of motion. But if

objects are changing properties during tracking, participants are not

Figure 3.3. Schematic depiction of the design of Pylyshyn’s Multiple Object
Tracking experiments. Figure from Pylyshyn, Z. W. (2001). Visual indexes, pre-
conceptual objects, and situated vision. Cognition, 80(1—2), 127—158, with permission

from Elsevier.
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aware of the last seen color or shape of a tracked object. Not only is
spatio-temporal continuity the basis of tracking, but also participants have
conscious access to the spatio-temporal address of a currently attended
object, though not always to other features of the indexed object.

MOT studies also provide empirical support for the two other
signatures of mid-level object representations mentioned above. First,
the original studies found that the number of objects that may be
tracked in parallel is sharply limited. Performance is excellent when sets
of one, two, three, and sometimes four objects are tracked, but it falls
apart thereafter. This is part of the empirical basis for the claim that there
is a limit to the number of indexes that may be assigned at any one time,
although later studies suggest that the sharp limit of four objects
represented in parallel may be better thought as a limit on working
memory rather than a limit on attentional indexes (Alvarez & Franco-
neri, in press). Second, tracking in the MOT paradigm illustrates the
third psychophysical signature as well: it is not disrupted by barriers that
occlude the tracked entities, so long as they disappear at the barrier, as
would real objects’ going out of sight by regular deletion along the
leading contour and reemerging from the other side by regular accretion
along the opposite contour. If they pop out of existence, popping back
into existence when their trajectory would have taken them to the
other side, or if they shrink to nothing concentrically to a point as they
approach the barrier, expanding from a point on the other side, tracking
is totally disrupted. The system of mid-level object-based attention
distinguishes an object’s going behind an occluder from the point of its
going out of existence and being replaced by another object’s coming
into existence (Scholl & Pylyshyn, 1999).

Another fruitful paradigm—change detection—provides data that
support the signature set-size limit on mid-level object representations.
Participants are shown a small array of objects, as in Figure 3.4, for a
fraction of a second. After a delay of a second or more, a second array is
displayed, identical to the first one or differing in only one feature on just
one of the objects. The task is to detect the changes that occur. Parti-
cipants can detect the changes in arrays of one to three or four, after
which performance falls apart. This is true independently of the number
of features that might vary. The limit is three to four objects, even if the
objects differ in only one feature (e.g., shape, as in Figure 3.4) and if only
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Figure 3.4. Schematic depiction of the Luck and Vogel change detection paradigm.
Redrawn from Vogel, E. K., Woodman, G. F., & Luck, S. J. (2001). Storage of

features, conjunctions, and objects in visual working memory. Journal of Experimental

Psychology: Human Perception and Performance, 27(1), 92—114, with permission from

American Psychological Association.

that feature changes between arrays (i.e., the shape of one of the entities).
The limit is exactly the same (three or four), even if the objects differ in
color, size, shape, orientation, or presence/absence of an internal hole,
and any of these features can vary on changed arrays (Vogel, Woodman,
& Luck, 2001). That is, there is no cost to monitoring changes in color,
size, shape, orientation, or so on, over monitoring changes in any one of
these features alone. Apparently, working memory has a limit on the
number of object-files that can be simultaneously tokened, but many
features may be bound to each object-file.

In sum, the computations that maintain indexes to attended objects
rely heavily on spatio-temporal information: objects are tracked on the
basis of spatio-temporal continuity. Once an object-file is opened, fea-
tures may be bound to it and updated as they change through time. The
Scholl study just described shows that features are not automatically
bound in open object-files, perhaps because of the high attentional
demands of tracking three or four independently moving objects at once.
Up to four object-files may be held in working memory, after which

performance falls apart.
The Signatures of Infant Object Representations
Experiments show that the young infant’s object representations reveal

these same psychophysical signatures. I first sketch the evidence that

spatio-temporal features of the input are privileged in the computations
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of numerical identity early in infancy, and then turn to two other psy-
chophysical signatures that support the continuity of core object cogni-
tion through the life span.

Signature 1: Primacy of Spatio-Temporal Information in Infant Object
Individuation

Daniel Richardson and Natasha Kirkham (2004) modeled an infant study
on the object-file experiment of Kahnemann et al. described above.
They exposed 7-month-old infants to a computer display consisting of
two identical boxes arranged vertically (see Figure 3.5). While the infant
watched, a duck was revealed in one box and quacked, the box then
returning to its featureless state. Then a bell was revealed in the other box
and it rang, and then this box returned to its featureless state. After these
events repeated several times, the identical boxes went slowly into
motion until they were arranged horizontally, equally distant from the
midpoint of the display. At this point, either a quack or a ring was played
and the dependent measure was where the infants looked: the box in
which the matching object/sound had been revealed during habituation.
Analogously to the Kahneman et al. priming studies, these infants had
established representations of individual objects, bound features (the
identity of the stresses of the sounds that emerged from them), main-
taining the binding as they traced the identify of the objects through time
on the basis of spatio-temporally continuous paths.

This experiment suggests that infants have object-file representations
available to them. However, the thesis under consideration here is that
the object representations that were the focus of chapter 2 are object-files.
To establish this we must show that the computations that establish
object representations early in infancy display the same signatures as those
that compute object-files. I begin with the primacy of spatio-temporal
information.

The two screen studies and the infant 1 + 1 studies described in
chapter 2 (Figures 2.1 and 2.3) show that infants as young as 2 months of
age draw on spatio-temporal information in object individuation and
tracking. Because the objects in those studies were perceptually indis-
tinguishable from each other, spatio-temporal discontinuity must have

driven representations of two distinct objects in these studies. However,
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Figure 3.5. Schematic depiction of the infant version of the Kahneman et al.
object-file experiment (Richardson & Kirkham, 2004). Richardson, D. C., &
Kirkham, N. (2004). Multi-modal events and moving locations: Eye movements of
adults and 6-month-olds reveal dynamic spatial indexing. Journal of Experimental
Psychology: General, 133(1), 46-62. Reprinted with permission from American
Psychological Association.
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these studies do not show that spatio-temporal information is privileged,
for they did not explore whether infants could also use perceptual
property differences (e.g., red vs. blue, cup-shaped vs. duck shaped) or
kind distinctions (e.g., cup vs. duck) as a basis for object individuation.

Recent studies, mainly by Fei Xu, establish that under many con-
ditions in which spatio-temporal information is sufficient for object
individuation, young infants fail to use property or kind differences
among objects for this purpose (Xu & Carey, 1996; Xu, Carey, & Welch,
1999). Imagine the following scenario: One screen is put on a puppet
stage. A red cylinder emerges from behind the screen and returns behind
it, and then a blue ball emerges from behind the same screen and then
returns (see Figure 3.6). How many objects are behind the screen? For
adults, the answer is clear: at least two—a cylinder and a ball. But since
there is only a single screen occluding the objects, and because we never
see both objects at once, there is no clear spatio-temporal evidence that
there are two objects. We must rely on our knowledge of perceptual
properties or object kinds to succeed at this task.

In our studies, 10- and 12-month-old infants were shown the above
event. The objects contrasted in kind and properties (in the above
example, a cylinder vs. a ball; a red cylindrical plastic object vs. a blue
round rubber object). Some objects were toy models (e.g., truck, duck,
elephant) whereas others were from highly familiar everyday kinds (e.g.,
cup, bottle, book, ball). On the test trials, the screen was removed to
reveal either the expected outcome of the two objects or the unexpected
outcome of only one of them. If infants have the same expectations as
adults—that these kind or property differences signal two distinct objects
—they should look longer at the unexpected outcome of one object.
The results, however, were surprising: 10-month-old infants did not
expect that there should be two objects behind the screen, whereas
12-month-old infants did.

Control conditions established that the method was sensitive to
infant representations of distinct individuals. Ten-month-old infants
succeeded at the task if they were given spatio-temporal evidence that
there were two numerically distinct objects (e.g., if they were shown
the two objects simultaneously for 2 or 3 seconds at the beginning of the
experiment). Furthermore, Xu and I (1996) showed that infants are

sensitive to perceptual or kind differences under the circumstances of this
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Figure 3.6. Schematic depiction of design that explores when infants use property or

kind information as a basis for computations of numerical identity (Xu & Carey, 1996).
Redrawn from Xu, F., & Carey, S. (1996). Infants’ metaphysics: the case of numerical
identity. Cognitive Psychology, 30, 111-153, with permission from Elsevier.

experimental paradigm: it takes infants longer to habituate to a duck and
a car alternately appearing from each side of the screen than to a single car
(or duck) repeatedly appearing from behind the screen. Ten-month-old

infants are sensitive to the property or kind differences, but they do not
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use these differences as a basis of object individuation, at least under these
circumstances.

In this task, 10o-month-old infants failed to draw on kind-based
individuation over a wide range of kinds, such as duck, truck, animal,
vehicle, cup, bottle, and book. They also failed to draw on perceptual
contrasts, such as the contrast between being yellow, duck-shaped, and
rubber versus being red, car-shaped, and metal. Gretchen Van de Walle,
Mary Prevor, and I (2000) used the manual-search paradigm described in
chapter 2 to provide convergent evidence for the claim that infants below
12 months of age are more sensitive to spatio-temporal information than
kind or property information in computations that underlie object indi-
viduation. In this paradigm, the dependent measure is how long infants
search for objects inside a box into which they cannot not see. In the
studies that explored the basis of object individuation, three types of trials
were contrasted: (1) one-object trials, in which the same object (e.g., a toy
telephone) was removed from the box twice and replaced twice; (2) two-
object trials in which objects of different kinds (e.g., a telephone and a
ball) were removed one at a time and replaced in the box, such that the
two were never seen together; and (3) two-object trials in which two
different objects were removed one at a time, but shown together before
being returned into the box. In the second type of trial, infants must rely
on property or kind contrasts as a basis for object individuation; the third
type provided spatio-temporal information as well.

After one of these introductions to the contents of the box, the box
was pushed into the child’s reach, and patterns of search revealed how
many objects the child had represented in it. In these experiments,
we surreptitiously removed one of the objects on two-object trials, so
there was in fact only one object in the box. We could then measure
persistence of search for a second object. The question was whether infants
search for a second object after having retrieved one on two-object trials
(types 2 and 3) but not on one-object trials. Both 10- and 12-month-olds
differentiated the one- and two-object trials when given spatio-temporal
evidence for two objects. Twelve-month-olds also succeeded when given
property/kind information alone. In contrast, the 10-month-olds failed
in this condition; their pattern of reaching on the two-object trials was
the same as on the one-object trials. Ten-month-olds failed to use

kind differences, such as telephone, duck or car, book, or property
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differences, such as black, yellow, telephone-shaped, duck-shaped, rub-
ber, or plastic, to establish representations of two numerically distinct
objects in the box.

Other laboratories have replicated these findings (e.g., Bonatti, Frot,
Zangl, & Mehler, 2002; Wilcox & Baillargeon, 1998). In our original
writings on this topic, Xu and I (1996) made a blanket claim that infants
under 11 or 12 months of age never use property information or kind
information in the service of object individuation. This claim is too
strong (e.g., Tremoulet, Leslie, & Hall, 2000; Wilcox & Baillargeon,
1998). Just as is the case in mid-level vision, property information is
sometimes drawn upon in object individuation. The resolution of just
when and how property information is used for object individuation and
in object tracking, whether by adults or by infants, is beyond the scope of
this chapter (see Xu & Carey, 2000). For the point I am making here, all
that is necessary is that spatio-temporal information is primary, and that
infants fail to draw on property or kind information under conditions
under which they succeed when provided unambiguous spatio-temporal
information. This pattern of findings has been widely replicated.

In sum, results from these manual-search studies are completely
consistent with those from the looking-time studies. Two important
conclusions follow from these data. First, they are consistent with the
claim that kind-based object individuation is architecturally distinct from
mid-level object indexing and tracking (see Figure 3.2 and surrounding
discussion). They support the possibility that a second system of object
individuation, a kind-based system, emerges at around 12 months of age.
Of course, the data presented so far do not show that kind distinctions
rather than property distinctions underlie the older infants’ success;
chapter 7 takes up this issue and discusses the mechanisms that might
underlie the construction of a new representational system—kind-based
object representations—that goes beyond the core cognition system of
mid-level object files and object indexing. Second, they support the
identification of the young infants’ object representations with those of
the mid-level object tracking system, for they show that under these
circumstances at least ro-month-old infants fail to draw on property/kind
information in the processes that establish whether an attended object is
numerically identical or different from another, under conditions in

which they do draw on spatio-temporal information for this purpose. Just
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as in adult mid-level object representations, spatio-temporal evidence is
privileged by infants in object individuation.

Signature 2: Set-Size Limitations on Working Memory

Results from several paradigms converge to show that by the end of the
first year of life, infant working memory limits are in the same range as
those of adults (Rose, Feldman, & Jankowski, 2001; Ross-Sheehy,
Oakes, & Luck, 2003). In one series of studies, Shannon Ross-Sheehy,
Lisa Oakes, and Steven Luck adapted the change-detection paradigm for
infants in order to explore the development of infants” working memory.
Infants watched two simultaneously presented displays, each consisting of
arrays of one, two, three, four, or six entities. Each display was presented
for a half a second, followed by a short delay, after which a new array
appeared. In one of the displays, there was no change between arrays,
whereas in the other, one of elements (chosen at random) changed color.
Ross-Sheehy and her colleagues reasoned that if infants could hold the
representation of the first array in working memory, they would detect
the change, and they would be more interested in the changing display
than in the constant array. They found that 4- and 6-month-olds could
hold single elements in working memory, for they preferred the arrays in
which color changed to the constant arrays when set size was one entity.
However, at these young ages infants failed to discriminate the changing
arrays when set sizes were two or higher. By 10 months of age, infants
differentiated the changing arrays from the constant arrays for sets of two,
three, and four, but not for six entities. Thus, it appears that working
memory capacity matures over the first year of life, reaching the adult
level of three to four object-files by 10 months of age.

Like the Richardson & Kirkham (2004) results, these experiments
again show that infants have an object-file system that resembles that of
adults. But what we want to know is whether the mid-level object
representation system of adults underlies the object representations
studied in the tradition of Piagetian studies. That the manual-search
paradigms used to explore infants’ representations of objects show
comparable limits on working memory suggests that the answer is yes.
Take, for example, the paradigm in which infants search for objects in a

box into which they can reach but cannot see. Above, we were
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concerned with the criteria for individuation that infants use to establish
representations of the distinct individuals in the box. But this task can also
used to characterize the limits on infants’ working memory, for the infant
must hold in mind a model of the objects placed in the box to guide
subsequent searches.

In the relevant experiments, only spatio-temporal evidence for
individuation 1s provided—the objects are identical to each other. Infants
watch as a number of objects, all seen at the same time, are placed in the
box, one at a time. The box is then given to them to retrieve the objects.
On crucial trials, some of the objects have been surreptitiously removed
before the box is given the child. Success consists of less search on one-in/
one-out trials, or two in/two trials (expected empty) than on two in/one
out, or three in/one out, or three in/two out trials (more expected).
Several studies have found success on one versus two comparisons (longer
search on more expected trials than on expected empty trials), at both
12 and 14 months of age (Feigenson & Carey, 2003, 2005; Van de Walle
et al., 2000).

Lisa Feigenson explored the upper limit of infants’ representations
under these circumstances. She found that infants succeed just when the
total number of items placed in the box is three or fewer, but per-
formance falls apart at four entities. For instance, infants of these ages
search for more objects if they have seen three go in and have retrieved
just two or one, but they fail if they have seen four go in and have
retrieved two, and they even fail if they see four go in and have
retrieved only one. Dwell on this last result. Infants search no longer
upon having seen four go in and having retrieved only one than if
they have seen just one go in and have retrieved only one. It’s not that
the child represents nothing in the box when he or she saw four go in; the
infant does reach in and retrieve one. Infants represent something in the
box, but they cannot form a representation of a set of four items under
these circumstances.

Studies of spontaneous choice between two sets of objects provide
data entirely convergent with those from the manual-search paradigm
(Feigenson & Carey, 2005; Feigenson, Carey, & Hauser, 2002). Ten- and
12-month-old infants were shown a certain number of graham crackers
placed in one bucket, one at a time, and a different number placed in

another bucket, also one at a time. The infants could not see the crackers
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in the buckets. After watching the crackers being placed, the infants were
allowed to crawl to one or the other bucket. At issue was whether they
would go to the bucket with the larger number of crackers. This is what
they did, when the choice is one versus two, one versus three, or two
versus three. Performance was at chance at three versus four, two versus
four, three versus six, and even one versus four. Performance fell apart if
one of the sets exceeded three items. Just as in the above experiment, it
isn’t that the infants represented nothing when there were four or more
objects—performance was random, not systematically, in favor of the
smaller number in one versus four, two versus four, and three versus six
comparisons. Furthermore, when the choice was four versus zero, the
infants reliably crawled to the bucket with four. When there were four or
more graham crackers in a bucket, infants represented “graham cracker in
that bucket” but failed to establish a representation consisting of one
object-file for each object.

Consider three versus two and four versus one comparisons. In both
cases the total number of graham crackers was five, and this number, by
hypothesis, exceeds the upper limit of three that infants can hold in
working memory under these circumstances. Yet children succeeded in
the former case and failed in the latter one. Apparently, infants can create
two short-term memory models of attended objects, up to the limits on
parallel individuation, and compare them in memory. We do not cur-
rently know how many models may be represented at once. The
important lesson for us now is this: the limits on working memory in
adult visual cognition studies is in the same range as the limits on the
numbers of objects infants can simultaneously represent in working
memory. This fact supports the identification of the representations
underlying object-based attention and working memory in adults with
the object representations of infancy.

Signature 3: Occlusion versus Existence Cessation

Another parallel between the two systems is that adults’ representations of
indexed objects in the multiple object—tracking experiments, as with
infants’ representations of objects in the experiments described in chap-
ters 2 and 3, survive occlusion. Brian Scholl and Zenon Pylyshyn (1999)
showed that object tracking in the MOT paradigm was not disrupted by
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the objects going behind real or virtual occluders, so long as the way the
object disappeared specified occlusion and not going out of existence.
Almost all of the infant studies cited above involve occlusion—objects are
hidden behind screens, in boxes, or in buckets.

Eric Cheries and his colleagues (Cheries, Feigenson, Scholl, & Carey,
2005) have recently demonstrated that infants’ object tracking is disrupted
by exactly the same stimulus manipulations as is adult object tracking.
Cheries habituated infants to small sets of disks (say, three) moving slowly,
independently of each other. Also present in the display were two vertical
bars that served as occluders. When the disks encountered a bar they either
(1) disappeared as if passing behind it though ordinary deletion along their
forward contours, reemerging on the same trajectory from the other side
of the barrier by ordinary expansion along their back contour; or (2)
shrank symmetrically to nothing at the same rate of disappearance upon
encountering a barrier, reemerging on the same trajectory by expanding
symmetrically from a central point. After habituation, the barriers were
removed, and the infants were shown, in alternating test trials, either the
same number of moving disks (three, in this example) or a new number
(two, in this example). Importantly, the test trials were identical in all
conditions, depicting continuously moving arrays of disks. Infants who
were habituated to the type of deletion at boundaries that specifies
occlusion dishabituated to the novel number, whereas those who were
habituated to the type of deletion that specified shrinking to nothing did
not. We interpret this result as reflecting the child’s ability to track the
individuals in the normal deletion condition, such that there were exactly
three throughout the whole habituation period. When objects shrank out
of existence and new objects expanded into existence, there was no fixed
number present during habituation and so the child did not dishabituate to
a novel number.

The infant’s object tracking system and the object tracking system
tapped in adult MOT studies use the same characteristics of events to
distinguish two types of disappearance of currently attended objects:
(1) disappearance that specifies continued existence of the objects behind
the barriers and (2) disappearance that specifies existence cessation. This is
the third signature, along with privileging spatio-temporal features in

object individuation and a limit of three or four object-files in working
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memory, that favors identifying object representations in infancy with the
adult object-file system of representation.

Conclusions from the Identification of the Two Literatures

Researchers in both traditions—those studying infant object repre-
sentations and those studying mid-level object-based visual cognition—
have been studying the same natural kind. This discovery has important
implications for the characterization of core cognition. First, the com-
putations that establish object-indexes and object-files, that individuate
and trace objects through time and store these representations in visual
working memory, operate throughout the life span, exemplifying one of
the hypothesized properties of core cognition. Second, adult object-file
representations are the output of domain-specific, encapsulated, per-
ceptual input analyzers, thus exemplifying another hypothesized char-
acteristic of core cognition. Adults may know that ducks do not change
into rabbits, but typically the mid-level system that computes numerical
identity in apparent motion studies does not use that knowledge To a first
approximation, the processes that compute figure-ground, assign surfaces
to distinct objects, and assign indices to attended objects work the same
no matter whether an object picked out is a member of a familiar kind or
not (see Carey and Xu, 2001; Peterson, 1994). So, too, for young infants’

object representations.

The Evolutionary History of Object-File Representations

I now turn to another property of core cognition systems: deep evolu-
tionary history. Often, but not always, core cognition is shared with other
animals. This fact is important, for evidence that a knowledge system is
shared among a wide range of species with a common ancestor, but with
very different ecological niches and different learning histories, supports
the hypothesis that the system is innate and was shaped by evolutionary
selection pressures.

Chapter 2 described the work of Regolin and her colleagues on
newborn chicks’ representations of spatio-temporal continuity of
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objects—representations that support the search for occluded objects.
This work provided an existence proof that representations of objects
as spatio-temporally continuous may be innate. Do such results suggest
that the mid-level object-file and object-indexing systems shared by
human adults and young human infants have a long evolutionary history,
perhaps arising early in vertebrate evolution? No, they don’t. That chicks
can form representations of objects that respect their spatio-temporal
continuity does not warrant the conclusion that a system of representa-
tion with all of the properties of mid-level object-based attention
underlies their performance. To explore this issue, we would need to
characterize the conceptual role of chicks’ object representations (e.g., do
chicks represent object motion as subject to the solidity constraint?), and
we would need to study how chicks individuate objects and whether
they can create working-memory representations of multiple objects at
once. No relevant studies have been carried out, so it is an open empirical
question.

However, we do know that the evolutionary history of human core
cognition of objects extends at least into our primate past. Marc Hauser
and his colleagues have used all of the methods reviewed in chapter 2 and
this chapter (violation-of-expectancy looking-time methodology, man-
ual search for hidden objects, choice between two sets of hidden objects)
with nonhuman primates (e.g., Hauser & Carey, 1998, 2003; Hauser,
Carey, & Hauser, 2000; Hauser, MacNeilage, & Ware, 1996). The results
converge with the data from young infants in great detail. Hauser’s work
has great methodological import. He was the first to show that the
violation-of-expectancy looking-time methods yield interpretable data
with nonhuman primates, both free-ranging Rhesus macaques and lab-
oratory-housed new world monkeys, cottontop tamarins.

Results from the violation-of-expectancy looking-time methods
show that both species of monkeys can use spatio-temporal evidence for
object individuation and represent objects as continuing to exist when
occluded. Hauser’s first violation-of-expectancy study (Hauser, MacNeilage,
& Ware, 1996) was a replication of Wynn’s 1 + 1 = 2 or 1 addition/
subtraction study with free-ranging Rhesus macaques on Cayo Santiago, an
island off the coast of Puerto Rico that is home to about 9oo Rbhesus.
Subsequent studies from Hauser’s group also replicated Wynn’s study with
laboratory-housed cottontop tamarins (Uller, Hauser, & Carey, 2001).
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Hauser and I extended this findings to the same range of conditions
under which success is obtained with 4- to 10-month-old human infants: 1
+ 1 = 2 or 3 (showing that it is exactly two objects the monkeys expect; 1
+ 1 = 2 or big one (showing that monkeys are not solely encoding total
expected eggplant volume). Furthermore, performance breaks down at
four objects; monkeys succeed at 2 + 1 =2 or 3, but failat 2 + 2 = 4 or 3,
consistent with there being an upper limit of three or four on the number
of objects a monkey can track at once (Hauser & Carey, 2003). We also
established another processing signature in common to the computations
both infants and Rhesus macaques deploy when creating object-file
working-memory models of small sets. In both populations, success is
dependent on the number of updates in short-term memory that are
required to build a representation of the set behind the screen. Monkeys
and babies succeed ina 2 + 1 = 2 or 3 condition, but they failata 1 4+ 1 +
1 = 2 or 3 condition. Following Uller, Carey, Huntley-Fenner, & Klatt
(1999), we interpret these findings as reflecting constraints on computa-
tions that can be carried out on models being held in working memory.

Another paradigm that yields convergent results across the two
subject populations is the cracker-choice study described above. Actually,
this paradigm was originally carried out on Cayo Santiago, with apple
slices rather than graham crackers as the food item placed in the buckets.
Monkeys watched as two experimenters placed one set of apple slices in
one bucket, one at a time (e.g.,, 1 + 1 + 1), after which the other
experimenter placed the another set in the other bucket (e.g., T + 1 or
I+ 1+ 1+ 1). Monkeys succeeded when the choices were one versus
two, two versus three, and three versus four. Just like the babies, mon-
keys’ performance fell apart when one of the sets exceeded a certain limit
—in this case, four rather than the three of the infants. Particularly
important are failures at two versus five, four versus eight, and three
versus eight; these choices involve highly discriminable numbers, with
ratios much greater than those between small sets at which monkeys
succeed (two versus three and three versus four; see Barner, Wood,
Hauser, & Carey, in press; Hauser et al., 2000). Again, the pattern of
performance is extremely similar to that of the babies and reveals the set-
size signature of object-file representations

Thus, insofar as the issue has been studied, the processes that create

object representations in nonhuman primates reveal the same signatures
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as do those of human infants. All the work to date suggests that the core
cognition of objects exhibited by young infants has a long evolutionary
history. Cottontop tamarins, who last shared a common ancestor with
human beings well over 100 million years ago, exhibit it, as do our more

closely related cousins, Rhesus macaques.

Core Cognition and Learning: Specialized Learning
Mechanisms?

Another hypothesized feature of core cognition systems is that they are
learning devices. There is no doubt that infants learn many general-
izations about objects during their early months. Thus, the processes
that yield object representations yield representations of endities about
which the infant learns. What we do not yet know is to what extent the
processes that support learning about objects are within module and
domain-specific or domain-general central processes. Because the
representations that are the output of the perceptual input analyzers are
central, no doubt domain-general central learning mechanisms (e.g.,
association, causal learning) operate over them. But if human core cog-
nition is like animal core cognition (remember the indigo buntings), we
would also expect that some knowledge about the entities in each
domain is acquired by within-module domain-specific learning
mechanisms. This issue has not been systematically studied.

Consider just one case of learning about objects. Renée Baillargeon
(1998) showed that infants do not innately know that unsupported
objects fall. In one series of studies, infants watched during habituation
trials while a small block was slowly pushed across a large supporting
block, beginning on one end of the support and ending at the other, still
fully supported (see Figure 3.7, familiasization). Then infants were pre-
sented a series of test trials, probing their expectations concerning when
the block should fall (Figure 3.7A—F). On some trials the small block
was pushed off the large one until it was completely unconnected,
and thus totally unsupported by it, apparently suspended in mid-air
(Figure 3.7A). On other trials, it remained in contact with the block, but
in various configurations that to adults either would seem possible (Figure

3.7D and F) or would not seem possible (Figure 3.7B, C, and E).
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Figure 3.7. Schematic depiction of the Baillargeon support experiments. (Baillar-
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geon, 2001; Baillargeon & Hanko-Summers, 1990). Redrawn from Baillargeon,
R., & Hanko-Summers (1990). Is the top adequately supported by the bottom
object? Young infants’ understanding of support relations. Cognitive Development, s,
29—53, with permission from Elsevier. Emmanuel Dupoux (Ed.), Language, Brain,
and Cognitive Development: Essay in Honor of Jacques Mehler, pp. figure: Infants’
physical knowledge of acquired expectations and core principles, © 2002
Massachusetts Institute of Technology, by permission of the MIT Press.

Infants’ expectations unfold in a regular sequence over a long period
of development. At 3 months of age, infants show no differential interest
in these events. Even the unsupported object (Figure 3.7A), hanging in
mid-air, is not particularly attention grabbing. Just a few weeks later,
though, this impossible event draws markedly longer looking than does
the possible event they were familiarized to. The child has begun to learn
something about support. Infants first make a categorical distinction
between contact/noncontact, and do not pay differential attention to
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objects that do not fall so long as there is any contact with the support.
That is, they look longer at outcome A in Figure 3.7 than at any other
outcome, including B, but do not differentiate any of the others. They
gradually refine the parameters relevant to support. Next, the contact
must be from below (now outcome B also draws attention, but none of
the rest, C-F, do). Then, more than half of the base of the object must be
supported from below (C also draws attention, but none of the rest do).
Finally, they take into account the geometry of the object (Figure3.7E is
attention grabbing but not 3.7D or 3.7F).

Baillargeon (1998) presents indirect evidence that the initial stages of
this learning occur, in the ordinary course of events, from infants’ own
attempts to place objects on surfaces. Infants who sit unsupported will
progress through the early steps of this sequence earlier than those who
do not yet sit alone—consistent with the hypothesis that infants
learn about support by placing objects on surfaces and observing the
outcomes. Those who sit alone have their hands free to manipulate
objects. Baillargeon has shown that learning about support can also be
driven from observational evidence. In training experiments she shows
infants contrasting cases of objects being placed on surfaces and falling or
remaining supported, and she finds acceleration in the above sequence.

The objects involved in the support studies are unfamiliar to the
babies; that is, they have not had experience with those very objects. This
suggests that their previous experiences with objects in general are driving
the developmental progressions Baillargeon observes in these studies.
Experiments such as Baillargeon’s certainly show that infants learn about
objects, but they leave open whether the processes that support this
learning are at least partly domain-specific. It is easy to see how the
learning from observation in the support studies could be well modeled
by domain-general associative mechanisms that extract statistical regu-
larities from representations of events. The sense in which domain-spe-
cific learning mechanisms may be involved is limited, but important.
There may be domain-specific constraints on the features and relations
that enter into the statistical analysis.

An analogy from the literature on animal learning clarifies the sense
of domain-specific learning at issue here. There is absolutely no doubt
that animals learn associations between stimuli. Rats can easily learn that

the occurrence of a particular sound predicts the occurrence of a shock
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from their water feeder, and they can also learn that a distinctive taste in
the water predicts nausea two hours later. However, the reverse pairing
(that a sound predicts nausea, that a taste predicts shock) is much harder to
learn. This shows that there are domain-specific constraints on the
associative pairings that can be learned. The appeal to domain specificity
in this example is much weaker than in the case of the domain-specific
learning mechanism that enables indigo buntings to extract north from
the rotation of the night sky, for this latter mechanism involves a com-
putation that is unique to the learning problem it evolved to solve. In the
case of the rat, the associative mechanisms are very general, applying to a
huge variety of cases of learning that involve computing statistical
covariation in the environment. The domain specificity comes in con-
straints on the salience weighting of particular features in particular
contexts. Although weaker, nonetheless, this is a bona fide type of
domain-specific constraint on learning (see Gallistel, Brown, Carey,
Gelman, & Keil, 1991, for an extended discussion of species-specific and
domain-specific constraints on associative learning).

How would we find out whether the processes that extract the
statistical generalizations concerning support are domain-specific in the
sense of being constrained to weight some features more heavily than
others? It is possible to imagine a relevant program of research. For
example, one could take a variety of contrasts among objects that are
salient to infants—for example, shape contrasts—and provide statistical
evidence that these covary with whether objects remain supported or fall
in the observational learning paradigm of Baillargeon and her colleagues.
That is, one could try to teach the generalization—a cylinder covered
with blue glitter, supported from below on three-fourths of its surface,
does not fall; but a red striped block, supported from below on only
one-fourth of its surface, does fall. What generalization does the child
learn—the geometric one concerning the amount of surface supported,
or that that cylinders don’t fall and blocks do, or that blue glittery things
don’t fall but red striped things do? If the child is biased to analyze the
geometric relations between the object’s base and the support, this would
be evidence for domain specificity in this learning mechanism. If human
core cognition resembles animal domain-specific learning devices, we
would expect that at least some such constraints on statistical learning will

be observed. To my knowledge, no studies have yet explored this issue.
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Modularity: Are Object Representations Encapsulated or
Informationally Promiscuous?

As discussed in chapter 1, in The Modularity of Mind, Fodor (1983) argued
that rather than trying to distinguish perceptual from conceptual content,
the conceptual/perceptual contrast is more perspicuously drawn on the
basis of processing characteristics. He suggested that perceptual processes
are modular, and he characterized modular processes as fast, automatic,
primarily data driven by sharply limited input, inaccessible, and encap-
sulated. By “encapsulated” he meant that other knowledge does not affect
processes internal to the module. He contrasted modular perceptual
processes with central cognitive processes, which are slow, effortful,
optional, accessible, and informationally promiscuous. By “information-
ally promiscuous” he meant freely used in inference. For informationally
promiscuous representations there are no restrictions on what data bear
on which inferences; it is a matter of theory building to discover the
inferential relations among real-world phenomena. Fodor suggested that
the architecturally important distinction is between modular and central
processes. According to Fodor, it doesn’t much matter whether one uses
the terms “perceptual” and “conceptual” for the two respective types.
Unambiguously perceptual processes (such as computing depth) are
indeed modular and unambiguously conceptual ones (such as creating the
theory of natural selection) are indeed nonmodular and central. Notice
that if one draws the distinction between perceptual and conceptual this
way, many representations that do not have sensory content, such as
syntactic representations, turn out to be perceptual. What about object
representations? I argued in chapter 2 that object representations them-
selves have conceptual content in the sense of not being able to be stated
in terms of perceptual primitives, and in the sense of having a rich
conceptual role. Nonetheless, like syntactic representations, the input
analyzers that create object representations are most likely modular, and
thus perceptual on Fodor’s definition. One reason to think so is that the
processes that underlie object individuation are encapsulated from
property and kind information that the infant undoubtedly represents.
The core cognition thesis concurs that core cognition representations are
perceptual in this sense. Indeed, it is important to the thesis, for the

existence of evolutionarily created innate perceptual input analyzers at
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least partially solves the problem of how the representations in core
cognition have the content they do. This aspect of core cognition
representations explains how they are causally connected to the entities in
the world they represent.

However, the output of the innate perceptual input analyzer—as with
all perceptual modules—is part of a central system that is cognitive by
Fodor’s characterization. Object-files themselves seem accessible and
participate in slow, optional, inferentially promiscuous processes. They
are inferentially related to the outputs of other systems of core cognition.

Take, first, the question of accessibility. Of course, it is virtually
impossible to know whether a representation in a prelinguistic creature’s
mind is widely accessible. But adult object-files are certainly accessible.
We have phenomenal access to them and we can carry out a wide variety
of optional computations, under executive control, over them. Accept-
ing the identification of object-files with infant object representations
implies that object-files are accessible for infants as well. Furthermore, we
have at least indirect evidence that object-files are accessible to infants.
Object-files support voluntary action—infants reach for objects, even
hidden ones. The box-search and bucket-choice studies reviewed above
show that infant object representations, like object-files, are individual
symbols that can be placed in short-term memory, and such short-term
memory representations are accessible for adults.

‘What clinches the matter for me is evidence that that infant object
representations interact inferentially with representations that are the
output of distinct input modules. Because this is such an important point,
I will belabor it. Individuating distinct domains of core cognition is far
from a trivial matter. It is not clear, for example, whether computations
of Michotte contact causality are part of core cognition of objects or a
separate system whose outputs are interrelated with it (a point taken up in
chapter 6). But on just about every analysis, spatial representations are a
distinct input system from object-file representations, as are number
representations, quantity representations, and representations of inten-
tional agency. Yet object representations are integrated with repre-
sentations from all of these domains. Thus, while the computations that
yield representations of object-files are modular and encapsulated, the
object-files themselves are inputs to a variety of central computations.

With respect to inferential role, then, the object representations that are
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part of core cognition are seen to be rich conceptual representations. Let
me remind you of the bases of these assertions.

First, young infants represent the spatial relations among objects.
I have reviewed massive evidence that shows they represent objects
behind barriers, inside boxes, and inside buckets. To give just one more
demonstration of this, Kristine Onishi and Renée Baillargeon (2005)
habituated infants to two identical blocks being moved into the center
of the stage from the sides, one (e.g., the one from the left side) always
placed on top of the other. Looking times were measured to the static
array. After habituation, the blocks were again moved to the center of the
stage, but the previously bottom block was placed on top. The resulting
array was identical in appearance to the one that the infant was habituated
to, but if they distinguished the two object tokens and represented which
one was on top, their attention might be drawn to the change, and,
indeed, it was.

Second, with respect to number representations, we have already
seen that infants can compute 1—1 correspondence over object-files to
establish numerical equivalence (see also chapter 4). Chapter 4 will also
show, with respect to quantity representations, that infants can sum over
continuous variables bound in object-files to choose between sets on the
basis of total volume.

Third, with respect to agency, chapter 5 will show that infants as young
as 5 months old represent objects as goals of others’ intentional actions, and
chapter 6 will show that 7- to 12-month-old infants infer a previously
unseen agent to explain the motion of a known inanimate object.

Notice that, on the view of core cognition developed here, some of the
representations that articulate core cognition are not conceptual—those that
are within module and encapsulated. I have made an extended argument
that object itself is a conceptual representation, but knowledge of spatio-
temporal continuity and cohesion probably are not. The computations that
create representations of objects make use of evidence for spatio-temporal
continuity and boundedness, and embody a commitment to these pro-
perties of objects in further computations, but there is no reason to believe
that the child explicitly knows principles such as “objects continue to exist
behind barriers,” “objects do not fall apart and reassemble,” or “one object

cannot pass through the space occupied by another.”



Core Object Cognition

The Content of Object-Files

Recognizing that object representations (both young infants’ and adults’
object-files) are the output of modular input analyzers, at least partially
encapsulated from representations of object kinds, and hence mid-level,
may raise questions about the argument of chapter 2 that object repre-
sentations are conceptual. There, I argued that young infants’ repre-
sentations of objects, which we now see to be object-files, are conceptual
because their content cannot be stated in spatio-temporal vocabulary or
in the vocabulary of sense data, and also because of their rich inferential
role. As just mentioned, chapters 3 through 7 provide much more evi-
dence concerning the rich inferential role of young infants’ object
representations—they are integrated with infants’ representations of
number, causality, and intentional agency and they are expressed in the
child’s earliest explicit language.

But what exactly is the content of object-files? What concepts do
they represent? It is difficult enough to characterize the content of a given
mental symbol if the creature we are studying can express that symbol
explicitly in language. But what of nonlinguistic creatures like chicks and
monkeys and preverbal humans? [ see no other route to specifying a
representational system’s content than by studying what entities in the
world cause the tokening of the mental symbol in question—that is, by
studying the extension of the symbol. And, also, we must study that
symbol’s inferential role. These two aspects of the functioning of symbols
determine content, and thus whatever evidence we can glean about a
symbol’s extension and inferential role allows us to characterize its
content. In what follows I illustrate, first, how one might appeal to
evidence concerning extension and, then I illustrate how one might draw
on evidence concerning inferential role to answer the question of what

the content is of object-files.

The Extension of Object-Files

I have been assuming that object-files symbolize physical objects, by
which 1 mean bounded, coherent, 3-D, separable, spatio-temporally
continuous wholes. This claim, that object-files represent real 3-D

objects, hardly may seem surprising, but in fact there are reasons to doubt
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it. In virtually all of the adult studies done on mid-level vision, as well
as in many of the infant studies, the stimuli are actually 2-D entities on
computer screens (e.g., Cheries, Feigenson, Scholl, & Carey, 2008;
Johnson & Aslin, 1995; Kahneman et al., 1992; Pylyshyn & Storm, 1998;
Richardson & Kirkham, 2004; Scholl & Pylyshyn, 1999). Does the fact
that 2-D bounded entities activate object-files mean that their content is
more perceptual—perhaps cosed shape? Should object-files be called
“closed shape-files” or “perceptual individual-files”? No, they should
not. For computer displays to work, we must present many of the cues
for depth in 2-D arrays, and surfaces arrayed in 3-D are routinely per-
ceived in such displays. That the system can be fooled into accepting 2-D
entities as objects does not mean that it is not representing the stimuli as
real objects, just as the fact that the system can be fooled into seeing depth
in 2-D displays that provide perspective and interposition cues does not
mean it is not representing the stimuli as arrayed in 3-D space.

But what reasons do we have for believing that the system is being
fooled by these computer displays, and is representing them as real 3-D
objects in spite of the fact that they are not? If 2-D closed shapes are not in
the extension of object-files, but object-files are activated by these com-
puter displays, then the mid-level object tracking system is misrepresenting
these stimuli. Jerry Fodor (1990) has provided a way of thinking about
misrepresentation. Misrepresentation is a problem for any naturalistic
theory of representation, but Fodor is mainly interested in one kind of
naturalistic theory, one that holds that content is determined by a causal
link between the entities in the world and a symbol token in the mind.
Fodor’s asymmetric dependence theory of referential content proposes
a solution to this problem. He illustrates the solution with the example of
a horse seen in the distance on a misty day being misidentified as a cow.
The real-life horse caused the tokening of the cow symbol; and if content
is determined by such causal links, doesn’t this mean that the content of
the cow symbol is horse as well as cow? No, says Fodor. When one fleshes
out the causal story, one sees that the reason that the horse can cause the
cow symbol to be activated depends on the causal links between cows
and that symbol, but that the reason cows cause the cow symbol to be
activated does not depend in any way on whether horses do so. This
asymmetry allows us to see that the symbol really represents cows, not

horses.
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Even if Fodor’s analysis has problems, it works well enough for the
purposes of this book (for discussion of the problems, see Adams &
Aizawa, 1994; Godfrey-Smith, 1989). I accept the causal theory of
content determination for representations in core cognition, so Fodor’s
analysis applies to the case at hand. That 2-D individuals cause object-files
to be activated is dependent on the causal relations that ensure that
object-files refer to 3-D objects; and in the case of core cognition (unlike
concepts such as cow), we have at least a sketch of what the relevant causal
processes are. Through natural-selection input analyzers have evolved
that create representations of objects from the information in the physical
stimulation of sense organs. It is clear how Fodor’s asymmetric depen-
dency theory allows that 2-D entities might be misrepresented as objects,
and there is evidence it is on the right track. One reason to believe that
infants misrepresent 2-D pictures as real objects is that, under at least some
circumstances, they attempt to pick them up. Systematic studies have
shown that attempts to handle and pick up pictured objects are readily
elicited in children under 1 year old and disappear completely only
around 18 months of age (Deloache, Perroutsakos, Uttal, Rosengren, &
Gottlieb, 1998). This observation does not require that babies completely
fail to distinguish 3-D and 2-D objects—and they don’t (they always
reach more for a 3-D than a 2-D version), for there is conflicting evi-
dence coming from the pictures. The situation is the same as when we
adults see depth in a picture: we represent the depth while at the same
time representing the picture’s 2-D quality.

Another line of evidence that 2-D entities are actually being
represented as objects is that the properties that constrain object repre-
sentation clearly reflect the properties of real objects. For example, I have
reviewed evidence that the processes that establish and maintain object-
file representations are sensitive to the spatio-temporal information that
specifies either occlusion or existence cessation. Occlusion and existence
cessation are properties of real physical objects, not disks of light displayed
on computer screens. The implosion/disappearance studies provide data
concerning the extension of object representations by probing what does
not cause their tokening: entities that shrink to nothing or suddenly
disappear fail to elicit object indexing and tracking.

Two series of studies with 8-month-old infants confirm that mere

perceptual boundedness is not sufficient to cause object-files to be set up.
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Object-files are not closed-shape files. These studies confirm that the
individuals being tracked in the infant studies are physical objects, and not
just any perceptual objects specified by figure/ground processes, such as
disks on computer screens or piles of sand or blocks.

A hallmark of physical objects is that they maintain their boundaries
through time. Other entities that are bounded in space while stationary,
such as a pile of sand or a pile of separate little blocks, do not maintain
boundaries if grasped from above, and in this sense are not objects.
Several studies have compared infant representations of such non-
cohesive entities with their representations of cohesive entities fashioned
to look identical to the non-cohesive ones while are rest. It is only upon
viewing such entities in motion (do they fall apart or do they maintain
their boundaries?) that unequivocal evidence for their ontological status is
obtained. Consistent with the claim that object-files represent objects,
two series of studies establish that infants track real objects that are per-
ceptually identical to piles of sand or piles of little blocks, under condi-
tions where they will not track the perceptually identical non-objects
(Huntley-Fenner, Carey, & Solimando, 2002; Chiang & Wynn, 2000).

Take the studies by Gavin Huntley-Fenner and his colleagues (2002)
as an example. We carried out a series of I 4+ I = 2 or I experiments
involving sand poured behind screens or sand-pile look-alike objects
lowered behind screens. Stimulus type was a between-participant variable,
and infants were familiarized with the stimuli before the study by handling
the sand or the sandlike object. In all of the studies, 8-month-old infants
succeeded in the conditions involving objects that looked like piles of sand,
but they failed in the sand conditions. The failure in one of these studies
was especially striking, for it shows that infants fail to compute “sand
permanence” under conditions in which they easily compute “object
permanence.” In this study, diagrammed in Figure 3.8, the infant watched
as a pile of sand was poured onto the stage floor and then covered by a
screen. A second, spatially separate, screen was introduced and a second
pile of sand poured behind it. The screens were then removed, revealing
either two piles of sand (one behind each screen) or only one (the original
pile initially seen on the stage floor). Eight-month-olds did not differen-
tiate the two outcomes, although they succeeded if the stimuli were sand-

pile shaped objects lowered as a whole onto the stage floor.
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Pour sand pile 1.

l

Screen 1 is raised.

l

Raise screen 2 and
pour sand pile 2

v N

Expected: two sand piles Unexpected: one sand pile

R

Figure 3.8. Schematic depiction of the design of sand tracking or “sand
permanence” studies (Huntley-Fenner, Carey & Solimando, 2002). Redrawn from
Huntley-Fenner, G., Carey, S., & Solimando, A. (2002). Objects are individuals but
stuff doesn’t count: Perceived rigidity and cohesiveness influence infants’ repre-
sentations of small groups of discrete entities. Cognition, 85(3), 203—221, with
permission from Elsevier.

To succeed at this task, the infant need only represent “sand behind
this screen, sand behind that screen.” Why did they fail at “sand
permanence”’? As mentioned in chapter 2, object permanence requires an

individual object whose identity is being tracked,; it is the same object we
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represent behind the screen. Apparently, 8-month-old infants cannot
establish representations of individual portions of sand and trace them
through time. Wen-Chi Chiang and Karen Wynn (2000) found exactly
the same results with piles of blocks. If the pile moved as a single coherent
object, 8-month-old infants could track it and represent it as continuing
to exist behind a barrier. If they were shown this entity being separated
into five blocks and then reassembled, they subsequently failed to track it.

A recent study by Erik Cheries (Cheries, Mitroff, Wynn, & Scholl, in
press) brings home how devastating noncohesion is to object tracking.
Cheries began by replicating Feigenson’s cracker-choice study with a
two-versus-one comparison. The individuals each consisted of half a
graham cracker. If cheries put two of these half-crackers, one at a time,
into one bucket and one half-cracker into the other bucket, the infants
reliably crawled to the bucket with two. But if he brought out a whole
cracker and broke it in half above the bucket, clearly separating it into
two half-crackers, and then put them, one at a time, into it and then put
one half-cracker into the other bucket, the infants were at chance.
Apparently, as soon as an object is seen to be noncoherent, infants cannot
track it and they cannot easily assign object-files to parts of an object
originally parsed as a single object. The object tracking system fails to
track perceptual specified figures that have a history of noncohesion.

Let us stop and take stock of where we are. In order to be sure that
infants have mental symbols with the content object, we must study the
real-world entities that cause the tokening of the mental representations
that might have that content—the mental representations that underlie
infant performance in the experiments reviewed in chapter 2 and this
chapter. The sand- and block-pile studies reviewed above add data in
support of the claim that the content of what we are calling object repre-
sentations are indeed real-world objects.

I now turn to another line of relevant data bearing on the content of
object-files, deriving from studies of the inferential role of infant object

representations.

The Inferential Role of Object-Files and Infant Object Representations

There has been no work on the inferential role of adults’ object-file

representations, but if we accept the identification of adult object-files
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with infant object representations, then the infant work bears on both
adult and infant conceptual roles. Chapter 2 developed the argument that
young infants’ object representations articulate physical knowledge. I
showed there that infants as young as 2 months old represent physical
relations between objects such as inside and behind, and their repre-
sentations are constrained by knowledge of solidity—a property of real
objects but not of 2-D visual objects. Besides expecting objects to be
solid, and thus not to pass through other ones, slightly older infants
(6-month-olds) also expect objects to be subject to the laws of contact
causality (see chapter 6), represent objects as the goals of human action
(see chapter s), and represent self~-moving agents as the cause of motion
of inanimate objects (see chapter 6).

Thus, the conceptual role of the infant’s object representations is to
support inferences about the relations among real objects in the world:
objects are represented as solid entities in spatial and causal relations with
each other. This fact gives us another reason to conclude that object-file
representations have conceptual content, beyond the fact that they
cannot be reduced to sensory or spatio-temporal primitives—namely,
that they are inferentially interrelated with other representations that
themselves cannot be reduced to sensory primitives, other representations
that are the outputs of different core systems and of domain-general
learning processes. Thus, they play a central conceptual role, one of the

hallmarks of nonmodular, conceptual processes.

Interim Conclusions: The Six Properties of Core Cognition

Chapter 2 (conceptual content, innateness) and this chapter (conceptual
content, continuity, learning mechanism, long evolutionary history)
have sketched the current state of evidence that object representations
exemplify the features of systems of core cognition. The only feature
not yet discussed is iconic format. I take up the issue of the format of
representation of symbols in core cognition in chapter 4. Here, I consider
two different challenges to the core cognition hypothesis. The first is
theoretical: one might question just how cognifive systems of representation
with these six properties are. The second is empirical: one might question
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the evidence, especially from the violation-of-expectancy methods that are
drawn upon so heavily in this literature, that is offered for core cognition.

Challenges to the Core Cognition Hypothesis: What Kind of
Cognition Is Core Cognition?

Some writers (including me, in my earliest writings on core cognition)
claimed knowledge of objects to be conceptual in a much stronger sense
than I have argued here (e.g., Baillargeon, 1993; Spelke, 1988). These
writers spoke of infants’ “beliefs” that objects persist when occluded,
infants’ “knowledge” that two objects cannot occupy the same place at
the same time, infants’ “reasoning” and “inferences” about the interac-
tions of occluded objects, and their “surprise” or “puzzlement” at
impossible events. There is nothing inherently wrong with such language
as long as the writer is clear what kinds of representations constitute the
beliefs and knowledge in question, what kinds of computations consti-
tute the reasoning and inference, and what kinds of states constitute the
puzzlement and surprise.

However, most researchers now prefer not to use such highly cog-
nitive language in describing the representations and computations
of young infants because the term “belief” can be taken to imply a
language-like format, that the beliefs are in some sense explicit, and that
the computations carried out over them are logical inferences defined
over propositions. Most researchers who endorse the core cognition
hypothesis do not now see it that way (Carey & Spelke, 1994, 1996;
Gelman, 1990; Leslie, 1994; Scholl & Leslie, 1999). Rather, much of the
knowledge in core cognition is embodied in constraints on the processes
that create the representations of ongoing events. I assume that core
cognition representations are iconic (see chapter 4 for an extended dis-
cussion of representational format) and that the representations that
articulate core cognition are created by modular systems whose com-
putations are constrained by the principles revealed by experiments such
as those reviewed in these pages.

For example, the computations that create representations of
objects’ disappearing behind occluders embody a commitment to spatio-

temporal continuity. This is analogous to the computations that create
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representations of depth from binocular disparity, embodying a com-
mitment to different images in the two eyes arising from a single source.
It would be decidedly odd to say that the s-month-old infant “believes”
that the images to the two eyes each derive from a single source in the
world and thus provide information about depth, even though that infant
undoubtedly uses that information to create representations of objects in
depth (e.g., Held, Birch, & Gwiazda, 1980). The infant represents depth
and objects, but binocular disparity and the spatio-temporal continuity
constraint are most probably embodied only in the computations that
yield representations of depth and of objects.

That the representations that articulate core cognition are similar to
perceptual representations in all these ways is important to the story I am
telling in this book. Some concepts—those in core cognition—have the
content they do for the same reasons that some perceptual representations
have the content they have. Both types of representations are causally
connected to the entities in the real world, thanks to perceptual input
analyzers crafted through natural selection. But it is equally important to
the story I am telling here that at least some of the representations that
articulate core cognition, such as the object-files themselves, have con-
ceptual content. It is for this latter reason that I use the term “cognition”

in the name I call these core representational systems.

Empirical Challenges to the Core Cognition Hypothesis

In addition to the theoretical challenges to the core cognition hypothesis,
there have been empirical challenges. Many researchers in the field reject
the evidence from looking-time studies that are the main source of
evidence concerning young infants’ mental representations. Because the
general points that the skeptics raise are excellent ones, it is worth laying
them out and thinking about them. The criticisms boil down to two
observations that are undoubtedly right: (1) infants’ looking patterns are
determined by many factors in addition to responses to violations of
expectancy, and it is difficult to rule out alternative interpretations of the
patterns of looking obtained in any given experiment; (2) the very late
emergence of some explicit representations (representations that can

guide action, for example) of knowledge putatively contained within
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core cognition raises questions about the very existence of core cogni-
tion. Let me take up these two objections, in turn, focusing on knowl-
edge of solidity as a case study.

Alternative Explanations of the Looking-Time Patterns in the Solidity
Experiments

The first objection to inferences from looking-time studies draws on the
observation that infants’ attention is drawn not only by violated expec-
tancies but also by simple perceptual novelty or familiarity—and, even
more basically, by intrinsic perceptual preferences. Thus, any looking-
time study must control for these latter bases of looking adequately before
patterns of attention may be taken as reflecting sensitivity to a violated
expectancy. The critics claim that the controls are not adequate and that
the observed patterns of looking reflect simple perceptual preferences or
familiarity/novelty preferences.

We can see how this debate plays out by considering Spelke’s solidity
experiments (Spelke, Breilinger, Macomber, & Jacobsen, 1992). In those
experiments, 4-month-old infants were habituated to an object’s being
lowered behind a screen, after which the screen was removed, revealing
the object on the stage floor (see Figure 3.9). In the test trials, a solid shelf
was introduced into the apparatus, the screen was replaced, and the object
was lowered, as before, behind the screen. The screen was then removed,
revealing either a possible outcome of the object resting on the shelf (A), or
an impossible outcome of the object resting on the stage floor as before,
apparently having passed through the solid barrier (B). Infants looked
longer at the impossible outcomes, suggesting that the models infants build
of the events unfolding before them are constrained by the principles that
one object cannot pass through the space occupied by another.

Critics of these studies have suggested that the outcome in which the
object appears enclosed (between the shelf and the apparatus floor) may be
more visually interesting to infants than the outcome in which the object is
outside, perhaps because of greater contour density. Of course this is
possible, but all experimenters using these techniques are aware of such
possible confounds and take care to eliminate them. Often, baseline
conditions involve showing infants just the outcomes of a series of test

trials, thereby establishing whether there are intrinsic preferences. There is
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Figure 3.9. Schematic depiction of Spelke studies of infants’ representation of object
solidity, or the principle that one object cannot pass through the space occupied by
another object. Redrawn from Spelke, E. S., Bilinger, K., Macomber, J., & Jacobsen,
K. (1992). Origins of knowledge. Psychological Review, 99, 605—632, with permission of
the American psychological Association.

no baseline preference for the outcome in which the object appears
enclosed.

A slightly different line of criticism relies on novelty preferences
rather than intrinsic preferences. Remember, infants were first habituated
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to the object’s being lowered onto the stage floor, after which the barrier
was introduced for the test trials. Spelke reasoned that the impossible
outcome is actually perceptually more similar to the familiarization
outcome (because the object is in exactly the same position), so that a
novelty preference would support the opposite results to those obtained.
Critics have replied that it may as well be just the opposite: an object
resting on the first surface reached from the direction from which the ball
has come may be more perceptually similar to the familiarization out-
come because the object is not enclosed but is resting on a surface, and
thus the preference for the impossible outcome may merely be a novelty
preference. Again, although this is certainly possible, it is possible to
control for and Spelke did so. She included a condition in which the
object was placed in position by hand either on the shelf or below the
shelf. The familiarization/test sequences were exactly the same as in
the solidity experiments (i.e., several familiarizations with the object’s
having been placed on the stage floor, the barrier being introduced, and
then alternating test trials in which the object is either placed on the shelf
or on the stage floor). In this case, there was no preference for the one
outcome over another, ruling out a novelty preference for the impossible
outcome in the experiments in which the motion of the object would
have violated the solidity constraint.

Although researchers using the violation-of-expectancy paradigm
attempt to rule out perceptual preference or perceptual novelty artifacts, it
is always possible that somebody will find one that accounts for one,
or even many, results in the literature. Looking times are certainly sensitive
to such factors. But in evaluating the evidence for young infants’ repre-
sentations of object motion being constrained by the principle that one
object cannot pass through the space occupied by another, we must
consider the huge amount of convergent evidence from many different
paradigms. Consider the Baillargeon rotating-screen studies (see Figure
2.1, chapter 2), the Baillargeon box-on-track experiments (Baillargeon,
1986), the Baillargeon sand-in-cylinder experiments (Baillargeon, 1995),
the Hespos and Baillargeon rod/cylinder experiments (see Figure 2.6,
chapter 2), and the Spelke experiments described above. Convergent
evidence from many different studies, each with different controls for
perceptual preferences or perceptual novelty, ultimately convinces me of

the case.
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I will not belabor discussion of the controls in each study I cite.
Nonetheless, I would like to reassure the skeptical reader by going
through one design in detail—the Sue Hespos and Renée Baillargeon
solidity study mentioned in chapter 2; see Figure 2.6 for a diagram of the
test events in this study. Recall that 2-month-olds looked longer at an
impossible event in which a rod apparently was lowered through a
remembered lid on a container than when it was lowered into an empty
container. Hespos and Baillargeon successtully controlled for novelty and
familiarity effects. In these studies, the events began with the rod’s being
picked up and raised over the cylinder. This familiarized the infants with
the hand, the rod, the motion of the rod, and so forth, but it provided no
information about the upcoming test events. After familiarization, in a
between-participants design, the cylinder was turned, revealing either a
closed top (half of the participants) or an open cylinder (half of the
participants; see Figure 2.6). The rod was then inserted into the cylinder
(impossible outcome for those participants shown the closed top and
possible outcome for the other group; these are the test trials depicted in
Figure 2.6). Those infants for whom the event violated the solidity
constraint looked over twice as long as did those for whom it did not.

Consider this design. Both the open-cylinder and the closed-
cylinder groups saw exactly the same events during familiarization and
during test; the only difference was what was revealed when the cylinder
was turned. Since there was only one outcome during the test trials of the
experimental condition (the rod was lowered into the container), a
simple perceptual preference for one outcome over another could not
have accounted for the results. The familiarization events in both the
experimental and control baseline conditions were identical (the rod was
lifted and held above the container), so greater perceptual novelty of one
of the outcome events relative to the habituation events could not
account for the results. A final possibility is that the closed top was more
interesting than the open tube, and so infants looked longer during the
test events in the closed-top condition just because of that. Hespos and
Baillargeon controlled for this as well, running two more groups in a
series of test trials that were identical to the familiarization trials (the
rod remained perched above the cylinder). Between the familiarization
and test trials, half of the participants were exposed to the open container

and half to the closed. But during the test trials, the rod remained raised
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Figure 3.10. Schematic depiction of baseline condition in Hespos & Baillargeon (2001) solidity study. Reprinted
from Hespos, S., & Baillargeon, R. (2001). Reasoning about containment events in very young infants. Cognition,
78, 207—245, with permission from Elsevier.
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above the cylinder (see Figure 3.10). There was no difference between
the groups; having seen a closed tube did not by itself cause greater
interest in the events. As far as I can see, this leaves no explanation for the
pattern of looking other than the violation of the solidity constraint.

It is beyond the scope of this book to include all the controls for
perceptual preferences and perceptual novelty/familiarization effects that
have been included in the experiments I report. I advise the interested or
skeptical reader to look at the research papers I cite. This is not to say that
the controls have always been adequate; there are no guarantees in sci-
ence. No doubt, the interpretations of some particular studies will be
modified in the future, as alternative interpretations of the observed
patterns of looking times are corroborated. Nonetheless, the conclusions
[ draw from the experiments cited in these pages are supported by a great

deal of convergent evidence from many different paradigms.

Looking Time versus Reaching

As we saw in chapter 2, infants’ failure to reach for hidden objects has led
many researchers to doubt that young infants actually do represent
objects as existing behind barriers. Chapter 2 laid out my response to
these doubts. Performance limitations, owing to immature executive
function or to parameters of the motor system that guides the reach,
partly account for failures to search in such tasks. Development within
these systems can be independent of the capacity to form representations
of hidden objects.

However, sometimes success in looking-time procedures predates
success in reaching procedures by a matter of years! These dramatic age
lags have cast doubt on the conclusions from the infant studies. How
can infants “know” something that 2-year-olds cannot demonstrate
knowledge of? At the very least, such dramatic lags will require different
explanations from the accounts of performance limitations appealed to
above.

The solidity studies provide a particularly striking example of a much
earlier manifestation of understanding in looking-time procedures than in
procedures that rely on search. Two-month-olds succeed in the looking-
time studies, whereas it is not until over 2 to 3 years of age that children

succeed in manual-search versions of the same tasks (Hood, Carey, &
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Prasada, 2000; Berthier, DeBlois, Poierier, Novak, & Clifton, 2000).
Bruce Hood, Sandeep Prasada, and I carried out four object-search
studies closely modeled on the Spelke shelf studies, and in all four cases,
24-month-old toddlers (2-year-olds) failed.

Let’s consider one of these studies as an example. Toddlers were
familiarized with an object’s being dropped onto a stage floor. Then a
barrier was introduced above the stage and a screen with two doors, one
at barrier level and one at floor level, was introduced in front of the
apparatus (see Figure 3.11). The object was dropped behind the screen,
and the infant was allowed to search for the object. Two-year-olds
searched at the floor level, where they had seen the object before, and not
at the barrier level, where the object must be if its motion was arrested by
the barrier.

The studies of Rachel Keen (formerly Clifton) and her colleagues are
all the more striking (Berthier et al., 2000; Butler, Berthier & Clifton,
2002; Mask, Novak, Berthier, & Keen, 2006; Shutts, Keen, & Spelke,
2000). Their task is more difficult, involving four doors and four possible
locations of the barrier (see Figure 3.12). But unlike in our studies, they
gave the child considerable training. The child watched the ball roll
down the incline with the doors open and the barrier placed at each of
the four locations, seeing it stop in front of the barrier each time. Also,
they were given multiple trials, with feedback. In our studies, 30-month-
olds succeed, whereas in Keen’s, robust success is not obtained until 36
months of age. This is almost three years after success at the looking-time
studies by 2-month-olds!

A first response to these studies is to doubt the infant work. How can
2-month-olds know that one object cannot pass through another when
2-year-olds search for an object as if it had fallen right through a solid
shelf? Some of the explanations offered in chapter 2 for the A-not-B error
in search tasks probably play a role in this case as well. The toddler’s
search shows the influence on search of previously viewed locations of
the object. Thus, part of the answer lies in developing executive function,
which must adjudicate between competing representations of locations.
Perhaps there is further development of the system of planning that
computes over representations in motor work space. But I do not think
this is the whole story, because of the extreme magnitude of the gap. The
difference between 2 months and 3 years suggests a principled difference
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Figure 3.11. Schematic depiction of toddler reaching version of Spelke infant
solidity experiment (Hood, Carey, & Prasada, 2000). Redrawn from Hood, B.,
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(6),
1540—1554, with permission from Blackwell Publishers.

in the kinds of knowledge being tapped in these two different paradigms.
Indeed, I believe there are two kinds of knowledge involved here:
within-module encapsulated representations and explicit representations
that are output of the perceptual device that creates representations of
object-files. Only the latter can be drawn upon in the service of pre-
diction.

Keen and her colleagues have shown that the toddlers who fail at her

four-door task are not encoding the position of the shelf relative to the
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Figure 3.12. Toddler choosing the correct door in the 4-door reaching version of
the Spelke solidity studies. Berthier, N. E., DeBlois, S., Poirier, C. R., Novak, M. A.,
& Clifton, R. K. (2000). Where’s the ball? Two- and three-year-olds reason about
unseen events. Developmental Psychology, 36(3), 394—401. Reprinted with permission
from American Psychological Association.

doors, and thus are not using that information in predicting the location
of the ball. Thus, the 2-year-olds’ representations of object motion may
respect the solidity constraint, but 2-year-olds fail to deploy the relevant
information to plan a reach. Why, then, do they succeed in the infant
studies? In the infant studies, infants are shown an object falling behind a
screen, and then the screen is removed, revealing the location of the
object relative to the shelf. At this point, the infant need only draw upon
a memory representation of the motion of the ball (falling from above) to
recognize that the path of motion would have passed through the shelf.
This violates a constraint on object motion, drawing attention. On this
view, the child is not predicting where the ball is, relative to the shelf,
when both are hidden in the infant studies; the violation is detected only
upon seeing the final disposition of the event, where the shelf and the
location of the ball are both visible and available to reconstruct the path
the ball must have taken through the shelf.

‘What changes between 24 and 36 months, such that the child now

succeeds? We do not know the answer to that question. There are several
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possibilities, not mutually exclusive. First, the child may come to
explicitly represent the spatial relations among all of the objects behind
the screen, aided perhaps by explicit spatial language. Second, the prin-
ciple that objects do not pass through the space occupied by other objects
may become explicitly formulated by the child, allowing a prospective
prediction. Third, developments within executive function help the
child overcome perserverative responses. Although it would
be interesting to work this out, the important suggestion I am making
here is that the toddler failures do not undermine the interpretation of the
infant successes, for the toddler experiments do not draw on the same
within-module computations that the retrospective infant experiments
do. T suggest there are two kinds of knowledge at stake here: that
embodied within module in the form of constraints on model building
and that represented in terms of symbols that are input to central rea-

soning processes.

Conclusions

My goals in this chapter were twofold. My first goal was to show that
infants’ knowledge of objects displays several of the hypothesized
properties of core cognition. Representations of objects are created by
modular, encapsulated, perceptual input analyzers that have a long
evolutionary history, extending deep into human beings’ primate heri-
tage. These representations continue to articulate our representations of
the world throughout life. (The format of representation will be discussed
in chapter 4.) Only one signature property of core cognition has not yet
been fully explored—the existence of domain-specific learning
mechanisms.

My second goal in this chapter, as well as my goal in chapter 2, was to
explore what kind of cognition core cognition is. Object-files are con-
ceptual representations, in that they cannot be defined in perceptual
primitives and as shown by their accessibility and rich conceptual role (of
which much more will be said in chapters 4—6). However, they are also
perceptual representations, being the output of innate, modular, input
analyzers and having iconic format. Both features of these representations
are important to the role core cognition plays in conceptual
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development. As the empiricists understood, we have the beginnings of a
causal theory of reference for perceptual representations. The requisite
causal connection between entities in the world and symbols in the head
is guaranteed by natural selection. Thus, we have the beginnings of a
theory of how the symbols in core cognition come to have the
content they do. But core cognition also provides the starting point for
conceptual development, and to play this role, it is crucial that it is
conceptual in the ways that it is.

The next three chapters characterize two additional systems of core
cognition—one for representing intentional agency and one for repre-
senting number—and consider the nature of causal representations that
centrally integrate the output of distinct core cognition systems. I then
turn to the question of how core cognition is transcended in the course of
cognitive development, to how children create fully conceptual repre-

sentational systems with none of the properties of core cognition.

NOTE

1. Baillargeon, 2001; Carey & Spelke, 1996; Gallistel, 1990; Gelman, 1990;
Leslie, 1994; Spelke, 2000. Spelke calls the systems of knowledge “core knowledge”
rather than “core cognition.” Because knowledge is, roughly, justified true belief, the
term “‘knowledge” implies more than I want—that the representations are veridical
and warranted.
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Core Cognition: Number

Representations of number play a huge role in human mental life, as they
are central to mathematics and science, as well as to modern commerce.
Less obviously, representations of number articulate human language. In
languages like English, those with a count/mass distinction, every sen-
tence we speak requires us to make quantificational commitments. Are
we speaking about individuals or nonindividuated entities, one or more
than one?

Accounting for the origins of human numerical abilities seems to
pose a formidable challenge. Number is a quintessential abstract entity.
Piaget believed that numerical representations are built from logical
capacities (the capacity for linear order and the capacity to represent and
operate over sets), logical capacities that were not themselves constructed
until the early school years. Accordingly, he believed that children
could not represent number until then and, indeed, offered his famous
work on number conservation as evidence for his view (Piaget, 1952).

Chapters 2 and 3 presented data that undermine Piaget’s position.
The object-file system of representations embodies criteria of individu-
ation and numerical identity for objects, and infants create working-
memory models that distinguish sets with two numerically distinct
objects from those with three objects or one object. As we will see in this
chapter, infants also create working-memory models of sets of different
types of individuals—individual events, individual tone bursts—and these
working-memory models have many structural similarities to those that
represent small sets of objects. As I discuss at length below, these “indi-
vidual file” representations are numerical in ways that conflict with
Piaget’s position. Furthermore, there is another core cognitive system

that more directly represents number and hence is flatly incompatible
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with Piaget’s view—the system of representation Dehaene (1997)
calls the “number sense.” The number sense is a paradigm example of
core cognition. Thus, this chapter lays out the evidence for two
distinct systems of core cognition with numerical content, contrasting the

two.

Core System I: Analog Magnitude Representations
of Number

Human adults, human infants, and nonhuman animals deploy a system of
analog magnitude representations of number. Number is represented by a
physical magnitude that is roughly proportional to the number of indi-
viduals in the set being enumerated. The following is an external analog

magnitude representational system in which lengths represent number:

number symbol
I: —

and so on.

A psychophysical signature of analog magnitude representations is
that the discriminability of any two magnitudes is a function of their ratio;
that is, discriminability is in accordance with Weber’s law. Examining the
external analogs above, it i1s easy to see that the lengths that represent
numbers 1 and 2 should be more discriminable than are those that rep-
resent 7 and 8 (what is called the magnitude eftect). Similarly, it should be
easier to discriminate the length that represents 1 from that representing 3
than to discriminate the length that represents 2 from the one that
represents 3 (what is called the distance effect). And indeed, studies of
numerical discrimination robustly reveal both magnitude and distance

effects, which follow from Weber’s law (Dehaene, 1997; Gallistel, 1990).



Core Cognition: Number

Evidence for Analog Magnitude Representations of Number in Animals

I will provide evidence for two separate claims: (1) that animals represent
number, and (2) that one system of number representation is analog. To
establish the first, I must show that animals have representations with
cardinal values in their extensions, and that these representations have
number-relevant inferential roles. That is, I must show that animals dis-
criminate sets on the basis of cardinal value (rather than other features of
the arrays correlated with number, such as their total surface area or
volume) and that at least some number-relevant computations are sup-
ported by the representations that underlie such discriminations. To
establish the second, I need to show that the representations in question
reveal the psychophysical signatures of analog magnitude representations.
In particular, I will be at pains to show that they conform to Weber’s law.

In this section I provide more data than usual because, for those who
are practiced at reading graphs, the data tell a story better than words can.
Figure 4.1 shows data from an experiment in which rats were trained to
press a bar a given number of times before a feeder was armed. What is
plotted is the number of bar presses before the rat checked the feeder.
Panel A shows that the mean of each distribution of number of presses is
just a little higher than the correct number for that condition (4, 8, 16,

N = number or presses
required to arm food release

N =16

Probability of
Trying Alcove

X
I 7"‘?‘ R e SR
4 8 12 16 20 24 28 32 36
Number of Presses Made

Figure 4.1. Data from Platt & Johnson (1971). Each curve shows the probability
distribution of number of presses before the rat checked whether the feeder was
armed. N = the correct number of presses needed to arm the feeder. Reprinted from
Platt, J. R., & Johnson, D. M. (1971). Localization of position within a homogeneous
behavior chain: Effects of error contingencies. Learning and Motivation, 2, 386—414,

with permission from Elsevier.
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or 24), as if rats were tracking the number of presses and were conservative.
What is also shown is that the standard deviation around those means
becomes greater as the means do. These data exhibit what is called “scalar
variability”: the ratio of the standard deviation to the mean is a constant
(Platt & Johnson, 1971)." Scalar variability is a reflection of Weber’s
law that the discriminability of two magnitudes is a strict function of
their ratio.

These data establish that some analog magnitude representation is
underlying the rats’ decision of when the feeder is likely to have been
armed. However, they do not unequivocally show that it is an analog
magnitude representation of number of presses, because in this study the
number of bar presses was confounded with other correlated quantities,
such as the total amount of effort expended or the total time taken for a
sequence of presses. Others have deconfounded these variables, showing
that number is indeed represented. Here I sketch two relevant studies,
and I refer the interested or skeptical reader to the excellent reviews in
Dehaene’s The Number Sense (1997) or Gallistel’s The Organization of
Learning (1990).

In another landmark study of animal number representations, Russell
Church and Warren Meck (1984) taught rats a discrimination between
two sequences of tones. Rats were trained to press one bar if presented
with a sequence of two tones, each 1 second long, and another if pre-
sented with a sequence of eight tones, each 1 second long. Rats readily
learned this discrimination, but again, this does not tell us on what basis
they were discriminating, for the stimuli differed both in number of tones
and in total duration of the sequences. The rats were then presented with
a series of discriminations in which the stimuli differed only in number,
holding total duration constant, or only in duration, holding number
constant (see Figure 4.2). They generalized the learned discrimination in
both cases, showing that they had represented the original stimuli in terms
of both their numerical differences and their temporal differences. The
other result of note was that the crossover point in both series was at the
geometric mean. That is, rats experienced four tones and two tones as the
same distance from each other as they experienced eight tones and four
tones, and they experienced 4 seconds and 2 seconds as the same distance
from each other as 8 seconds and 4 seconds. Discriminability is a function

of ratio, as dictated by Weber’s law.
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Figure 4.2. Data from test trials in Church & Meck (1984). Top graph: number of
tones held constant, total duration of tones varied between 2 and 8 seconds. Bottom
graph: total duration of tones held constant, number of tones varied between 2 and 8.
Church, R. M., & Meck, W. H. (1984). The numerical attribute of stimuli. In H. L.
Roitblatt, T. G. Bever, & H. S. Terrace (Eds.), Animal Cognition (pp. 445—464).
Hillsdale, NJ: Erlbaum. Reprinted with the permission from Taylor and Francis Ltd.
(http://www.tandf.co.uk/journals).

As a final example, Elizabeth Brannon and Herb Terrace (1998)
demonstrated that Rhesus macaques are sensitive to number and represent
sets differing in cardinal value as numerically ordered. These researchers
began with Terrace’s previous demonstrations that Rhesus macaques can
learn to order arbitrary sets of simultaneously presented stimuli. Presented
with an array of four objects randomly distributed on a touch screen on
each trial—for example, a red circle, a brown table, a black cat, and a blue
flower—the monkeys can learn to touch the stimuli in a specified order.
Thus, Terrace’s earlier work suggests that the capacity to represent serial
order is itself part of our evolutionary endowment and does not await the
end of Piaget’s stage of “preoperational” thought for its emergence

(Swartz, Chen, & Terrace, 1991; Terrace, Son, & Brannon, 2003).
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Brannon and Terrace established that Rhesus’s number representations
are intrinsically ordered (Brannon & Terrace, 1998). I will illustrate with
data from two monkeys, Rosencrantz and Macduff. They were first
taught to do the ordered-list task with arbitrary lists such as, “first circle,
then table, then cat, then flower.” Of course, whenever they were shown
four new stimuli, they could have no idea what order they were supposed
to touch them in, so there was an extended period of trial and error before
they learmned the order. After Rosencrantz and Macduff became good
at that trial-and-error discovery process, Brannon and Terrace started
giving them lists such as those in Figure 4.3. As you can see, each list
consisted of four pictures containing, respectively, sets with one, two,
three, and four items. In each list, the order the monkeys were supposed
to press was I, 2, 3, 4. Across all the lists, all continuous variables con-
founded with number were controlled for. At the beginning, the mon-
keys treated each list the same as any arbitrary list, requiring extensive trial
and error to learn the order called for on that list. But over the course of
learning 35 such lists, Rosencrantz and Macduff got faster and faster. This
could be because they were becoming ever more efficient at the trial-and-
error strategies for learning whatever arbitrary list the experimenter had
in mind, or it could be because they had learned a numerical rule.

To decide between these two possibilities, Brannon and Terrace
gave Rosencrantz and Macduft 150 trials in which they saw new lists only
once, thus preventing any trial-and-error learning. They did as well as on
these lists as on those at the end of the 35 training-sets series, where they
saw each list 60 times. They had learned a numerical rule. But which one?
“Press one object, then two objects, then three objects, then four
objects?” Or “press in order of increasing numerical magnitude?” To find
out, Brannon and Terrace then presented the monkeys with novel trials
including sets of five, six, seven, eight, and nine items. Now the task was
simply to order two stimuli: for example, 2 versus 4, 3 versus 6, or § versus
9. Some included numbers within the trained lists, and some were
entirely novel pairs. Each pair was shown only once. Again, both
monkeys transterred the rule to the novel lists including numbers outside
of the training set. Apparently, they had learned the rule, “touch in order
of increasing numerical magnitude.”

Analog magnitude representations of number underlie performance

on this task. Clear evidence for distance effects was observed: accuracy
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Figure 4.3. Examples of stimulus lists from Brannon & Terrace (1998). From

Brannon, E. M., & Terrace, H. S. (1998). Ordering of the numerosities I to 9 by
monkeys. Science, 282, 746—749. Reprinted with permission from AAAS.

was a function of the numerical distance between the stimuli (e.g., the
monkeys’ ability to order 6 and 9 was more accurate than their ability to
order 7 and 8). Recent data from Brannon’s laboratory confirm these
generalizations. Monkeys were trained to touch two arrays in numerical
order; all training pairs were taken from sets of one to nine elements, and
over all pairs other variables were controlled as in the Brannon and
Terrace studies. After training, sets of 10, Is, 20, and 30 were added.
Again, monkeys continued to succeed at the task upon first encountering
these larger sets, and their performance accorded with Weber’s law
(Cantlon & Brannon, 2006).

These experiments are illustrative of many in the literature: animals
studied include rats, crows, pigeons, a parrot, monkeys, apes, and dol-
phins (at least, these are the studies on analog magnitude number
representations I am aware of). These data support the existence of an
evolutionarily ancient representational system in which number is
encoded by an analog magnitude proportional to the number of objects
in the set. These representations support computations of numerical
equivalence and numerical order. There is also evidence that animals can
add analog magnitudes. For example, Rhesus macaques shown four

objects placed behind a screen, followed by another four objects, look
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longer if the screen is removed to reveal four objects than if to reveal
eight (Flombaum, Junge, & Hauser, 2005).

In sum, that these analog magnitude representations are number
representations is shown by the fact that they track number rather than
other properties of the attended sets, and by the fact that numerically

relevant computations are defined over them.

Evidence for Human Infants’ Analog Magnitude Representations of
Number

In the past five years, four different laboratories have provided unequi-
vocal evidence that preverbal infants form analog magnitude repre-
sentations of number (Brannon, 2002; Brannon, Abbot, & Lutz, 2004;
Lipon & Spelke, 2003, 2004; McCrink & Wynn, 2004a; Wood & Spelke,
20052; Xu & Spelke, 2000; Xu, Spelke, & Goddard, 2005). The first
paper in this flurry of studies is by Fei Xu and Elizabeth Spelke, who
solved the problem of how to control for other possible bases of judg-
ment (cumulative surface area, element size, density) in a large number
habituation paradigm. Xu and Spelke habituated 6-month-old infants
to displays containing 8 dots or to displays containing 16 dots (see
Figure 4.4). Possible confounds between number and other variables
were controlled either by equating the two series of stimuli on those
variables or by making the test displays equidistant from the habituation
displays on them. Habituated to 8-dot displays, 7-month-old infants
recovered interest when shown the novel 16-dot displays, while gener-
alizing habituation to the novel 8-dot displays. Those habituated to 16-dot
displays showed the reverse pattern. Subsequent studies duplicated this
design (and the positive result) with 16-dot versus 32-dot comparisons and
with 4-dot versus 8-dot comparisons. Thus, the infants showed a sensi-
tivity to cardinal values of sets outside the range of object-tracking
mechanisms, when potential confounds were strictly controlled for.
That analog magnitude representations support these discriminations
is shown by the fact that success is a function of the ratio of the set sizes. In
all of the above studies, in which infants succeeded with a 2:1 ratio, they
failed in comparisons that involved a 3:2 ratio (i.e., they failed to dis-
criminate 8-dot from 12-dot arrays, 16-dot from 24-dot arrays, and 4-dot

from 6-dot arrays). Also, these researchers have found that sensitivity
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Figure 4.4. Sample habituation sequences and test stimuli from Xu & Spelke (2000).
Reprinted from Xu, F., & Spelke, E. S. (2000). Large number discrimination in 6-

month old infants. Cognition, 74, B1—B11, with permission from Elsevier.

improves by 9 months of age. Infants of this age succeed at 3:2 com-
parisons across a wide variety of absolute set sizes, but fail at 4:3 com-
parisons.

These baby experiments involve dot arrays. As reviewed above,
animals create analog magnitude representations of number of sounds,
number of bar presses, and number of key pecks. Infants also represent
the cardinal values of sets of individuals that are not visually specified.
Jennifer Lipton and Elizabeth Spelke (2003, 2004) showed that 6-month-
old infants discriminate 8 from 16 tones, and also 4 from 8 tones, when
continuous variables are controlled in a manner analogous to the Xu and

Spelke studies, and they fail to discriminate 8-tone from 12-tone
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sequences or 4-tone from 6-tone sequences. The alert reader might
wonder how one does a looking-time study when the stimuli are a stream
of tones. Basically, the sequences of tones are played from one of two
speakers, each to a different side of the infant, and if the infants are
interested in what is being played, they look to that speaker, continuing
to attend to it even after the sequence is completed. Thus, looking times
can reflect interest in this paradigm, and if infants notice a difference in
the number of tones coming from a speaker, their attention is drawn to it.

Not only do 6-month-old infants create analog magnitude repre-
sentations of number in a sequence of tones, their sensitivity to numerical
differences is in the same ratio as for arrays of dots (between 2:1, where
they succeed, and 3:2, where they fail). Also paralleling the results with
dot arrays, by 9 months infants succeed at this latter ratio, distinguishing
8-tone sequences from 12-tone sequences and distinguishing 4-tone
sequences from 6-tone sequences. Succeeding at 3:2 ratios, irrespective of
set size, infants this age fail at §:4 ratios, failing to distinguish s-tone
sequences from 4-tone sequences and also 10-tone from 8-tone
sequences. Thus at each age, sensitivity is a function of the ratios of
the number of elements in the sets to be compared, with older infants
showing greater sensitivity (3:2 at 9 months; 2:1 at 6 months; Lipton &
Spelke, 2003, 2004).

Furthermore, infants also represent the number of jumps in a
sequence of jumps with the same sensitivity. Justin Wood and Elizabeth
Spelke (2005a) showed that 6-month-olds distinguish 4-jump sequences
from 8-jump sequences, but not from 6-jump sequences, whereas
g9-month-olds succeed at 4-jump versus 6-jump comparisons.

In all of the above studies we can be confident that it is number the
infants are responding to, because every other variable is equated either
across the habituation stimuli or across the test stimuli. In these studies,
the child’s attention is drawn when there is a different number of dots,
jumps, or tones in a test set from the number in each of the habituation
sets, and discrimination follows Weber’s law. Thus, the child is using the
analog magnitude system to compute numerical equivalence. Of course,
if the analog magnitude representations underlying performance in these
habituation studies are truly numerical representations, number-relevant
computations other than establishing numerical equivalence should be

defined over them, and indeed this is so.
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Elizabeth Brannon showed that ri-month-old infants represent
numerical order among sets sets. Infants were habituated to sequences of
three arrays, always increasing in number by a ratio of 2: 1 (e.g., 2, 4, 8;
4, 8, 16; 1, 2, 4). Continuous variables were controlled as in the Xu and
Spelke studies. After habituation, infants were shown a novel increasing
sequence (3, 6, 12) or a decreasing sequence (12, 6, 3). They generalized
habituation to the former and dishabituated to the latter. Another group
of infants were habituated to decreasing sequences; they generalized
habituation to the test sequence that decreased in numerical value and
dishabituated to the one that increased (Brannon, 2002).

Finally, Koleen McCrink and Karen Wynn (2004a) showed that
g-month-olds can manipulate sets of objects in the analog magnitude
range to support addition and subtraction. Shown five objects move
behind a screen, followed by another five, infants look longer if the
screen is removed, revealing a set of five than if a set of ten is revealed.
Conversely, if the first set was ten objects, and five objects were seen to
leave, infants looked longer if, upon the screen’s removal, ten were
revealed. These objects were each constantly expanding and contracting
so that it was possible to control for summed continuous variables as a
basis of response. McCrink and Wynn also showed that infants are sen-
sitive to the ratio between two sets of dots; habituated to arrays of dots of
two colors, such that there were always two times as many red dots as
blue dots, infants dishabituated to arrays when the ratios were reversed
(McCrink & Wynn, 2004b).

In sum, analog magnitude representations of number are available at
least by 7 months of age. Preverbal infants represent the approximate
cardinal value of sets, and compute numerical equivalence, numerical
order, addition, subtraction, and ratios over these representations. Given
the ancient evolutionary history of analog magnitude number repre-
sentations, it is very likely they are the output of innate perceptual

analyzers.

Continuity Through the Life Span

Under a wide variety of conditions, adult humans create analog mag-
nitude representation of number of individuals. For example, analog

magnitude representations of number are deployed when participants
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must estimate the number of individuals in large sets under conditions
when they cannot or do not count. For illustration, I draw on recent
experiments by Hilary Barth, Nancy Kanwisher, and Elizabeth Spelke
(2003). Barth and her colleagues displayed arrays of large numbers of dots
(20—200), with total area covered, density of dots, and size of dots varying
from array to array. Arrays were displayed sequentially (e.g., 35 followed
by 60; 120 followed by 95). The participants’ task was to indicate whether
the second array was numerically larger or smaller than the first array.
Participants could do this task. The reaction times and accuracies were
predicted by the ratios of the numbers; 20 was discriminated from 30, as
was 40 from 60, as was 80 from 120. These numbers way exceed the set-
size limits on parallel individuation, and performance respects Weber’s
law; thus, we can be fairly confident that analog magnitude representa-
tions underlie performance.

Barth found parallel results when the stimuli were sequences of tones
or flashes of light, when these sequences were also constructed to control
other dimensions of the stimuli (e.g., total length of the sequence, density of
the individuals, total amount of energy, length of individual tones/flashes).
Thus, like infants and nonhuman animals, human adults create analog
magnitude representations of numbers of quite different kinds of individuals.

Two further results bolster the conclusion that these are number
representations. First, there was near perfect intermodal transfer. When
the task was changed such that the first stimulus was a sequence of tones
or light flashes and the second stimulus was an array of dots, participants
could discriminate the numbers, indicating which one was greater, with
the same accuracy, reaction times, and Weber fraction as when both
stimuli were arrays of dots. Furthermore, in addition to supporting
computations of more/less, analog magnitude representations support
least four other number-relevant operations: addition, subtraction,
multiplication, and division. Consider one example from Barth’s studies
as a demonstration of this. Participants were shown two dot arrays col-
ored in blue (e.g., 40, 65) followed by a dot array colored in red (e.g., 75).
The participants’ task was to indicate whether the red array contained
more or fewer dots than the sum of the blue arrays. Participants’ per-
formance on this task was at almost the same level as the previous ones,
with success dictated by the ratio between the total number of blue dots

(the sum of two arrays) and the number of red dots.



Core Cognition: Number

One might object that cognition of symbolic arithmetic might be
playing a role in the tasks that involve computation—perhaps participants
establish approximate cardinal values of the sets via analog magnitude
representations; map them onto verbal numerals; and then add, subtract,
multiply or divide using symbolic arithmetic rules. Although adult parti-
cipants deny doing this, we can ensure that analog magnitude repre-
sentations themselves are supporting the calculations by using participants
who do not yet know the symbolic arithmetic facts—preschool children.
Barth and her colleagues have carried out a series of such studies, showing
that 4- to 6-year-olds succeed at addition, subtraction, multiplication by 2,
and division by 2 (Baron, Barth, & Carey, 2005; Barth et al., 2006).

Barth’s studies illustrate the operation of analog magnitude repre-
sentations of number in tasks that do not involve explicit linguistic
number representations. John Whalen, Randy Gallistel, and Rochel
Gelman (1999) have recently confirmed that human adults have mapped
linguistic numerals onto analog magnitude number representations.
Whalen and colleagues asked participants to tap their fingers a given
number of times (between 7 and 40) without counting. Participants said
that they were not counting, and various details of the data suggest that
they actually were not. For example, the rate of tapping was much faster
than the rate of nonverbal counting, and inter-tap intervals were unre-
lated to the length of the corresponding words. Figure 4.5a shows the
data from one participant; note the linear relation between the number
requested and the number of taps, and note also that the data display
scalar variability (standard deviation linearly related to set size). All par-
ticipants’ data showed these patterns; for everyone, the ratio between the
mean number of taps and the standard deviation was constant. In a
second version of the task, the stimulus was a sequence of tones presented
too fast to count. Counting was also precluded by a concurrent articu-
lation of “the, the, the ...” during the stream of tones. The participants’
task was to say the number of tones that had been presented. One par-
ticipant’s data, typical of all, is displayed in Figure 4.s5b. Again, the
number produced was a linear function of the number of individuals
displayed and the variability was scalar.

These studies show that adult humans deploy analog magnitude
representations of number, and that they have constructed a mapping

between analog magnitude representations and the verbal integer list.
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Figure 4.5. An individual participant’s data from Whalen, Gallistel, & Gelman (1999).
Top curve: target is verbal numeral, response is number of taps. Bottom curve: target
is number of tones, response is verbal numeral. Whalen, J., Gallistel, C. R., &
Gelman, R. (1999). Nonverbal counting in humans: the psychophysics of number
representation. Psychological Science, 10, 130-137, with permission from Blackwell

Publishers.

Indeed, even when questions are posed in terms of the verbal integer lists,
adults often automatically activate the analog magnitude representations
and use them to compute the answer. For example, the reaction time to
say which of two numbers is larger shows the magnitude and distance
effects typical of Weber’s law. It is faster to decide that 6 is less than 8
than to decide that 26 is less than 28 (Dehaene, 1997; Moyer & Landauer,
1967). Dehaene and his colleagues provided a particularly striking
demonstration of this phenomenon. The task they gave to adults was
simple—indicate whether each of these numbers was more or less than
S: 1, 4, 6, 9. Even after thousands of trials, participants were much faster
at saying that 1 was less than s than saying that 4 was less than s, and they
were much faster saying that 9 was more than s than saying that 6 was

more than 5. This result is surprising. In counting, we have recited “4, s,
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6” countless times; the order in this list is about as well entrenched as any
we could imagine. Yet when asked to judge which number is larger,
adults apparently activate the underlying mental magnitudes, finding it
easier to discriminate magnitudes relatively far apart on the underlying
number line.

Space precludes reviewing all of the convergent lines of evidence for
analog magnitude representations of number in human adults. The
interested reader should consult Stan Dehaene’s The Number Sense (1997)
and Brian Butterworth’s What Counts (1999) for additional evidence from
studies of discalculia following brain damage and from studies of devel-
opmental discalculia, and from imaging studies using PET and fMRI
technology. That analog magnitude representations constitute one sys-
tem of number representations deployed by human adults has been

established beyond any reasonable doubt.

Characterizing the Input Analyzers that Create Analog
Magnitude Representations of Number

Why are analog magnitude representations of number really number
representations? It is not the format of the representation—that they are
analog magnitudes—that makes them so. Animals, including humans,
create analog magnitude representations of many different quantities
(distances, temporal durations, lengths, weight, area, volume, mass, and so
on). Rather, what establishes that these are representations of numbers is
that the animal or infant can track the number of individuals in an attended
set, rather than other variables correlated with number, as reviewed above.
Other relevant data reviewed above is derived from studies of the
numerical computations that are defined over these representations:
computations that establish numerical equivalence, numerical order,
numerical differences, numerical sums, and numerical ratios.

As in any putative system of core cognition, one important challenge
is to characterize the input analyzers that create its symbols. Doing so
provides further evidence concerning the content of those symbols. In
this case, if we understand how analog magnitude representations are
computed from perceptual input, we can see that it is number they are
representing. In fact, there are many different proposals for how the input
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analyzers might work, and in each proposal their output is an estimate of
the cardinal value of the attended set (Church & Broadbent, 1990; Church
& Meck, 1984; Dehaene & Changeux, 1993; Verguts & Fias, 2004).

The earliest proposal was the accumulator model of Russell Church
and Warren Meck (1984). Their idea was simple: suppose the nervous
system has the equivalent of a pulse generator that generates activity at a
constant rate and a gate that can open to allow energy through to an
accumulator that registers how much as been let through. When the
animal is in a counting mode, the gate is opened for a fixed amount of
time (say 200 ms) for each individual to be counted. The total energy
accumulated is then a linear function of the number of the individuals in
the set, and thus can serve as an analog representation of number. Meck
and Church’s model seems best suited for sequentially presented entities,
such as bar presses, tones, light flashes, or jumps of a puppet. Gallistel
(1990) proposed that this mechanism functions as well in the sequential
enumeration of simultaneously presented individuals.

The gate is opened for a fixed amount of time for each individual to
be enumerated, irrespective of other properties of that individual, such as
its kind, size, brightness, length, loudness. This is what ensures that the
resulting analog magnitude is a linear function of number rather than
some other variable. Randy Gallistel and Rochel Gelman (1992) pointed
out that the accumulator model is formally identical to the explicit
counting procedures defined over culturally constructed lists of integer

LR}

words, “one, two, three, four, five ...”. The accumulator model
instantiates the counting principles that ensure that such lists also encode
number. In the accumulator representations, the successive states of the
accumulator play the same role as successive number words in the list—as
mental symbols that represent numerosity. States of the accumulator are
stably ordered, gate opening is in 1—1 correspondence with individuals in
the set, the final state of the accumulator represents the number of items
in the set, there are no constraints on individuals that can be enumerated,
and individuals can be enumerated in any order.

Thus, the accumulator model of the input analyzers that yield analog
magnitudes shows them to be number representations—it instantiates a
counting mechanism. Unfortunately, considerable evidence militates
against the accumulator model. Analog magnitude representations of

number are not constructed by a sequential, iterative process—or at least
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not always. The accumulator model has been most directly tested with
infants. Justin Wood and Elizabeth Spelke (2005b) tested how fast infants
could encode dot arrays in the habituation paradigm discussed above. For
example, s-month-old infants were presented 4-dot or 8-dot arrays for
1 second each, 1.5 seconds each, or 2 seconds each, and then tested with
new 4-dot or 8-dot arrays. The controls of Xu and Spelke ensured
that success would be based on number. At this age, infants succeeded
only at the 2-second encoding time, but it did not matter whether
the habituation arrays contained 4, 8, or 16 dots. Thus, although it of
course takes time for the child to encode dot arrays in terms of analog
magnitude representations of the number of dots, it takes no longer to
encode 16 dots than 4 dots. This is not consistent with an iterative, serial
encoding process because time for encoding should increase monoton-
ically with N for any iterative counting process.

Studies with adults provide additional evidence against the accu-
mulator model. Subjects are able to discriminate visually presented
numerosities under conditions of stimulus size and eccentricity in which
they are not able to attend to individual elements in sequence (Intriligator
& Cavanagh, 200r1). Their numerosity discrimination, therefore, could
not depend on a process that involves a response to each entity in turn,
and thus cannot rely on a counting mechanism. Problems such as these
led Russell Church and Hilary Broadbent (1990) to propose that analog
magnitude representations of number are constructed quite differently
from Meck and Church’s accumulator mechanism, most significantly in
that the Church-Broadbent model does not include an iterative process.
Focusing on the problem of representing the numerosity of a set of
sequential events (e.g., the number of tones in a sequence), they sug-
gested that animals perform a computation that depends on two timing
mechanisms. First, animals time the temporal interval between the onsets
of successive tones, maintaining in memory a single value that approx-
imates a running average of these intervals. Second, animals time the
overall duration of the tone sequence. The number of tones is then
estimated by dividing the sequence duration by the average intertone
interval. Although Church and Broadbent did not consider the case of
simultaneously visible individuals, a similar noniterative mechanism could
serve to compute numerosity in that case as well, by directly representing

the average density of individuals in a set, representing the total spatial
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extent occupied by the set of individuals, and dividing the latter by the
former. Relatedly, Dehaene and Changeux (1993) described a parallel
encoding mechanism that could create an analog symbol for the number
of simultaneously presented visual individuals in a different manner, also
through no iterative process.

The encoding processes in the Church and Broadbent model (as well
as in the Dehaene and Changeux model) differ from the original Meck
and Church accumulator model in a number of important ways. Because
the processes that construct these representations are not iterative, the
analog magnitudes are not formed in sequence and therefore are less
likely to be experienced as a list. Moreover, the process that establishes
the analog magnitude representations does not require that each indi-
vidual in the set to be enumerated be attended to in sequence, counted,
and then ticked off (so that each individual is counted only once). That
these mechanisms do not implement any counting procedure becomes
important to my argument in chapter 8, where I take up the question of
how children learn the meaning of verbal numerals such as “three” and
“seven.” Nonetheless, the proposed input analyzers ensure that the
quantity encoded by the mental magnitude is number; the magnitude
computed is a linear function of the cardinal value of the attended set.

Iconic Format

The system of analog magnitude representations of number exemplifies
most of the features of core cognition I have discussed in chapters 2 and 3.
Number representations are conceptual; their content goes beyond
spatio-temporal and sensory vocabulary. The domain-specific perceptual
analyzers that encode number, as well as the arithmetic computations
defined over the resulting representations, are evolutionarily ancient,
most likely innate, and operate throughout the life span. In addition, this
case study illustrates issues I have not explicitly discussed before, including
specification of the exact nature of the perceptual input analyzers that
create analog magnitude representations of number, a question that
should be addressed as we study any system of core cognition. The
iterative accumulator model was contrasted with parallel models, with
evidence favoring the latter.
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Also, this case study exemplifies one of the six features of core
cognition not yet touched upon—that the format of representation is
iconic. Iconic representations are distinguished from language-like
symbolic representations along many dimensions, but one is in being
analog. In analog iconic symbols, such as a realistic picture of a dog
representing a dog, parts of the symbol represent parts of the represented
entity: the ears on the picture represent the ears of the dog, respecting
spatial relations that hold in reality. The word “dog,” in contrast, contains
no information about ears or any other part of a dog. Analog magnitude
number representations are analog in this very sense: the symbol for 3
(—) contains the symbol for 2 (——), respecting the actual
numerical relations between 2 and 3. Just as a full account of any system
of core knowledge will specify the nature of the input analyzers in detail,
so too will it specify the format of representation—what the symbols are
like.

The evidence points to a system of representation in which number
is encoded in the brain by some neural quantity that is a linear or loga-
rithmic function of number. If this is right, we can say more about what is
represented explicitly and what implicitly by this system. The symbols
themselves are explicit. They are the output of the input analyzers and are
available to central processors for a wide variety of computations. They
can be bound to sets of quite different types of individuals. And various
arithmetical computations are defined over them—numerical compar-
isons, addition, subtraction, and ratio computations.

But much of the numerical content of this system of representation is
implicit. There is no explicit representation of the axioms of arithmetic,
no representation that I1—1 correspondence guarantees numerical
equivalence. These principles are implicit in the operation of the input
analyzers and in the computations defined over analog magnitudes,
but they need not be available for the child to base any decisions on.
This case illustrates that once one has a well-confirmed model of some
representational system, one can examine that model to establish
exactly what is represented and how. Analog magnitudes are explicit
symbols of approximate cardinal values of sets. Other numerical content
is embodied in operations that compute over these symbols; that
latter knowledge is not symbolized and thus is not input to further

computations.
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Representations of Sets

Piaget believed that it was not until the end of “preoperational thought”
(around 5 years of age) that children were capable of set-based quanti-
fication. I turn to the set-based quantification that underpins the
semantics of natural language quantifiers in chapter 7, but Piaget’s
insistence that the representations of sets and representations of number
are intertwined is well founded. In the literature on mathematical cog-
nition, analog magnitude number representations are sometimes called
“numerosity” representations, for they are representations of the cardinal
values of sets of individuals, rather than fully abstract number repre-
sentations. There is no evidence that animals or babies entertain thoughts
about 7 (even approximately 7) in the absence of a set of entities they are
attending to. Still, cardinal values of sets are numbers, which is why I
speak of analog magnitude number representations rather than numer-
osity representations.

The analog magnitude number representations discussed in these
pages require representations of sets. At any given moment, an indefinite
number of possible sets to enumerate are in the visual field; attentional
mechanisms must pick out a particular set to enumerate. Analog mag-
nitude representations are predicated of particular sets of individuals, and
thus demand that the animal or infant represent which set is being
assigned which approximate cardinal value. Thus, in addition to the
analog magnitude symbols themselves (e.g., ———, the analog magni-
tude symbol for 3), the baby must at least implicitly represent {box} or
{red object} or {object on table}, where { } designates a set and the
symbol therein represents the kind of entity contained in the set. An
analog magnitude representation of three boxes must at least implicitly
include the information symbolized {box} and

Little is known about how infants or animals select sets as input to
analog magnitude computations, but Justin Halberda and his colleagues
have recently begun to study this issue with adults. In one study
(Halberda, Sires, & Feigenson, 2006), they presented adults with clouds
of dots that were a single color, two colors, three colors, four colors, five
colors, or six colors, all interleaved, for a couple of seconds. After the dots
had been masked, subjects were given a color and asked to report

approximately how many dots of that color there had been. Participants
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could do this for up to three colors, showing that they could select sets of
dots on the basis of color and enumerate up to three sets in parallel.
Performance when there had been four, five, or six colors showed that
participants randomly selected three sets to encode. Thus, the number of
sets that can be simultaneously indexed is subject to the limits on working
memory for individuals (i.e., about three, see chapter 3). In conclusion,
core cognition includes mechanisms for selecting sets of individuals and
quantifying over them with analog magnitude number representations. I
now turn to a second core system with numerical content, in which

number itself is only implicitly represented.

A Second Core System with Numerical Content: Parallel
Individuation of Small Sets

Science moves rapidly, and the infant studies reviewed above came rel-
atively late in the history of studies designed to show that infants are
sensitive to number. The first studies, some 20 years earlier than Xu’s and
Spelke’s studies on analog magnitude representations, concerned small
sets—discriminations of 2 from 3 or 1 from 2. Indeed, in chapters 2 and 3,
I reviewed some of these studies in the service of demonstrating that
infants must represent, at least implicitly, criteria for individuation and
numerical identity. There, I was concerned with the Quinian/Piagetian
thesis that young infants cannot represent the concept object with the
quantificational force of a count noun. In some cases the studies were
originally intended to address the Quinian/Piagetian issues (for example,
Spelke’s split-screen studies concerning spatio-temporal criteria for object
individuation), but they nonetheless required that infants distinguish one
individual from two. In other cases, the studies were intended to show
that the infants were sensitive to number. These include many versus 3
habituation studies and Wynn’s 1 + 1 = 2 or 1 violation-of-expectancy
studies (Antell & Keating, 1983; Starkey & Cooper, 1980, Wynn, 1992b).
In The Number Sense, Stan Dehaene reviews these experiments as
demonstrations that infants distinguish small sets on the basis of number
of individuals in them. Dehaene then writes as if these data provide
evidence for analog magnitude representations in preverbal infants.

However, before we draw that conclusion, we need evidence that the
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sets are being distinguished on the basis of number rather than other
variables confounded with number, and if so, that analog magnitude
representations underlie the infant’s performance.

Many researchers have suggested that a very different representa-
tional system might support infants’ number sensitivity in most of these
experiments—namely, the object tracking system described in chapter 3
(Feigenson & Carey, 2003; Feigenson, Carey, & Hauser, 2002; Scholl &
Leslie, 1999; Simon, 1997; Uller, Carey, Huntley-Fenner, & Klatt, 1999).
In this alternative representational system, number is only implicitly
encoded; there are no symbols for number at all, not even analog
magnitude ones. Instead, the representations include a symbol for each
individual in an attended set. Thus, a set containing one apple might be
represented as “0” (an iconic object file) or “apple” (a symbol for an
individual of the kind apple) and a set containing two apples might be
represented as “0 0” or “apple apple,” and so forth. These representations
consist of one symbol (file) for each individual, and when the content of a
symbol is a spatio-temporally determined object, it is an object-file. As
discussed in chapter 3, several lines of evidence identify these symbols
with the object-file representations studied in the adult literature on
object-based attention. However, as we shall see below, infants also
create working-memory models of small sets of other types of indivi-
duals, such as sound bursts or events, and so I shall call the system of
representation “parallel individuation” and the explicit symbols within it
“individual-files.” When those individual-files are object-files, I some-
times refer to them as such.

In what follows I will show that the parallel individuation system,
rather than analog magnitude representations, underlies performance on
many small number experiments. I will then further characterize the
parallel individuation system, considering the format of representation
and considering its numerical content. I conclude by contrasting the two
distinct systems of core cognition with numerical content: parallel indi-
viduation and analog magnitude number representations.

There are many reasons to favor individual file representations over
analog magnitude representations as underlying performance in most of
the infant small-number studies. In the interest of space, I present just
two. First, and most important, success on many spontaneous number

representation tasks involving small sets do not show the Weber-fraction
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signature of analog magnitude representations; rather they show the set-
size signature of individual-file representations. That is, individuals in
small sets (sets of one, two, or three) can be represented, and sets outside
of that limit cannot, even when the sets to be contrasted have the same
Weber-fraction as those small sets where the infant succeeds. Second, in
these experiments the computations over individual-files most often
respect other quantitative variables bound to the individuals-files, such as
total volume for objects or total energy for events, rather than number
itself. This fact rules out the possibility that a summary representation of
number such as an analog magnitude underlies success, and it also pro-
vides indirect evidence concerning the format of the representations that
underlie infants’ performance on these studies. Let me take up these two

points in turn.

The Set-Size Signature of Individual-File Representations

As reviewed in chapter 3, the set-size signature of object-file repre-
sentations is motivated by evidence that even for adults there are sharp
limits on the number of object-files that can be simultaneously attended
to and held in working memory. If object-file representations underlie
infants’ performance in some tasks meant to reflect number representa-
tions, then infants should succeed only when the sets being encoded
consist of small numbers of objects. Success at discriminating 1 versus 2,
and 2 versus 3, in the face of failure with 3 versus 4 or 4 versus § is not
enough to confirm that object-file representations underlie success, for
Weber-fraction difterences could equally well explain such a pattern of
performance. That is, ratios of 3:4 or 4:5 might exceed the sensitivity of
the analog magnitude system at that age. Rather, what is needed is success
at 1 versus 2 and perhaps 2 versus 3 in the face of failure at 3 versus 6—
failure at the higher numbers when the Weber-fraction is the same or
even more favorable than that within the range of small numbers at
which success has been obtained. This is the set-size signature of indi-
vidual-file representations.

This set-size signature of object-file representations is precisely what
is found in some infant habituation studies—success at discriminating 2
versus 3 objects in the face of failure at discriminating 4 versus 6 objects

(Starkey & Cooper, 1980). Similarly, two methods reviewed in chapter 3
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provide vivid illustrations of the set-size signature of object-file repre-
sentations. In one of them, a monkey or an infant watches as each of two
opaque containers, previously shown to be empty, is baited with a dif-
ferent number of apple slices (monkeys) or graham crackers (babies). For
example, the experimenter might put two apple slices (graham crackers)
in one container and three in the other. After placement, the experi-
menter walks away (monkey) or the parent allows the infant to crawl
toward the containers (infant). The dependent measure is which con-
tainer the monkey or baby chooses. The data from both studies reflect the
set-size signature of object-file representations. Monkeys succeed when
the comparisons are I versus 2; 2 versus 3, and 3 versus 4, but they fail at 2
versus S, 3 Versus s, 4 versus s, 4 versus 8, and even 3 versus 8 (Barner,
Wood, Hauser, & Carey, in press; Hauser, Carey, & Hauser, 2000). A
variety of controls ensured that monkeys were responding to the number
of apple slices placed in the containers, rather than the total amount of
time the apple was being placed in each container, the differential
attention being drawn to each container, or even the total volume of
apple placed in each container (even though that surely is what monkeys
are attempting to maximize). These data show that Rhesus macaques
spontaneously represent number in small sets of objects and can compare
two sets with respect to which one has more objects. More important to
us here, they show the set-size signature of object-file representations;
monkeys succeed if both sets are within the set-size limits on parallel
individuation (up to four for adult Rhesus macaques), and fall apart if one
or both of the sets exceeds this limit.

The infant data tell the same story exactly with respect to the set-size
signature of object-file representations, except that the upper limit is
three instead of four. The lower limit in human babies compared to adult
Rhesus macaques is not surprising, given maturational considerations.
Ten- to 12-month-olds infants succeed at 1 versus 2, 2 versus 3; and
I versus 3, and fail at 3 versus 4, 2 versus 4, and even I versus 4 (Feigenson
& Carey, 2005; Feigenson, Carey, & Hauser, 2002). One:four is a more
favorable ratio than 2:3, but infants fail at 1 versus 4 comparisons and
succeed at 2 versus 3. Not also that five crackers are involved in each
choice, so the total length of time of placements is equated over these
two comparisons. This 1s a striking result. Infants could succeed at 1 versus

4 comparisons on many different bases: putting four crackers in a bucket



Core Cognition: Number

takes much longer, draws more attention to that bucket, and so on, yet
infants are at chance. Although infants could solve this problem in many
different ways, apparently they are attending to each cracker, creating a
model of what’s in the container that contains one object-file for each
cracker. As soon as one of the sets exceeds the limits on parallel indi-
viduation, performance falls apart. This finding provides very strong
evidence that parallel individuation underlies success on this task.
Convergent data from a second paradigm involving small sets of
objects demonstrate the set-size signature of parallel individuation. Recall
the task in which infants search inside a box into which they can reach but
not see. When 12- to 14-month-old infants have seen one, two, or three
objects placed in a box, they search for exactly one, two, or three,
respectively. But when they have seen four objects placed in the box, they
are satisfied when they have retrieved only two or even only one. That is,
as in the cracker-choice experiments, infants distinguish two from three
(see three hidden, retrieve two, expect another in there), but fail to dis-
tinguish four from one (see four hidden, retrieve one, do not search further
for any more in there; Feigenson & Carey, 2003, 2005). Performance falls
apart when the set to be represented exceeds the limit on parallel indi-
viduation of objects, not when the ratio of objects exceeds some limit.
Again, 4:1 is a more favorable ratio than 3:2, yet infants search for addi-
tional objects having seen three placed in the box and having retrieved
only two, but fail to search for additional objects having seen four placed in
the box and having retrieved only one. This set-size signature of object-file
representations rules out the possibility that analog magnitude repre-

sentations of number underlie the baby’s actions on this task.

Numerical Computations Carried out over Parallel Individuation

That infants’ performance shows the set-size signature of parallel indi-
viduation rather than the constant Weber ratio signature of analog
magnitudes shows that analog magnitude representations cannot subserve
performance on the small number tasks described above. Rather, these
arrays are being represented in short-term memory models that consist of
one symbol for each individual in the small set being represented. These
symbols represent the individuals in the set, not the number of them

(except implicitly, for there is one symbol for each individual). So why I

141



142

The Origin of Concepts

am discussing these parallel individuation models in a chapter on core
number cognition?

Two recent studies show that infants carry out computations on
these models that are numerical. They compute 1-1 correspondence
between representations of small sets held in short-term memory,
determining numerical equivalence and numerical order. Lisa Feigenson
and I (2003) showed that it is number of objects represented in the box
that guides search in the task in which infants reach into a box into which
they cannot see to retrieve hidden objects. We carried out a version of
this study in which infants saw two small objects—for example, cars,
placed into the box, one at a time. We then gave them the box, and they
reached in and retrieved a car—either one of the cars they had seen or a
car that was twice the surface area and four times the volume but was
otherwise identical to the cars they saw hidden. Infants showed by their
subsequent search that they expected exactly one more in either case.
They were oblivious to the cumulative continuous variables; their
reaches were guided by how many objects they represented in the box.

In this study, infants must have created a working-memory model of
the set of objects placed in the box. Although they were trying to retrieve
those objects they saw placed there, they had no way of knowing for each
car they retrieved which of the two original objects it was identical to.
They must have created a model of the objects they removed from the
box, ceasing to search when this model matched their model of the
objects placed in the box. And, given their insensitivity to the size of the
objects, the match must have been subserved by a computation of 1-1
correspondence.

Feigenson (2005) also showed that infants are sensitive to number in
a simple habituation task, as long as the individuals in the set are distinct
from one another. Unlike what happened when the individuals are all
identical to each other (see below), when habituated to arrays as in
Figure 4.6, infants dishabituated to the array with a novel number.
Apparently, homogeneity in properties of individuals facilitates compu-
tations of cumulative continuous variables from representations of small
sets of individuals, and heterogeneity of properties focuses attention on
representations of distinct individuals.

An important feature of this study is that it requires an abstract

representation of the sets of objects (sets of one or sets of two). During
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Habituation Test
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Figure 4.6. Examples of habituation and test arrays from Feigenson (2005): het-
erogeneous arrays. Reprinted from Feigenson, L. (2005). A double-dissociation in
infants’ representation of object arrays. Cognition, 95, B37-B48, with permission from
Elsevier.

habituation, two different sets of heterogeneous objects were presented.
Thus a working-memory model of two objects must be abstracted from
these habituation arrays, which then must be compared to a model of the
outcome array, which in turn contained very different objects from those
in each of the habituation arrays, on the basis of 1—1 correspondence. The
important conclusion is that 1—-1 correspondence computations that
establish numerical equivalence and numerical order can be carried out
over object-file representations held in parallel in working-memory
models, in spite of the fact that in all of the experiments cited in the

following section they are not.

Lack of Sensitivity to Number in Properly Controlled Studies
of “Number” Representations of Small Sets

I turn now to a second conclusive argument that analog magnitude
number representations of number do not underlie success in many infant
small number tasks. Very often, it is actually not number at all that is

driving performance, even though the studies still reveal the set-size
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signature of parallel individuation. Besides ruling out analog magnitude
number representations as subserving these tasks, these results provide
suggestive evidence concerning the format of representation in parallel
individuation models.

In all of the habituation studies with small sets in which the indi-
viduals are a constant size, number is confounded with continuous
variables such as total surface area of the stimuli, total contour length of
the stimuli, and so on. For example, in the first number habituation
studies the stimuli were black dots of a single size, so the stimuli with
novel number also had novel total surface area and novel total contour
lengths (Antell & Keating, 1983).”

Several recent habituation studies rigorously controlled for continu-
ous dimensions of variation. Some began with replications of the standard
findings when number and continuous variables such as total surface area
are confounded—infants habituated to arrays of two objects dishabituate
when shown arrays of one or of three objects (and vice-versa). They then
went on to pit number against cumulative values of continuous variables as
a possible basis of response (see Figure 4.7 for a diagram of such a design).
In several studies of this sort, when number is pitted against the cumulative
value of some continuous variable (e.g., total contour length or total front
surface area), after habituation, infants dishabituated to the test stimuli that
were familiar in number and novel in some dimension of spatial extent
and did not dishabituate to the test stimuli that were novel in number and
familiar in spatial extent (Clearfield & Mix, 1999, 2001; Feigenson, Carey,
& Spelke, 2002). Thus, representations of number were not driving the
novelty response in these studies.

One might object that the response in this habituation study may
have been a familiarity preference for common number rather than a
novelty response to changed cumulative surface area. After all, the entities
in the test series were novel in element size, and this change may have led
children to seek a consistent model in terms of number. For this reason,
subsequent studies have adopted a design in which continuous variables
are strictly controlled, so that they cannot be the basis of response. Thus,
any familiarity or novelty preference based on number could emerge.
Figure 4.8 provides an example of one such design. The habituation
stimuli (all sets of two, for example), vary in the size of elements during

habituation. The test stimuli are chosen so that the same number match
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Figure 4.7. Examples of habituation and test arrays from Feigenson, Carey, &
Spelke (2002) in which one test array matched the habituation array in number and
the other test array matched the habituation array in total front surface area.
Reprinted from Feigenson, L., Carey, S., & Spelke, E. (2002). Infants’ discrimination
of number vs. continuous extent. Cognitive Psychology, 44, 33—66, with permission

from Elsevier.

Habituation Test

czzp czzy
o0 [Jl oo [ = ==
070 I
e
L6 58 [0
2 objects of varying Familiar number Novel number
continuous extent, presented sequentially Novel continuous extent Novel continuous extent
OR OR
g
U oo ’
/i 0
% Z
3 objects of varying Novel number Familiar number
continuous extent, presented sequentially Novel continuous extent Novel continuous extent

Figure 4.8. Examples of habituation and test arrays from Feigenson, Carey & Spelke
(2002) in which each test array diftered from the average total continuous extent

during habituation by the same ratio, Number is the only possible basis of discrim-
ination. Reprinted from Feigenson, L., Carey, S., & Spelke, E. (2002). Infants’ dis-
crimination of number vs. continuous extent. Cognitive Psychology, 44, 33—66, with

permission from Elsevier.
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and the different number match are each equidistant (by ratios) from the
average cumulative value of front surface area of the habituation arrays.
Thus, cumulative surface area is not available as a basis for response. In
these studies, infants respond equally to the two test arrays, showing no
sensitivity whatsoever to the number mismatch (or match; Feigenson,
Carey, & Spelke, 2002). In another design, the controls for continuous
variables adopted in Xu and Spelke’s large number studies are adopted
(see above), again removing any variable but number as a basis for
response. Infants were at chance on sets within the range of parallel
individuation. They showed no preference either for the number match
(a potential familiarity response) or the number mismatch (a potential
novelty response; Xu, 2003). Thus, in all of these studies, infants respond
to novelty in cumulative value of continuous variables, and show no
response whatsoever to the number of elements in the display, even
when continuous variables are removed as a basis for choice.

Consider also Feigenson’s cracker-choice experiments. As described
above, these experiments reveal the set-size signature of object-file
representations. Still open, however, is what quantitative comparison the
infants are making. It seems likely that they would try to maximize the
total amount of cracker, not the total number of crackers. And indeed,
given a choice between one large cracker and two small ones, each one-
fourth the size of the large one, the infants chose the bucket with the single
large one. And given a choice between one large cracker and two smaller
ones, each one-half the size of the large one, the infants were at chance.
Thus, in almost all of the experiments on infant representations of small
sets, using habituation or ordinal choice, cumulative values of continuous
variables are more salient than the number of objects in the set.

These studies have two important upshots. First, infants’ perfor-
mance in these particular studies cannot possibly reflect an analog mag-
nitude representation of number, since infants are not responding to
number at all. Second, they bear on further characterization of the
system of parallel individuation that subserves performance on these tasks.
In the initial formulation of how object-file representations might
underlie infant performance on small number tasks, it was assumed that
models of different sets of objects were compared on the basis of 1-1
correspondence, thus establishing numerical equivalence and/or

numerical more/less (Leslie, Xu, Tremoulet, & Scholl, 1998, Simon,
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1997; Uller et al., 1999), and as shown in the previous section, infants can
carry out such computations. However, they do not always do so.

The studies reviewed in this section motivate a different model for
how object-files might underlie performance. In a revised object-file
model (depicted in Figure 4.9), each individual is represented by a symbol
(an object-file) for that individual, but values on continuous dimensions
for each individual are represented as well, bound to the file that
represents it. Models of arrays are then compared on the basis of
cumulative values of those continuous dimensions. Notice that although
athe infant can sum continuous variables of the individual objects, these
must be available in the model itself. Infants cannot be computing surface
areas of each individual in some analog magnitude format, and keeping a
running sum, because if they were able to do this, there is no reason for
the set-size signature of parallel individuation to emerge. Although it is
not necessary that the symbols be iconic (as in Figure 4.9), I believe this to

be the most parsimonious model of the observed data.

Stimuli Object-files (symbolic) Object-files with
properties bound (iconic)

ﬁ Object I:'

Object Object

ﬁ i Object Object Object

Figure 4.9. Two versions of the memory structures that might subserve parallel
individuation of small sets of objects. In one, each object is represented by an object-
file that abstracts away from specific features (object). In the other, each object is
represented by an iconic object-file on which shape, color, texture and spatial extent
features have been bound.
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Parallel Individuation of Individuals Other than Objects

As shown by the stock of English count nouns, we individuate many
types of entities other than objects. We can count naps, jumps, drum
beats, hopes, words .... Babies also individuate entities other than
objects. Habituation studies show young infants to be sensitive to the
distinction between two- and three-syllable words, as well as to the
distinction between sequences of two and three jumps (Bijeljac-Babic,
Bertoncini, & Mehler, 1991; Wood & Spelke, 2005a; Wynn, 1996). A
close look at the studies involving jumps shows how deeply similar are
the systems for parallel individuation of small sets of events, small sets of
tones, and small sets of objects.

Karen Wynn was the first to show that infants can represent small
sequences of events (jumps of a puppet). She habituated s-month-old
infants either to two-jump sequences or three-jump sequences. Each
jump was the same height and temporal duration. Total jump sequence
length was controlled in one condition and jump density was controlled
in another. Infants dishabituated to the sequences with novel numbers of
jumps in both conditions. Justin Wood and Elizabeth Spelke (2005a)
went on to show the set size signature of parallel individuation in these
studies; although infants discriminate two from three jumps under these
circumstances, they fail to discriminate two from four jumps. Apparently
infants create mental models of the sequences of jumps, with one “event
file” for each individual jump, and four jumps exceeds the capacity limit.
Wood and Spelke also noted that the total amount of “jump energy” was
not controlled in Wynn’s studies; there was more cumulative jumping in
the three-jump sequences than in the two-jump sequences. They
therefore repeated Wynn’s studies controlling for this variable in the
manner of his controls in his large-number jump-sequence studies
reviewed above. They found that, just as when cumulative variables (total
volume, total front surface area, total perimeter) are controlled in object
habituation studies, infants fail to discriminate two versus three jumps
when total jump energy is controlled.

Just as with object-file models, infants compare models on the basis
of summed continuous variables in preference to 1—1 correspondence

between numbers of events. Finally, if the jumps within a sequence are
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made different heights and different durations from each other, now
infants compute numerical equivalence, just as Feigenson found for
parallel individuation models of objects that differed within a set. Infants
carry out two types of quantitative computations over event-file repre-
sentations—summing values of continuous variables and 1-1 corre-
spondence to compare number of jumps. In sum, Wood and Spelke
(20052) have shown a system of parallel individuation of jumps with all of

the same signatures as the system of parallel individuation of objects.

Representations of Sets, Redux

The parallel individuation models depicted in Figure 4.9 consist of
symbols for individuals that may have properties bound to them and
that may be typed for kind. Still, no less than in the case of analog
magnitude representations, parallel individuation requires that a set of
individuals be selected as input. Further, as the cracker-choice studies
show, infants are able to index at least two sets in parallel, keeping track of
which consists of {cracker cracker} and which consists of {cracker cracker
cracker}. In the cracker-choice studies, the sets are individuated by
location. The infant must represent one set in one bucket and another in
the other bucket.

Recently, Lisa Feigenson and Justin Halberda (2007) have begun to
delimit the bases on which infants select sets for parallel individuation.
Remember the box-search task at which 12- to 14-month-old infants fail
to represent a set of four objects as more than one. Shown four objects
placed in a box into which they can reach but not see, infants of this
age are satisfied after having retrieved just one object. Feigenson and
Halberda have shown that 14-month-old infants can exceed their limit of
three objects in parallel individuation by chunking the objects shown
originally on top of the box into two sets. Shown a car, car, shoe, and
shoe lined up on top of the box before being placed inside it, infants now
search for all four, as they do if shown a car, shoe, car, and shoe. They fail
to search for more than one, of course, if shown a car, car, car, and car.
The Feigenson and Halberda data show that infants represent the
objects in the box as {car car} {shoe shoe}. The capacity to hold two sets
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in working memory in parallel allows infants to exceed their limits on
parallel individuation, just as representing two sets of crackers does in
the cracker-choice task. Apparently, sets can be selected on the basis of
location (as in the cracker-choice task; see also Feigenson & Halberda,
2004) or on the basis of property/kind information (as in the manual
search task). The infants’ working-memory representations must index
the distinct sets, binding the representation of the contents to each, so the
child knows which bucket to choose to maximize the total amount of
cracker and so the child knows that when she or he has retrieved a car and
a shoe, there are still two more objects in the box.

Finally, the experiments on parallel individuation reviewed above
reflect set representations in yet another way. In habituation studies,
infants are often never shown the same individuals twice. Thus, they
are not indexing particular individuals. By necessity, then, the repre-
sentations that support generalization or dishabituation capture only
that each array consisted of a set consisting of, for example, an object
and another object. In cases where the set-size signature of parallel
individuation is observed, the representations must at least implicitly
contain the information contained herein: {O O}. Infants abstract away
from the particular individuals shown—to differing degrees in different
contexts. Sometimes these object representations capture the average
value on some dimension over which the habituation objects varied,
and infants may then compare a model of a currently viewed set with
the memory model on the basis of total spatial extent. Sometimes
these object representations abstract away from the continuous
variables that characterize the individuals, and the memory model is
compared to a model of a currently indexed set on the basis of 1—-1
correspondence.

In conclusion, infants’ capacity to create working models of more
than one set of individuals at a time, and their capacity to abstract away
from representations of particular individuals, creating memory models
that capture that what was in common in successive arrays was that each
consisted of sets of one, two, or three individuals, requires that infants
attend to, index, and represent sets. Parallel individuation, like analog
magnitude number representation, depends on representations of sets and

supports quantitative computations over sets.
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A Second Core Cognition System with Numerical Content

Although some describe this system of representation as a “small number
system,” that is a misleading name. The purpose of parallel individuation
is to create working-memory models of small sets of individuals, in order
to represent spatial, causal, and intentional relations among them. Unlike
analog magnitude number representations, the parallel individuation
system 1is not a dedicated number representation system. Far from it. The
symbols in the parallel individuation system explicitly represent indivi-
duals. Consider again the individual file representations of two boxes
depicted in Figure 4.8. There is no symbol that that has the content
“two”’; rather, the symbols represent the boxes. The whole model {box
box} represents two boxes, of course, but only implicitly. Furthermore,
as we have seen, the quantitative calculations over parallel individuation
models in working memory often privilege continuous variables (such as
total event energy, total contour length, total surface area) over numerical
equivalence.

For these reasons, many researchers have taken the evidence that
parallel individuation underlies infant performance on ‘“number”
experiments as undermining the claim that infants represent number.
This conclusion is wrong for several reasons. First, and foremost, that
infants sometimes fail to represent the number of individuals in small sets
does not detract from the evidence that they represent the number of
individuals in large sets. There is unequivocal evidence for infant analog
magnitude representations of number.

Another reason the conclusion is wrong is that parallel individuation
is shot through with numerical content, even though that numerical
content is merely implicit in the computations that pick out and index
small sets to represent, that govern the opening of new individual-files,
that update working-memory models of sets as individuals are added or
subtracted, and that compare sets on numerical criteria. The creation of a
new individual-file requires principles of individuation and numerical
identity; models must keep track of whether this object or jump, seen
now, is the same one as that object seen before, or this sound just heard,
is the same one as that just heard previously. The decision the system

makes dictates whether an additional individual-file is established, and
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this guarantees that a model of a set of three boxes will contain three box
symbols. Computations of numerical identity are (as their name says)
numerical computations. Also, the opening of a new individual-file in the
presence of other active files provides an implicit representation of the
process of adding one to an array of individuals. Finally, working-
memory models of two sets of individuals can be simultaneously main-
tained, and when individual-file models are compared on the basis of 1—1
correspondence, the computations over these symbols establish numer-
ical equivalence and numerical order.

Thus, although the numerical content in parallel individuation systems
is entirely implicit, it is sufficient to establish numerical equivalence and
numerical order among small sets. And, as we shall see in chapters 7 and 8,
this system of representation plays a crucial role in the creation of the

explicit verbal numeral list representation of the positive integers.

Conclusions: Relations Between Analog Magnitude Number
Representations and Parallel Individuation

That there are at least two distinct systems of core cognition with
numerical content raises several questions about the relations between
them. In what senses are they distinct? What determines when each is
deployed? Do they ever become integrated in a single system for
representing number? If so, when and how?

The analog magnitude number system and the system of parallel
individuation each take sets of individuals as input and create repre-
sentations that support quantitative computations. Still, the two differ in
many ways. Their qualitatively different processing signatures provide
evidence for radically different formats of representation, with mental
symbols with very different content. Two distinct processing signatures
were highlighted. First, the sensitivity of analog magnitude representa-
tions is limited by the ratio of the sets being discriminated, whereas the
capacity of parallel individuation is limited (in infants) to three indivi-
duals. Second, because object-file and event-file representations consist
of symbols for each individual, properties of those individuals (such as
the size of a particular object or the height of a particular jump) can be
bound to them and quantitative computations can be carried out over
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continuous variables as well as over discrete ones. These continuous
variables are highly salient in the infant parallel individuation system.
Analog magnitude representations of number, in contrast, abstract away
from properties of the individuals in the set, rendering those properties
unavailable for further computation. And indeed, the studies reviewed
above showed that infants create representations of the number of
individuals in large sets of objects, sounds, or events when continuous
variables are controlled, but that they largely fail to do so for small sets of
objects, sounds, or events when continuous variables are controlled for.
Third, the analog magnitude system creates summary symbols that rep-
resent approximate cardinal values of sets, whereas the parallel individ-
uation system does not. Infants’ capacity to sum over continuous variables
shows that they maintain representations of each individual in their
working-memory models of sets of objects or events.

Perhaps the most unexpected finding from these studies is that analog
magnitude representations and parallel individuation of small sets seem to
be mutually exclusive in infancy. Of course, it is in the nature of parallel
individuation models that they cannot represent large sets. But when
small sets are involved, infants seem not to deploy analog magnitude
representations, leading to striking failures. In all studies that reveal the
set-size signature of parallel individuation, such as comparing one to four
crackers, two to four crackers or three to six crackers, two to four jumps,
two to four sounds, or one to four balls seen placed into a box, infants
would succeed, if (1) they represented both sets with analog magnitudes,
or (2) they represented the larger set with analog magnitudes and could
compare across the two systems of representation. Rather, they seem to
fail to deploy analog magnitude representations at all, even though we
know they can do so for sets of four or six (as in 4 versus 8 or 6 versus 12
comparisons).

If analog magnitude representations are not defined for small sets in
infancy, then there would be a discontinuity between the infant system
and the adult system, contrary to one of the hypothesized properties
of core cognition. Sarah Cordes and colleagues (Cordes, Gelman, &
Gallistel, 2002) found that when estimation tasks are made very difficult,
scalar variability is constant from sets of 1 to 30, and Dehaene’s (1997)
study reviewed above found distance and magnitude effects comparing

sets of 1 and 4 (both within the limits of adult parallel individuation) to
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5 that were comparable to the comparisons of sets of 6 and 9 to 5 (all
outside the limits of adult parallel individuation). These data show that
for adults, analog magnitude number representations are computed for
small sets. Similarly, in Brannon and Terrace’s (1998) number-ordering
task, monkeys were trained to order small sets (one through four), all
within the limits of adult monkey parallel individuation. Nonetheless,
Brannon and Terrace found immediate generalization to large sets in
which numerical order was computed over analog magnitudes, and the
monkeys had no problems ordering pairs of sets one of which was in the
range of parallel individuation and one of which was outside it (e.g., three
versus seven). Thus, for human and monkey adults, representations of the
number of elements in small sets are seamlessly integrated with analog
magnitude representations of larger sets, and in some circumstances scalar
variability is observed in estimates of the cardinal values of sets from 1 to
30.

Fortunately for the core cognition hypothesis, at least two studies
show that infants can in some circumstances integrate numerical repre-
sentations across the boundary of small and large sets. For example, in
Brannon’s (2002) infant ordinal judgment tasks, one of the habituation
arrays was 1, 2, 4 and another was 2, 4, 8. Infants’ responses to these arrays
did not differ from 4, 8, 16. Also, the test array crossed the boundary: 3, 6,
12. More directly, Sara Cordes and Elizabeth Brannon (Cordes, Lutz, &
Brannon, 2007) recently showed that infants can discriminate sets of 2
from sets of 8 in the Xu and Spelke habituation paradigm, when all
continuous variables are controlled for. This differs from the failures of
discrimination of 2 versus 4 cited above.? It seems possible that, in these
tasks, the analog magnitude system is primed by the presence of large sets,
leading the child to apply it to small sets. It is also possible that the
perceptual processes that create analog magnitude representations are not
well defined for small sets, so larger ratios (e.g., 4:1 instead of 3:2) are
needed for discrimination.

I conclude that analog magnitude representations are computable for
small sets by infants as well as by adults, but that in many situations infants
instead focus on the individuals. In these circumstance, attention to
individuals, and the creation of individual-files in working memory, may
simply take precedence over analog magnitude representations. It would
be nice to have an account of when infants will and when they will not
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compute analog magnitudes for small sets, but the argument of this
chapter does not require such an account. Which system is invoked by a
given situation is on the face of it rather unsystematic and context-
dependent. An account of exactly how one chooses to activate a given
representational capacity might be like the account of the exact forces on
a flipped coin—too unsystematic and detailed to be the object of any
science. We have no account, nor should we expect one, of how I
represent what’s on my cluttered desk as I write these words. I can focus
on the stacks of papers (approximately 20 of them, my analog magnitude
system tells me), or my cup and my cell phone (represented by parallel
individuation). What is important to the argument here is that there
clearly are two distinct systems, each with its own signatures and each
representing number in quite different ways.

In chapters 7 and 8, when I consider how children come to quantify
over sets using the conceptual resources that underlie natural language
quantifiers and how they learn the meanings of explicit numerals, I return
to the question of how and when children integrate the two systems of
core cognition. For now, please bear in mind that there is massive evi-
dence for two distinct core cognition systems with numerical content, in
one of which (parallel individuation) number is represented only
implicitly and in the other, number is represented by a mental magnitude
that is proportional to the cardinal value of the set of items under con-

sideration.

NOTES

1. Scalar variability of responses falls out of each of two competing models of
analog magnitude representations (magnitudes a linear function of number, standard
deviations proportional to the mean, or magnitudes a logarithmic function of
number, standard deviations constant). For the purposes of this book, choosing
between these two models does not matter.

2. See Antell and Keating, 1983; Starkey and Cooper, 1980. Of course,
researchers were aware of this potential confound, and attempted to control for it in
two ways. First, Starkey and Cooper contrasted 2 vs. 3 comparisons with 4 vs. 6
comparisons, finding that infants succeeded in the first and failed in the second. Since
4 vs. 6 differs in all continuous variables as does 2 vs. 3, they reasoned, it cannot be that
representations of some continuous variables underlie success. This control does show

that infants are not directly representing some continuous variable, such as



156

The Origin of Concepts

total surface area, in memory, but it ultimately misses the mark because of the set-
size limits on object-file representations. Infants’ memory representations of the
arrays are subject to the limitation on parallel individuation of object-files, and
indeed, that infants succeed in comparisons of 2 vs. 3 in the face of failure at 4 vs. 6 is
the set-size signature of object-file representations. It is still possible within the limits
of parallel individuation that size may be bound to the object-file representations and
representations of the stimuli compared with respect to total area. Second, in some
studies (e.g., Starkey & Cooper, 1980; Strauss & Curtis, 1981), the stimuli varied in
area from habituation trial to habituation trial. However, since area variation was
random, the average total surface area of sets of two objects was less than that of sets of
three objects, and in the test trials, on average, the stimulus novel in number will be
more different from the average habituation value of total surface area than will be the
stimulus of the familiar number. What is needed is a design such as that achieved by
Xu and Spelke (2000).

3. I know of one study in which infants succeed in a three versus four habitu-
ation design (Wynn, Bloom, & Chiang, 2002). In one condition of this study infants
were habituated to three independently moving collections of four objects each.
They dishabituated upon being shown four collections of three objects each. As
neither the Weber-fraction limit of discrimination nor the set-size signature was
systematically probed, it is not clear what system of representation underlies perfor-
mance here, but clearly infants in this study surpassed the typically found limits of
representation of small sets. It would be of interest to probe what made this possible—
perhaps it was the fact that the individuals (collections in this case) were moving

independently of each other, in the manner of a MOT experiment.
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Core Cognition: Agency

Chapters 2 and 3 concerned core cognition of the physical world, the
world of distinct individual objects and physical constraints on their
motion and spatial relations. But the world of human infants is also social.
For us primates especially, predicting what others of our kind will do, and
influencing them to act in such a way that furthers our own interests, is
crucial for our survival. Selection pressures on understanding others so as
to be able to manipulate them (what has been called “the Machiavellian
mind”) may have been a driving force in the shaping of the human brain.
On this view, it would not be surprising that evolution bequeathed us
humans with core cognition of agents, agents’ interactions with each
other, and agents’ interactions with the physical world, articulated in
terms of representations of goals, information, and attentional states.
My review of the literature on infants’ representations of agents
closely parallels that of objects. First, I characterize the core domain,
detailing the concepts of agency that are at issue. I then sketch evidence
that infants represent the actions of agents as goal directed, and contrast
two different (and not mutually exclusive) proposals for the systems of
concepts that are deployed in these representations. I then consider the
competing empiricist hypothesis that the relevant innate representations
are perceptual, and that the infant learns concepts of agency through
some learning mechanism that operates over sensory and spatio-temporal
primitives. I then turn to a second aspect of agency—that agents are
capable of attending to and providing information about events and
things in the world, again sketching the evidence that infants represent
agents as such and countering leaner interpretations of the data I present. I
then examine whether core cognition of agency exemplifies other key

features of core cognition. Do the innate input analyzers that create
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representations of agency in infancy continue to operate throughout the
life span? Also, unlike core cognition of objects, which definitely extends
deep into our primate past, if not even further, how evolutionarily
ancient is core cognition of agency? I end with some questions unique to
this domain.. Is there more than one distinct system of core agency
representations, and if so, how are they related? And finally, I have a few
words to say about whether and in what ways the preschooler’s theory of

mind transcends core cognition of agency.

The Central Concepts in the Domain: Agency,
Goals, Information, and Attention

Causality in the domain of inert physical objects is contact causality.
Inanimate objects go into motion immediately upon and only upon
being contacted by another moving object, and change state only upon
being contacted by an object or by some source of physical energy.
Causality in the domain of agents has a difterent structure. Agents are
capable of self-generated motion and of resisting forces acting upon
them. This aspect of our concept of agency interacts with representations
of physical causality and is the topic of chapter 6. A second component of
causal attributions in the domain of agency concerns our explanations for
specific actions. We explain agents’ actions in terms of their goals and the
states of the world that facilitate or impede attaining these goals. We
monitor agents’ attentional focus, and expect (at least in the case of
people) agents to provide us useful information about the world.
Representations of goals and attentional states are aspects of intentional
attributions and are the concern of the present chapter.

On some analyses, intentionality is a relation between an agent and
the world that is characterized by aboutness; an agent’s intentional state is
about something in the world. On this analysis, having a goal is a para-
digmatic intentional state: the agent desires a state of affairs (that she get
the toy, eat the apple, and so on), and wanting or desiring is an inten-
tional relation between the agent and the world. Other relations between
agents and the world also display the relevant property of aboutness.
Agents attend to and perceive objects and events, and attending and
perceiving are other paradigmatic intentional relations. Agents also
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indicate objects in the world (through pointing, spoken language).
Referring is another paradigmatic intentional relation.

On other analyses of intentionality, intentional attributions necessarily
involve attributions of propositional attitudes to agents. We can see the
difference between the richer and leaner interpretations of intentional
agency by comparing how we think of light-seeking tropisms of plants and
cookie-seeking actions of children. Both are goal directed, but we attribute
to the child representations of their goals and beliefs about where cookies
are to be found (e.g., “she wants to eat a cookie” and “she believes cookies
are in the cupboard”), whereas we attribute neither to the plant. The full-
blown schema of intentional causality is clearly in place by age 3 (e.g.,
Bartsch & Wellman, 1995). The proposals for core cognition of intentional
agency stop short of attributing to infants explicit representations of
agents’ propositional attitudes (what they believe, what they want, what
they promise ...). Rather, the proposals for which I will argue credit the
infant with representations of agents, their goals, their attentional and
perceptual states, and their information providing activities. Sometimes
I use the term “intentional agency” to signal that I am attributing more
to the infant than representations of self-generated motion and action
(those aspects of agency related to physical causality), but I do not mean by
this that I am attributing representations of mental representations.

The debates reviewed in this chapter do not concern whether infants
are intentional agents. I have no doubt that they are, even in the strongest
sense. Infants form mental representations with symbolic content, and
their behavior is intentional, goal directed, and mediated by their repre-
sentations of the world. Rather, what is at issue is whether infants under-
stand intentional agency—whether the capacity to form representations

of themselves or others as intentional agents is part of core cognition.

Representations of Goal-Directed Action

Imagine the following scenario presented to you on a computer monitor
(see Figure 5.1). You are initially shown a stationary scene, depicted in
Figure 5.1a. The small ball goes into motion toward the gap in the screen,
and the large ball begins to follow it. The small ball goes through the gap,
which is too small for the large one to fit, and the large ball goes around,
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Figure 5.1. Schematic depiction of habituation trials in Csibra et al., 1999. Reprinted
from Csibra, G., Gergely, G., Koos, O., & Brockbank, M. (1999). Goal attribution
without agency cues: The perception of “pure reason” in infancy. Cognition, 72,
237—267, with permission from Elsevier. The small ball goes into motion,

passing through the small gap in the barrier, then going out of sight. The large ball
appears to follow it toward the gap, then goes around the barrier before passing

out of sight.

both balls then disappear out of sight at the edge of the screen (Figure

s.1b). How would you interpret this scene? If you represent it in

9 9 9

terms such as “follows,” “chases,” “tries to catch,” “flees,” “tries to
escape,” you are representing the large ball, the small ball, or both, as
agents. You are characterizing the goals of agents. It is also possible to
represent this scene entirely in terms of descriptions of the motions of each
ball—a purely spatio-temporal description of the paths each ball takes.
Indeed, Laura Wagner found that when adults describe this scene, their
language reflects both types of construals (although the agentive construals
are far more common). The question, though, is how infants construe
the scene.

Csibra and his colleagues (Csibra, Biro, Koos, & Gergely, 2003)

presented evidence that 6- to 12-month-old infants represent the large
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ball as having the goal of catching the small ball. In one study, they
habituated 12-month-old infants to this event. Notice that no completion
of the event is depicted during habituation; the infants are not shown
what happens on the far side of the barrier. At issue was whether infants
would infer the goal of catching. After habituation, test trials revealed
what happened behind the screen. Two endings were revealed: “catch-
ing” trials versus “passing trials.” In catching trials, the small ball stopped
and the large ball came to rest, touching it. In passing trials, the small ball
stopped and the large ball passed on by, passing off the screen as before.
Infants dishabituated to the passing trials, and generalized habituation to
the catching trails. Infants apparently had inferred the goal of catching
from the chasing event.

Wagner and I (Wagner & Carey, 2005) replicated this study, adding
two controls. In our study, infants in the chasing condition were habituated
to an event as in Figure 5.1. After habituation, they also were shown two
outcomes of this event in alternation. One was identical to the catching
outcome of the Csibra study; in the other, the passing outcome, the large
ball passed by the small ball, but stopped visibly at the edge of the monitor.
Thus, the two outcomes were matched in terms of the number of balls
visible at the end of the event. Again, infants generalized habituation to the
catching outcome, and dishabituated to the passing outcome.

Wagner and I also wanted to ensure that the outcome with objects
separated in space was not intrinsically more interesting than the outcome
with the two objects next to each other, but rather that infants found it
anomalous given their interpretation of the motion of the large ball as
goal-directed. We included a condition in which the motion of the
big ball would not be seen as chasing; the small ball went into motion,
and the big ball then came in from oft screen, bounced oft the bottom,
and then went off in the same trajectory as in the chasing event.
After habituation, infants were shown the two outcomes. Now they did
not differentiate the two. These experiments show that 12-month-olds
infer an end state in accord with an inferred goal of the large ball’s
actions. In other studies, Csibra and his colleagues (Csibra, Gergely,
Koos, & Brockbank, 1999) have shown comparable findings with
6-month-olds.

Amanda Woodward (1998) and her colleagues have provided con-
vergent evidence that young infants represent actions as goal-directed. In
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a typical experiment, Woodward habituated s-month-old infants to a
hand moving across a stage and grasping one of two objects that were on
opposite sides of the stage. After habituation, the positions of the two
objects were reversed, and one of two new events was shown. In one
(same goal, different path), the hand took a different path to grasp the
same object (a different path, because the original object is now in a
different place). In the other, the hand took the same path as before,
grasping a different object from before. Apparently, infants had repre-
sented the original action in terms of its goal, and their attention was
drawn when the hand apparently pursued a new goal.

Several control conditions rule out the possibility that infants are
merely representing the final spatial relation between the hand and one of
the objects, dishabituating when the hand is touching a new object. In
one control, the hand was replaced with a stick with a multifingered
sponge at the end as the actor during habituation. In this case infants
dishabituated only in the same goal/difterent path condition. Apparently,
they did not reason about the motion of the stick-like entity as goal-
directed. Even putting the hand in a gold sparkly glove disrupts the
representations of these events as goal-directed for s-month-olds.
Woodward (1998) also showed that actions of human arms and hands are
not always analyzed as goal-directed. If the arm just flopped down, hand
backwards, through the same path as before, the hand ending in contact
with the target, infants reacted as in the stick/sponge condition. They
dishabituated only in the different path/same goal condition. In these
three conditions (gold glove, stick/sponge, flopping arm), the spatial
relation at the end of each habituation trial was the same as in the grasping
condition: the object in contact with the target object. But it is only
when the action can be interpreted by the child as goal-directed that the
child dishabituates when the target of the action (rather than the path of
the motion) changes.

Two Proposals for the System of Representations Underlying
Infant Attribution of Goals

The Csibra, Gergely and the Woodward experiments all suggest that
infants represent some actions as goal-directed by s or 6 months of age
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(see Sommerville, Woodward, & Needham, 2005, for evidence in
3-month-olds). Very young infants are capable of goal attributions. What
system of representation supports these attributions?

Proposal 1: The Teleological Stance

Csibra, Gergely, and their colleagues argue that the teleological (i.e.,
goal-directed) interpretation of such events has a three-part structure (see
Figure 5.2): a representation of the goal, a representation of the physical
constraints on the action needed to attain the goal, and a representation of
the means for achieving the goal, given the constraints. Furthermore,
they claim that infants’ representations of the actions chosen to achieve
a goal are constrained by a “principle of rationality,” to wit the most
direct, least effortful, action to attain the goal, given the current envi-
ronmental constraints, should be chosen.

The study described above (Figure 5.1 and surrounding discussion)
shows that infants represent the goals of actions. In a variant of this study,
Csibra and his colleagues (2003) probed whether 12-month-olds’ repre-
sentations are constrained by the principle of rationality, and whether they
analyze the constraints imposed by the environment. They habituated

Observed Action Interpreted Action
Physical End

Context State Constraints Goal

Satisfying well-formedness criterion

»

>
(Principle of rational action)
Behaviour Means

Figure 5.2. The three-part structure of the teleological stance, according to
Gergeley & Csibra. Infants analyze behavior relevant to end states and the physical
context of the behavior. If the behavior is consistent with being directed toward an
endstate, taking into account the constraints of the environment, and following the
most efficient path, it is analyzed as goal directed, satisfying the rationality constraint.
Gergely, G., & Csibra, G. (2006). Sylvia’s recipe: Human culture, imitation, and
pedagogy. In S. C. Levinson & N. J. Enfield (Eds.), Roofs of human sociality: Culture,
cognition, and human interaction (pp. 229 to 255). Oxford, UK: Berg Publishers Ltd.
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infants to the same beginning events as in Figure 5.1. The test trials
were identical to the habituation trials except for one change: the gap in
the barrier was enlarged, so that now the large ball could pass through.
The two test events consisted of the large object following the small one
directly through the gap (a rational action, given the goal of catching)
versus the large object following the same trajectory as during habituation.
The latter outcome violates the rationality principle. Given that the infant
understood the action of the large ball in terms of the constraint imposed
by the small gap, and expects the large ball to take the shortest path in
pursuit of the small ball, then the event in which the ball continues to go
around the barrier is anomalous. Indeed, infants looked longer at the
irrational event. It appears, then, that infants’ representations of this event
include a specification of environmental constraints and a specification of
the relative efficiency of means to attain goals. Their attention is drawn if
the less rational means are chosen.

Further evidence for this conclusion is provided by a study that
shows that infants infer an environmental constraint given evidence for a
nondirect path of motion. Csibra and his colleagues (2003) habituated 12-
month-old infants to the event depicted in Figure 5.3. After habituation,
the screen was removed, revealing a scene in which there either was or
was not a barrier in the path toward the goal. The large ball’s motion was
the same as during habituation. Infants looked longer at the event in
which the ball jumped over a nonexistent barrier. Again, this experiment
shows that infants’ representations of goals, means, and environmental
constraints on actions are tightly intertwined and constrained by the
principle of rationality.

One final study from Gergely’s group shows just how subtle infants’
reasoning about rationality is. The study built on earlier work by Andy
Meltzoft (1988), showing that 14-month-old infants imitate the means an
agent adopts in attaining a goal, even when the means are not obviously
rational. Meltzoft demonstrated for the infants that touching a panel with
one’s head would make it light up. A week later the infants returned to
the laboratory, and they imitated the means—they make the panel light
up by touching it with their heads, even though that is not the easiest way
to make bodily contact with the panel. Gergely and his colleagues sug-
gested that the infants might be reasoning as follows: if touching the panel
with hands would work, the actor would have done so, this being the
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Habituation

No-Obstacle

Obstacle

Figure 5.3. Schematic depiction of the experiment from Csibra et al. (2003),

showing that infants infer an environmental constraint to make sense of an action that
apparently violates the rationality constraint. Infants were habituated to a ball rolling
along a path and then apparently jumping while the path is hidden behind a screen
(A). During test trials, the screen is removed, revealing an obstacle on the path (C) or
no obstacle on the path (B), and the motion of the ball is repeated. Reprinted from
Csibra, G., Biro, S., Koos, O., & Gergely, G. (2003). One-year-old infants use

teleological representations of actions productively. Cognitive Science, 27(1), 111-133,
reprinted by permission of Taylor & Francis Ltd, http://www.tandf.co.uk/journals.

more natural, efficient, and thus more rational action; therefore, it must
be necessary to use one’s head.

Gergely (Gergely, Bekkering, & Kiraly, 2002) showed that infants
were engaged in such reasoning by including a condition in which the
actor’s hands were obviously engaged when he leaned down and touched
the panel with its head. The actor pretended to be cold, was given a
blanket, and was clutching the blanket around himself when touching

the panel with his head. This condition was compared to one exactly like
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that of Meltzoff’s experiment, in which the actor’s hands remain on the
table, beside the panel, when the actor touched the panel with his head.
Infants in the latter condition replicated Meltzoff’s findings—they also
touched the panel with their heads. But those in the first condition, in
which the actor’s hands were otherwise engaged, touched the panels with
their hands and virtually never used their heads. This study shows that by
14 months of age, the rationality constraint is used not only to predict
what an actor will do but it also guides the child’s causal analysis if the
actor acts in an inexplicably irrational way.

Gergely’s and Csibra’s proposed schema for the intentional stance has
no privileged representation of the agent. The goal is not explicitly
predicated of an agent, nor is there any relation between an agent and a
desired state explicitly represented. Rather, it is the action itself that is
represented as goal-directed. And indeed, Gergely’s and Csibra’s very first
experiments on infants’ teleological reasoning suggested that information
about the potential agency of the figures played no role in the teleological
attribution. In these studies, a ball sailed over a barrier and then nestled
against another ball on the other side of that barrier. In one condition,
there were ample cues to agency for the geometric figures; they went
from rest to motion on their own, they expanded and contracted in
apparent response to one another, and they reacted contingently to the
barrier. In the other, the circle appeared from off screen already in
motion and simply sailed over the barrier, stopping next to the other
circle. In both cases, infants’ reasoning about the subsequent behavior
of the figures was guided by the principle of rationality, and equally so.
That is, they apparently saw the action as goal-directed, in spite of
no independent evidence in the second case that the actor was an

independent agent.

Proposal 2: The Goal-directed Agent

Of course, we do not know from these results that infants did not
attribute the goal to agents. Rationality, after all, is actually a property of
agents, and goals are something agents have. Proposal 2 differs from
Proposal 1 in that intentional states (goals, attention, perception, refer-
ring) are predicated of particular agents. Consider again the event in

which the ball comes flying from off screen already in motion. There are
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two cues to goal-directedness in this task. The large ball always ends up
nestled next to the small one (equifinality). Furthermore, the screen
heights vary over three values during habituation, and the large ball
always clears them (variable paths, tracking environmental constraints).
But this event is perfectly ambiguous concerning whose goal it is—it
could be the ball’s, or it could be some other agent’s, an agent who is
throwing the ball. If infants are indeed assigning goals to agents in these
circumstances, then they should be sensitive to cues that disambiguate
these two possibilities. In a series of studies that I will describe more fully
in Chapter 6, Rebecca Saxe and I have explored this possibility, and
found evidence that indeed infants are concerned with assigning agency
in such studies.

Saxe (Saxe, Tenenbaum, & Carey, 2005) habituated 10- and 12-
month-old infants to real-live versions of the habituation events
described above. Infants watched as a figure flew in from offstage over a
screen, landing on the other side of the stage. The screens were of
variable heights, so the infants had evidence for variable paths, and for
equifinality—the figure always landed on the other side of the stage,
having cleared the screen. For present purposes, the crucial manipulation
was a familiarization period before these habituation events occurred.
During this period, babies were acquainted with the nature of the flying
entity. For half of the babies, the flying entity was a regular bean bag, and
infants had seen it resting on the stage floor motionless for 20 seconds
during familiarization. For the other half of the babies, the flying entity
was a furry brown puppet with googly eyes and two floppy legs, and the
infants had seen it moving around on the stage for 20 seconds during
familiarization. Then the experiment unfolded as in the original Gergely
experiments. Infants were habituated to the object’s flying over three
screens of variable heights, always landing in the same place on the other
side of the stage. After habituation, a hand appeared, either from the side
of the stage from which the bean bag/puppet had appeared or from the
other side of the stage. When the flying figure was a dispositionally inert
bean bag, infants looked reliably longer at the test events in which the
hand appeared from the side different from that from which the bean bag
had appeared during habituation, suggesting that they had interpreted a
person or hand as the source of the bean bag’s goal-directed motion. In

contrast, when the flying entity was the puppet, they did not differentiate
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the two sides, but rather looked longer when a hand appears at either
location, suggesting that they interpreted the puppet itself as the source of
its own goal-directed motion. Thus, assuming that the equifinality and
environmental constraints were sufticient to create goal representations in
our version of the experiment, it appears that infants do assign goals to
particular agents, although they, like adults, can see an event as goal-
directed even when there is ambiguity as to the intentional agent (see
Saxe, Tzelnic, & Carey, 2007, for convergent data with 7-month-olds).

Three other lines of studies show that infants are assigning distinct
roles to distinct actors in these teleological events. Phillip Rochat and
colleagues (Rochat, Striano, & Morgan, 2004) showed showed that
infants as young as 3 months of age discriminate displays that consist of
one disk “chasing” another from motion of the two disks in which the
motion of one is independent of the motion of the other. Of course, this
shows only a sensitivity to contingency, not that the infant interprets the
events as consisting of one object’s chasing another. Adapting an
experimental logic first introduced by Alan Leslie (see chapter 6), Rochat
habituated s-, 7- and 9-month-old infants to the chasing events, in which
the disks differed in color. For example, the chaser might be red and the
quarry blue. After habituation, the colors were reversed. After reversal,
the overall contingency and spatio-temporal relations between the fig-
ures was the same as before. Nine-month-olds, and 7-month-olds to a
lesser extent, dishabituated to the reversal, as if they had assigned different
roles to the chaser and to the quarry.

Supporting this conclusion, Anne Schlottman and Luca Surian
(1999) habituated 9-month-old infants to a “reaction event.” A green
rectangle inched toward a stationary red rectangle, with a motion similar
to that of a caterpillar. Before the green rectangle reached the red one,
and also before the green rectangle stopped moving, the red one inched
away. Adults see this display as the red one fleeing the green one, an
intentional attribution. However, if the green rectangle stops before
reaching the red one, and there is a pause before the red one goes off, the
event is not seen as one in which the red rectangle is fleeing the green
one. Thus, this “nonreaction” event provides a control for the reaction
event—if infants are responding to the spatio-temporal relations alone
(first the green one moves, then the red one moves), then a reversal of the

event should be equally interesting in both cases. Infants in the reaction
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event condition dishabituated when the roles were reversed (the green
one flees the red one), but those in the nonreaction event condition did
not (first the red one moves and then the green one moves). It seems,
then, that 9-month-olds represent the reaction events in terms of
intentional agency, assigning different intentions to the two actors. These
data provide convergent evidence for Rochat’s conclusion that the
7- and 9-month-olds in his role-reversal experiment are seeing chases in
terms of agency. They also provide convergent evidence that infants
assign goals to particular actors—if there were merely representing the
teleological structure in the reaction event (there’s chasing going on),
they would not dishabituate when the roles were reversed, because the
teleological structure of the overall event remains the same.

Finally, a recent series of studies by Valerie Kuhlmeier, Karen Wynn,
Paul Bloom, and their colleagues (Kuhlmeier, Wynn, & Bloom, under
review; Hamlin, Wynn, & Bloom, in press) show how rich infants’ repre-
sentations of agents can be. Infants represent second-order goals—whether
one agent’s goal is to help or hinder a second agent’s attaining its goal—and
they make differential attributions about the helper and the hinderer. In
these experiments, a geometric figure with eyes (e.g., a red half-circle) is
trying to get up a hill, as shown in Figure 5.4. It makes it to the first plateau,
and partly up the second hill, before falling back to the plateau. Then, on
half of the habituation trials, one of the other geometric figures with eyes
(e.g., a yellow triangle) comes down and gently pushes the figure up the
rest of the second hill. In these trials, the yellow figure is the helper. On the
other half of the habituation trials, the other figure (e.g., a blue square)
positions itself between the top of the hill and the figure, and gently pushes
it all the way down to the bottom. This blue square is the hinderer.

In a series of studies with this basic design, some involving animations
and some involving live action, infants as young as 6 months of age
distinguish the helper and the hinderer. Their attention is drawn in test
trials if the original figure approaches the hinderer in preference to the
helper; and if they are themselves given a choice to pick up or touch
either the yellow triangle or the blue square, they choose the helper, not
the hinderer. That is, they prefer the helper and they expect the figure
whose goal it was to reach the top of the hill to also prefer the helper.

I conclude that by 6 months of age, infants make rich attributions of

goals to agents. They represent goal-directed actions in terms of the
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Figure 5.4. Schematic depiction of habituation trials from Kuhlmeier et al. (under
review): a: the circle apparently attempts to climb the hill, not succeeding to make it
all the way up, b: on % of the habituation trials, the triangle comes down behind the
circle and apparently helps it up the hill, and c: on % of the trials the square positions
itself in the way of the circle and apparently pushes it down, causing it to go all the

way down to the bottom.

teleological schema depicted in Figure 5.2. In addition, they assign goals
and even dispositions to particular actors, and their interpretations of
subsequent events are constrained by these dispositional attributions.

Conceptual Representations of Agency or a Leaner
Interpretation of the Data?

In some of the above experiments, the actors are geometric figures with no
bodily features of agents. In these cases, no evidence concerning the goal-
directedness of their actions is provided by the nature of the entities
themselves. These objects do not look like known agents; they are not
people or animals. Apparently, there is sufficient information in the spatio-
temporal properties of these events to support the teleological interpre-
tation. As input to their analysis of the scene, viewers have only the

trajectories of the objects, the spatial layout of the environment, and the
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contingencies between the objects’ motions with respect to each other and
with respect to the environment. Just as spatio-temporal relations between
the movements of perceived surfaces are sufficient to cause the repre-
sentation of one or two numerically distinct 3-D objects (see chapters 2
and 3), a spatio-temporal analysis of such events as those shown in Figures
5.1, 5.3 and s.4 supports attributions of goal-directed actions, and of
agents and their dispositions. Although spatio-temporal information is
sometimes sufficient input to the mechanism that computes teleological
descriptions of these events, representations of goals and means, agents,
helping, hindering, chasing, fleeing, and computations of rationality go
beyond the spatio-temporal description of the scene, and they cannot be
reduced to a spatio-temporal vocabulary. The motions could be charac-
terized entirely in spatio-temporal terms—in terms of the trajectories of
each figure relative to the others, and to those of each other. Nowhere in
these descriptions would we find concepts such as goal.

Thus, infants’ representations of agents are conceptual in just the same
sense as their object representations are. They cannot be expressed in terms
of spatio-temporal primitives, and as documented above, they have a rich
infererential role. Of course, the claim that infants’ representations are
conceptual depends on our being correct in attributing to them concepts
of goal, means, agent, chasing, helping, and so forth. It is always possible
that infants are merely representing regularities in the motions. Perhaps
infants have learned generalizations about motions: if an object repeatedly
follows a given path, it will do so in the future, unless there is a change in
the environment that permits a straighter path between the starting point
and the end point; objects cannot pass through gaps in barriers that are
smaller than they are; objects go around or over other objects (owing to
the solidity constraint). Could the infant’s looking-time patterns in these
experiments reflect violations of expectancies formulated directly in terms
of the paths of motions themselves? Call this the “lean” interpretation of
experimental results such as those reviewed above.

Perhaps the lean interpretation is correct, but I doubt it. How often
have infants seen objects jump over barriers much larger than the objects
themselves are? How often, really, have infants seen objects begin with
the trajectories as shown in Figure 5.1 and end with one object next to
the other? One problem with the lean interpretation, on which infants’

expectations reflect learned regularities of patterns of motion, is that one
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has to explain how the child focuses on just these regularities. If the
infant’s reasoning is guided by the three-part representation of goals,
actions, and environmental constraints depicted in Figure 5.2, and by the
distinction between agents and dispositionally inert objects, then this
problem becomes much more tractable.

Furthermore, evidence concerning interrelations among different
aspects of intentional attribution strongly suggests that infants represent
events in terms of agency. First, the inferential role sketched in the
previous section provides strong evidence for the rich interpretation.
Second, several of the studies reviewed above show that the features of
the actor do matter. Independent cues to intentional agency are inte-
grated from as early as we have evidence that infants are making inten-
tional attributions at all. Remember Woodward’s findings that the
motion of a figure across the stage and making contact with a given
object is interpreted as a goal-directed action only if the object is a
normally reaching and grasping hand. This shows that by 5 months of
age, infants have identified “grasping by a human hand” as a special case
of agentive action, and that they use this schema to supplement the
spatio-temporal and contingency information in these events (which is
identical across the grasping hand, flopping hand, stick/sponge, and
golden glove conditions).

Not only is information about an agent’s kind sometimes taken into
account as infants attribute goals to a behaving entity, but agent-specific
information is also considered as infants assess rationality. This was shown
by infants’ taking into account whether there was an explanation (the hands
were occupied) for why the person turned on the light with her head rather
than with her hands in the Gergely experiment described above.

In sum, several forms of evidence support the view that infants
represent goals as goals of particular agents. From as early as when infants
create representations of goals from patterns of motion and contingent
interaction, they notice if the roles of particular players within the sce-
nario shift, even if the patterns of motion and contingency remain
constant. Second, equally early in development, infants draw upon
cognition of particular kinds of agents as they build representations of
goal-directed action in three different ways: (1) in assigning agency to
the moving entity itself or to the source of that entity’s motion, (2) in

assigning goal directedness to an action at all,